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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.
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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.



25

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
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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
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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?
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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



L2

- 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.




49

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_., 36&,‘ ‘-leq. ’4eq.1 linked

disaccharide

Y

While practical attempts to produce good gquality Xray
diffraction photographs of hyaluronate did not prove successful
until 1971/2, computer model building studies by Rees (1969 )
were able to make predictions of likely conformations that were

very close to those found.
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B. NMETHODS -

le Crystallisation of hyaluronate

Hyaluronate films were produced by drying dowm a 0.5-
1% aqueous solution on a Teflon sheet or glass. Teflon is
preferable to glass for ease of film removal. Normally films wers
formed by slow evaporation in air at room temperature and humidity,
the teflon sheet being partially covered to prevent dust etc.
settling in the solutions. The films thus formed from high
molecular weight hyaluronate tend to be transparent, any excess
salt and inorganic impurity, collecting in the centre due to the
slow evaporation effectively zone refining the preparation.
Such films tend to be tough and easily khandled when dry, even
when very thin. On the other hand unaterials with molecular
weights < 2.5x10° tend to form brittle films that crack in the
later stages of drying or when being cut.

fhe Tilms are stretched between 100 and 400% by loading
them with betwsen 1 and 10 gm depending on the film thickness and
its molecular weight (thick films and/or high molecular weight
take higher loads) under relative humidity held at about 80%.
The films are highly hygroscopic at relative humidities greater
than 70% so much so that samples of low molecular weight and/or
quality tend to dissolve or take in so much water that they
rapidly 'neck' and break under very low loading. A 'normal!' sample
also 'necks', usually after 10-20 min at 80% rslative hunidity a
fairly rapid stretching takes place such that with 30-60 minutes
stretching is complete and additional loading will produce no
further noticeable extension. A diffraction pattern taken

at this time would show orientation that improves with time ~
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normally 24 hrs, after which the crystal form will usually
remain ssable unless the conditions are changed e.g. humidity
or temperature change (but note, metastable crystalline forms
'relax' to more stable f&rms).

Experimentally the arrangement consists of a narrow
strip of the hyaluronate film (2pprox. 2 mm x 5 mm) glued by
its ends with Bostic to a piece of old Xray film or card
that has been cut almost completely across its width. When
the glue is set the edge of the mounting can be cut away leaving
two halves joined by the hyaluronate film (Fig. 2.5). This serves
as a usefui guide to the extent of extension whilst stretching is
taking place. The two ends of the mounting are held Dby
miniature Bulldog clips - one being suspended from the container
lid the other holding the weights. The relative humidity is
controlled by using saturated solutions of various salts within
the closed vessel.

This is the basic technique -~ experimertal points to

note are:

(1) If using a very thin film, 2 or 3 pieces stacked
together can be used advantageously to»provide
additional strength.

(ii) No matter what the film thickness, in the case of

the first experiment with a new sample, weights
should be added gradually allowing sufficient time

(say 20 mins) for any extension.
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bulldog dlip
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¥
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Fige 2.5 Experimental arrangement for stretching h,ya.luronate films
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(iii) " A high proportion of potential failures (i.e.
hreakages)can be avoided by careful observation
of the stretching. If the sample is obviously
going to break often it is possible to remove it
rapidly to a container at room humidity hence
stopping the extension. After equilibrating, the
sample can then be returned to the original humidity
for further controlled stretching or as often
happens equilibration with no further observable
stretching.
(iv) The samples should be stretched at constant temperature
or at least in a room that does not suffer large

temperature variations.

Clearly this tecﬁnique is rather uncontrolled although (iii)
above allows some rather irreproducible control. Howéver-in
general we and our collaborators at Purdue University have
found that samples prepared in the above manner almost always
give the same diffraction diagram. This appears to be at
variance with results from the Bristol group, this will be
discussed later. |

Modification of the crystal packing of the sample
is sometimes possible either by 'aging' (i.e@- leaving for
several weeks under tension at the particular humidity) or by
'drying' over silica gel. ‘ Temperature is also another factor
that can be varied and is reported to have been used in the
interconnection of various crystal forms of hyaluronate (Atkips

and Sheehan, 1973),
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2. Source and Preparation of Samvples

Samples used were normally freegze dried preparations

and are listed below:

+
(i) From human umbilical cord; Na salt, 7?5 1117,
F£= 1113, F£E= 1119,
(ii) From rooster combj Na+ salt:- 032/?, C34, 'Rooster

%)

comb's These samples (molecular weight 1-2x10
were a kind gift from Dr. E.A. Balazs of Boston
Biomedical Research Institute, Boston, Mass.,
ﬁ.S.A. (also (i) above)

(iii) K" hyaluronate from human umbilical cord bought

from BDH Chemicals, Poole, England.

(a) phk 7 solutions

The most convenient way to dissolve this polymer
is to gradually add water allowing the polymer to rehydréte and
swell ¢radually using the minimum of stirfing and avoidiné
metal spatuias etc. since dissolved air and some metal ions
promote depolymerisation (Harris et _al. 1972).

The natural pH of the samples used when dissolved
in delonised water was pH 6.5-7.0.

(b)  Viscoelastic putty — pi 2.6

A 0.5-1% solution of hyaluronate in deionised water
was dialysed against a large volume of a 0,154 NaCl solution at
P 2.6 for 4-5 days at O-4OC with stirring. The resulting viscoelastic

‘putty' was squashed between two pieces of Teflon to spread it out quickly
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prior to drying. Alternatively on leaving, a lump of 'putty!
will eventually (oa 1 th flow out. The resulting film usually
had a brittle central region containing excess salt.

3. Density of fibres

Densities of siretched films were determined by
flotation in a chloroform/foluene mixture. The mixture was
adjusted until the specimen floated freely throughout the volume
of the liguid. The specific gravity of the fluid was then measured
using a specific gravity bottle. This technique gives only a
rough guide_to the density as it is difficult to assess the extent
of errors involved, such as the presence of air bubbles, is the
sample truly floating freely and also there might be slight
specimen solubility in the liquids used.

From the formula

where n = No. of disaccharides

M = H.Wb. of disaccharide

joT)
I
ot
P4
=
<
|

= Vol. of unit cell

<
M
=

N = Avogadro's No.

d = Measured density
the number of disaccharides in the unit cell can be calculated
making allowance, if desired, for the number of water molecules/
disaccharide .

4. Xravy Apparatus

Xray diffraction photographs were taken with flat plate
pin hole cameras of similar design to that of Langridge et _al, (1960)
using leaded glass collimators of approx. 2504 aperture. They
were used in conjunction with a Hilger Watts Y33 semi micro focus
Xray generator having a copper target. Air scatter and humidity

changes were avoided by constantly flushing the cameras with a slow



stream of helium gas that had been bubbled through a saturated
solution of an appropriate salt.

Routine survey photographs using uanfiltered radiation
needed exposures of 2-4 hours depending upon the thickness of the
specimen. For more accurate measurements nickel filtered radiation
was used, removing the unwanted CukKB radiation. As a consequence the
exposure time mnormally héd to be increased by a factor of 4 or 5.
#With long exposure times the double film technique was used, having
the advantage that the piece of film nearest the specimen although
over exposed near the centre shows up weak reflections, particularly
those having 2-32 spacings.

All photographs were calibrated by dusting the specimsn
with finely powdered calcite to enable accurate measurements of film

to sample distance, normally within ©whe range 3 to 5 cm.

5« Measurement of Diffraction Patterns

The 'x' and 'y' coordinates of all visible reflections were
measured within + 0.2 mm with a ste=l Tule, on a light box, the
intensity of each reflecfion being ranked from strong to weak. In some
cases it was found to be advantageous to enlarge the photograph by
projection onto a wall. For sharp photographs very little loss of
definition occurred and of course it was possible terffebtively reduce
the measuring inaccuracies. The diameter of the most intense powder
ring due to the calibrating calcite(bharacteristic spacing 0.3035nm) was

measured and used to derive accurate fibre to film distance using the

formula
where = D = film fibre distance
r = reflection coordinate
D = x/tan 20 -1 i.e. powder ring radius
20 = Bragg angle
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and Q = sin - 26

spacing of major calcite reflection = 0,3035 nm

jo N
il

wavelength of CuKel radiation = 0.1542 nm

>
i

The reciprocal lattice coordinates, Zeta (g) and Xi (%) are

calculated using the expression from International Tables (1968).

Zeta = v L - 3.
(D2 AN y2)§
i
Xi (14 D° 4+ x° - 2D§D2 e y2) ) 1
B g 2 2 2 ) .
D+ x + y )

From the meridional and equatorial reflections, the axial and

lateral periodicities, dZeta and dXi’ can be readily calculated from:

d = K/Q sin © or approximately = A - 5.

Zeta v
Zeta

A .

dgs = /2 sin © " = A - 6.

X.
i
where 6 = sin~% éZ%;é% or sin—léﬁf respectively,

It is however, most useful at this stage to plot out

Zeta vs. Xi for each reflection (e.g. Fig. 2.9). From this diagram



one can distinguish layer lines (constant g) and row lineg

(constant g ) e

6. Analysis of Xray Diffraction Patterns

The diffraction pattern can be conveniently analysed
according to the following stages:

(i) a preliminary visual examination can classify the
pattern in terms of its extent of crystallisation and

orientation (Arnott, 1973).

(ii) determination of the axial and lateral periodicities.
(ii1) a plot of the reciprocal lattice coordinates S and

ég gives possible unit cell diménsions and a

clearer picture of systematic layer line absences.
(iv) the unit cell parémeters a and b are evaluated using;

(a) a Hull Davey type graph and reciprocal lattice

. net (Alexander, 1969), and/br

(b) a least squares minimisation (see Methods 7.D).
(v) computer model building can then be related %o the

above data.

This is shown schematically in Fig. 2.6.

The amount of information obtained in steps (i) - (iv)
is considerable. The determinatibn of axial periodicity from the
layer line spacing and of the fundamental repeating unit from the
meridional reflection often make it possible to distinguish between
a number of configurational models suggested by other evidence
€o&o Chemical and/or computer model building. Combining this
data with information about the unit cell dimensions and the
density of the material, it is possible to obtain details of the

- number, size, shape and environment of the molecules in the unit

cell. It is also possible in certain cases, to say whether or not
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Determine film-fidre distance
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]
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Schematio of possible prooedures used in determination of & polysaccharide
structure by Xray diffraction and oomputer model building.

Fig, 2.6
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single, or multi-strand helices form the basic Wit, Thus it ig
reletively easy at this level to follow changes to the crystalline
polymer due to factors such as humidity changes, metal ion or

temperature changes.

7. Determination of Unit Cell Parameters

(a) Use of Hull Davey Chart

Values of d,, 1 are calculated for each layer line from
the expression (6) in previous section. This is strictly true only
for equatorial reflection (1=0) but to a first approximation can
be used for higher layer lines.

Using the method described by Alexander (1969), the
ratio of the cell sides b/a can be determined, together with
tentative indices (bk) for each reflection.

For an orthorhombic lattice 2 and b are determined from,

d » = d = - A
§ hko h2 +a k2 % T
[ (v/2)? ]

(b) Unit cell least squares evaluation

A more convenient method for indexing e.nd/or cell side
- evaluation is a least squares refinement of the various cell
parameters such that the expression

STyoow (loio ~ Pyc )2 is minimised | - 8.

where w = weight factor dependent on reliability of a reflection

f’o and Ioc are the observed and calculated reciprocal

44 .

lattice vector /obhl s Trespectively.

A program was written for this purpose by Dr. W.E. Scott
and supplied in an amended version by Dr. P.J.C. Smith,both of -

Purdue University. The strategy involved for this method can be

summariseds



(iii)

(iv)

(v)

From the row lines in the Zeta/X
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\1 ploty approximate

unit cell (a and b) dimensions can be estimated and a
trial set of unit cell parametersg postulated.

The type of cell can, in some Cases, follow from

the relationship betwesn the a anhd b values as
described by Bunn (1961 )

Iists of (0 cale With correspondirg indices (k1)

can be calculated for each layer.line that corresponds
to the trial lattice.

A comparison of ‘O for each layer line with

calc
foobs for each reflection on that line is then made.

‘oobs is calculated from
P- st gy -9
( )

’I‘husAtentative indices can be assigned to each
reflection.

Given a collection of measured ‘O values and their
corresponding weights (w) and indices (kkl), along

with initial trial values for 2y by ¢ and Y, the program
will least-squares refine any or all of the unit cell
pé.rameters so as to minimise the function (8) given

above,

8. Computer Model Building

A full description of the processes used have already

been described in some detail (Anderson,et al. 1969) consequently

only a brief summary will be given here.

The procedure is applicable to any alternating

Polysaccharide chain consisting of a disaccharide repeat unit

(also for homopolymers) without 1,5 or 1,6 glycosidic linkages.
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Considering-hyaluronic acid the repeat uynit can e considered as

a bacicbone (Fig. 2.7) on which other 8Toups are fixed appendages.
Following the methods and notations of Sugeta ang Miyazawa (1967), the
helical parameters, n and h can be eXDPressed in terms of the angles
of internal rotation Tauij, the angles between vectors and bonds
¢i’ and the interatomic distances X5 (Fig. 2.7).  All these
quantities are implicit in the starting assumptions, (Rees, 1969a;
Anderson, et al. 1969) except Taulz, ‘I‘au34, Tau45, Té.u61 which
correspond respectively, to %BA ¢AB’ )ZKB and ¢BA' A short length
of the polymer chain is set up in the computer and the combinations
of ’1‘.9.u34 and Tau45 are obtained that are not excluded by van der Vaals
outer limit criterion. (Table 2.3.)

Table 2.3

Hard sphere limits

Atoms Quter Imer

normal Acetanide three-fold
calculations calculations

nm nm nm nm
c-C 0.32 0.3 0029 0,18
C-0 0029 0027 0026 0014
0-0 0.25 0.24 0.24 0.10
C-H 0.24 0.22 0.21 0.11
O-H 0.24 0.22 0.21 0,10
H-H 0020 0.19 0,18 0,06

Each angle is varied stepwise from 0° to 360° for every value

of the other; this allows all interatomic distances to be
calculated so that sterically impossible conformation can be
Tepeated. Similarly ail possible combinations of Tau,, and ‘I‘a.u61
are obtained. Each allowed combination Of Tau34 and Tau45 taken
With each allowed combination of Tau,, 84 Taug) and with the

fixed pa.rametérs Qf and r, . already determined,values of n and h are
e} 13
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Fig. 2.7

T 23

T3 T4 156 e

Definition of chain backbone

(a) disaccharide including backbone,

(b) dihedral angles; ¥ .. and T, are fized by
- the geometry of the ségar rlnz

(c) ‘fixea angles between vectors and bonds,

(d) fixed interatomic distances.



calculated. The results for this stage are then plotted on n-h
graphs (Raméchandran, et al. 1963), holding two angles constant
at a time, n and h are found to change smoothly with the torsion
angles. The conformations required are at the intersections of the
n = + x curves with the curve corresponding to the value of h

(n and h having values consistent with those derived from the
diffraction pattern). Often it is then necessary, ang desirable,
to repeat the calculations for the suggested region in small steps
to pinpoint a possible set of angles more accurately. The result
is a list of sets of Tij values which will give the measured orv
postulated n and h.

For each Tij set,a complete turn of helix (or mors)
can be generated having the correspondingg and b values. Contacts
between non adjacent residues and residues in different chains are
then checked.

This is the procedure used in studying the various
forms of hyaluronate in this chaovter, in subsequent chapters
modification of this ba.éic procedure to deal with tri- and tetra-
saccharide repeats and repeating units invol‘ving 1,6 linkages will
be discuésed. This is only the initial limited approach to molecular
model btuilding. Further stages, which involve the consideration of
inter—chain pasking and refinement of geometrical parameters
against the measured Xray intensities, were not done in this
laboratory but by our colleagues at Purdue University.

9« Deuteration ang Infrared Dichroism

Deuteration was carried out in a gastight sample cell,
containing the polysaccharide film, fitted with an inlet for
nitrogen, which hag been slowly bubbled through deuterium oxide

(Prochem; 99,8 g of D20/1OO g) and an outlet to a calcium chloride tube.
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The film sample was held in the cell between barium
fluoride windows on a mounting such that the beam only passed
through the sample. Deuteration was normally complete after +two
hours exposure to deuterium oxide vapour.

The cell was attached to a Perkin Elmer 337 double beam
recording grating spectrometer having a rotatable polariser
mounted in the common beam between the sample and detector,

An adjustable grating was used to reduce the intensity'
of the reference beam although ideally a cell containing a

reference film might have been more representative.



C. ROUSULTS AND DISCUSSION

l. Diffraction Patterns from Four-Fold Helices

(a) Hyzaluronate at pH 2.6 ('putty' form)

Fig. 2.8a shows an Xray diffraction photograph
from sodium hyaluronate obtained initially from a film of
high molecular weight umbilical cord 'putty', supplied by
Dr. L.A. Balags. He produced the film by pressing the ’_putty'
between two microscope slides, allowing to air dry before
removing. The film was held under stress (5g) at room
temperature (ca 22°0) and 80% relative humidity. In the
first hour the film stretched about 50% and had doubled in
length in about 16 hours. The diffraction photograph
shows good crystallinity and orientation, the diagram improving
on being held at the above conditions over a number of

weeks.

Subsequent photographs were obtained from putiies
prepared as previously described using high molecular weight
umbilical cord hyaluronate (batch F#£ 1119) and rooster comb
(batch €34 and €32/2) kindly provided by Dr. B.A. Balazs. Films
were produced by initially squashing the 'putty' on a teflon
block then allowing to dry at room temperature and humidity.
Films were stretched as before, the extension varying from

100 ———> 400%. The photogrephs (Fig. 2.8b) obtained for all
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preparations, were essentially identical 4o the original (Fig. 2.8a)
except that they showed higher crystalliniiy and orientation.
The sélient features of the diagram are:-
(i) The strong meridionals on layer lines 1 = 244, plus
a somewhat weaker meridional on 1 = 6, i.e. meridional
reflections are present when 1 = dn-2 rather than the
expected 1 = 4n (see 1(d) .79 ). ‘hen the specimen
is suitably tilted, the diffraction photographs also
show meridionals on all even layer lines up to 14 i.e.
to about 0.24 nm resolution.,
(ii)  The striking absence of loy angle reflections on h
equator and on layer lines 1 and 2 (Fig. 2.9).
(1ii) The lack of horizontal streaking suggests that ths
helices are antiparallel.
(iv) The axial periodicity from a consideration of the
layesr\ine  spacings is 3.39 + 0.02 nm.

Unit C21l Parameters

Indexing of the reflections was on a trial and error
basis using one or more of the procedures indicated in the Methods
section,

Initial values were obtained using the simplified Hull-
Davey chart (Alexander, 1969) (Fig. 2.10) producing a fit for an
orthorhombic cell with a = 2.24 nm, b= 0.98 mz (¢ = 3.39 nm,
the fibre axis) . However another fit was found by ignoring certain
weak reflectiong that were later found to be due to a small amount
of a mixed phase, with 2= 1.14 nmy, b = 0.98 nm that was clearly

a simpler version of the former,
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Cbviously tkere is considerable scope for error in thisg
method but the value obtained can be verified to some extent by
a reciprocal lattice net construction (Alexander, 1969).

Subsequently the cell sides were refined using the least
squares program CBELL to give the orthorhombic lattice with a = 1.153 nm,
b = 9.89 nm, ¢ = 3.388 nm (Table 2.4).

Density

Stereochemical calculations, together with the axial
repeat from the diffraction pattern, indicate that the most
reasonable model for this and the other 43 forms would be one
having foui' disaccharide residues per turn of helix. This is
reinforced by the density measuremenis. The weilght for (014011
NHgoNa) » the disaccharide repeat of sodium hyaluronateis 401.3.
The measured deasity hy flotation of the stretched fibres was
1+ 45 gn/cc. giving an observed mass/repeat unit of 421.5. This
is consistent with eight disaccharide residues in each unit
cell, indicating that two chains must pass through the celi, each
having four disaccharide residues in the C axis repeat distance.

There is at least one water molecule/disaccharide.

Choice of Model

There are two probable arrangements of the chains in
the unit cell that will account for the presence of eight
disaccharides and be consistent with the Xray data

(i) & structure in which one chain drapes around the other
to form a double anti parallel helix at the corner of the
cell (Fig. 2.24b).

The pPossibility of packing two chains in a parallel

double helix 1&: unlikely, for the following reasons:

In general when two chaiﬁs pack together around a single
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Fig. 2.10 Hull-Davey chart showing two possible fits;
1. b/a = 0.44 giving a = 2,24 mm, b = 0.98 mn
2. bla = 0.86 giving a = 1,14 nmy, b = 0.98 mn
Observed
Intensity* h k 1 /‘) obs P calc
Vs 0 2 1 0.2124 0.2044
av 2 2 1 0.2719 0.2681
S 2 0 2 0.1825 0.1832
Vs 1 2 2 0.2296 0.2278
s 1 3 2 0.3251 0.3210
S 3 2 3 0.3466 0.3412
av 3 1 5 0.3126 0.3157
W 4 0 5 0.3774 0.3770
av/w 3 3 7 0.4429 0.4498
av 1 3 8 0. 3906 0.3940
S 4 0 9 0.4330 0.4368

Table 2.4 Best Fit Comparison of pdbs with ,p calc for orthorhombic

cell; a = 1.1530m, b = 0.989 nm, ¢ = 33.88 nm

*  Visual rating: vs = very strong, s = strong, av = average, w = weak
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axis they are constrained by space filling considerationg

to be 180° or close to 180° out of phase. Thus for two

parallel chains exactly 180° out of phase all odq layer
lines would be absent i.e. there would be a halving

of the diffraction pattern as in € ~carrageenan (Anderson,

et al. 1969; Arnott et211974). The true repeat would thus

be 6.78 nm (2 x 3.39) and the resulting model coulg not be

a simple four-fold structure, as proposed. With heliges

that are élmost 180° out of phase, a weakening of odd

order layer lines should appear, this is not seen. In
| the case of an anti parailel double helix there is no

simple symmetry relationship between chains and

therefore the transform that is sampled is basically

that of a single chain.

(ii) 4 single helical structure having one chain at the corner
and one at the centre in which the two chains could be
parallel or anti parallel (Fig. 2.24a)although most
probably anti parallel by examination of the diffractive
diagram.

Computer refinement and packing studies were undertaken
to test both cases,by our collaborators ai Purdue University, and
will be discussed later in thisg chapter.

The fo:cfgoing has been concerned in the main with the
diffraction photographs produced from the unusual viscoelastic
putty form of hyaluronate that is ferhaps a more pronounced form
of the solution at PH 7 that also exhibits non-;NeW’tonian viscosity,
and computer mode] building will of course apply equally to all
molecular structures having the axial periodicity of 3.39 nm.
However it appears that hyaluronate exists in several different

conformations ang molecular packing arrangements.
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b, Hvaluronate at neutral pH

Oriented films were made fromneutral pH (6-7) sodium
hyaluronate solutions by the technigue previously described.
The first diffraction pattern was obtained for a film supplied
vy Dr. E.A. Balazs (Batch Wo.=5& 1113 dried in a desiccator).
Initially this gave a2 diffraction photograph that could be
considered as a mixed state.
The features of the photograph are:
(i) meridional reflections are consistent with three~fold
and four-fold structurss having axial periodicities of
2.85 nm and 3.38 nm respectively.
(ii) Stroﬁg equatorial reflections were apparent.
(iii) lack of horizontal strzaking again suggests absence of
disorder involving ‘up~pointing' and 'down-pointing'
chains. |
'Indexing shows the presence of three main forms
a) an hexagonal form, previously reported by atkins et al.
(1972) having 2 = b = 1.17 nm, ¢ = 2.85 mm
b) a large orthorhombic cell (Atkins et al. 1974) having
a = 3.42 nm, b = 1,17 nm, ¢ = 2.85 mm

c) the orthorhombic form found for the 'putty’ sample above

d) a few reflections could be indexed on four-fold orthornombic

forms having ¢ = 3.72 (Atkins and Sheehan, 1972) .
Thus we have the situation of an intermediate multi-
crystalline state which contained the single helical structures a,

and d, that have disaccharide axial periodicities greater than 0.9

b

nm

giving an extended structure, coexisting with a structure having a more

squat disaccharide axial periodicity of 0.84 nm that could be interp

as either a double or single helix.

reted
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Interestingly on leaving the specimen under CoNgtant
tension and relative humidity for a period of weeks it "Telayed!
entirely into form (c) abovessuggesting that the other more
extended helices were intermediately in the formation of thjg
more favourable squat structure. The intercounversion of the
various forms of hyaluronate has been interpreted by otherg
(Atkins and Sheehan, 1972), and will be'discussed later.

Subsequent experiments on a variety of samples, both
in our hands and those of the Purdue Group, have failed to produce
the type of diffractive pattern with ¢ = 2.85 nm. Routinely
the pattern was that of type (c) with perhaps 5% of the
reflection but could be indexed on the basis of the hexagonal
cell type (a), that usually were lost on aéing.

A typical pattern of the nixed sample is shown in Fig. 2.11
with its Zeta/Xi diagram showing row and layer line that lead to the

various cells.

On one occasion the hexagonal form (a) was obtained
under circumstances that might be described as accidental and
harsh. The hyaluronate solution remaining in a test tube after
casting a film on a Teflon sheet was left on the bench for
several days before it dried and detached itself from the glass.
Clearly there was ample opportunity for contamination and
degradation. However when a strip of film was stretched at 80% relative
humidity a pattern essentially the same as that published by
Atkins and Sheehan (1972) was obtained, showing the characteristic
rib-like pattern. This is shown in Fig. 2.12 together with Zeta/Xi
map. - It was indexed on the same unit cell as obtained by

Atkins and Sheehan (1972) (Table 2.5). It was interesting t0 note
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that most parts of the specimen, waen vhotogravhed, showed
exclusively the orthorhombic form having ¢ = 3.39 nm. Normally
samples do not exhibit this kind of inhomogenzity along their
length.

Prolonged keeping had the same effect as for the
'mixed' photograph and the patterns relaxed to the 'normal!’ |
four—-Told orthorhombic form. Again, this experiment could not
be repeated in a more controlled manner, i.e. allowing a film
to form by drying slowly on a Teflon sheet.

It must therefore bhe concluded that the samples,
through some accident in their preparative history, were caught
in a transient crystalline state prior to their relaxation into
the more stable orthorhombic form.

By aging and annealing samples Qf umnbilical cord
hyaluronate (Batch %= 1119) previously stretched at 80%
relative humidity, two further conformational forms of
hyaluronate have beer observed.

¢. Orthorhombic -~ 'one~fold'

On leaving a film specimen under tension at the %
same relative humidity for 2-3 wesks, the structure can become
'one-fold! in that meridionals are observable on every layer
line from 1=2 +%o 1=10 (Fig. 2.13). The overall pattern indexes
on a similar orthorhombic unit cell to those already discussed
(see Table 2H).
Here we have what is essentially an octasaccharide
one—~fold repeating structure, i.e. 8 sugar residues/turn of helix.
Clearly this is an extension of the dissymmetry shown by the four-

fold structure previously discussed. Variables causing this

dissymmetry that need to be considered are:-—
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(i) Dissymmetry of acetamide and/or carboxyl residuss

in each disaccharide.

(i1) Dissyumetry caused by cations and/or water.
(iii) Non-equivalence of conformation angles (@, /)

between chemically equivalent disaccharide
residues.

d. Tetragonal - true four-fold

Stretched films of various hyaluronates when placed
in a container containing silica gel and maintaining the tension,
were found by the Purdue group to give diffraction photographs
(Fig. 2.14) that were consistent with a true four-fold structurs
i.e. meridional reflections were apparent only on every 4th layer
line (1 = 4n). We have repeated this work and confirm that these
patterns can be indexed on the basis of a tetragonal cell of base
parameters a = b = 0.989 nm (Table 2.7).

It is interesting to note that this relatively mild
trsatment involving removal of water from the structure has
also removed the dissymmetry present in the other forms. The
most reasonable interpretation of the apparent dissymmetry is

that the overall distribution of intensities 1is altered little

oQ

between the various 43 forms suggesting 1liltle change 1n the

]
chk

" overall backbone contormation. Thus the lower symmetry of the
other forms is unlikely to be traced to the backbone conformatiion
angles. This may have been caused by vyater and cations between
helices rather than interstitial water (which may be difficult

to remove without harsher treatment e.g. heat). Also of note,

the tetragonal cell has shrunk in one direction only i.e. from 1.153

to 00989 N







o
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2. Conputer Model Building
N Skt h

é& orthornombic cell

On the basis of the axial repeat veriod, together
with a knowledge of the number of chemicel repeating units maeking
up the chains, a reasoned prediction of the backbone conformation
of the molecule is possible. Further, tke backbone conformation
was considered to be broadly similar to those in the other 43
forms of hyaluronate because of the similarity of the intensity
distribution along layer lines. The apparent lower symmetry
could be a consequence ofi-—

.

(1) some type of different arrangement of the pendant
side groups on alternate disaccharides. The
obvious choice being the acetamido group or possibly
the carboxyl, and/or

(i1) gsome irregular distribution of the counterions that
are likely to be coordinated within the structure.

" Barly theoretical computer predictions (Rees, 1969)
suggested that a probable molecular structure for hyaluronate
would be one having n~ + 4 and h o C.8 nm, with a preference
for left-—panded helices. Double helices were a sirong
possitility, particularly as a consaguence of the strong

structural similarity of the backbone to that of carrageenan

(n= +3, h=0.86 nm) as shown in




~a)

-, COOH
0 O, HQ—K CH,OH
0
HO 0 (b)
OH

ACNH>—O0

Fig. 2.15 Backbone similarity between kappa—carrageenan (a),

and hyaluronic acid (b)

Search for suitable glycosidic angles

From an investigation of all combinations of the
glycosidic angles § and ¥ for the B-A and A-B linkages (Rees,
1969 ), only about 10% of the values were 'allowed' (Fig.2.16)
as judged by the 'outer limit' criteria (Rémachandran et _al, 1963).
The conformational maps (the gso called hard sphere maps) produced:
are shown in Fig. 2.16, in which it can be seen that the 'fully’
and 'marginally allowed' regions occur as a single main block,
with small subsidiary zones.

The conformations at each glycosidic linkages seem to

be virtually confined by steric forces to a range of oscillation of
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linkages (Rees, 1969), showing only about 10%

_ Hard sphere maps for the B-A and A-B
of 'allowed' values i.e. printed 1 or

Fig. 2.16
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approximately 900 about cach bond to the omxmygen. Using the
vrocedure outlined in the lNethods gection, a search was made
for screw symmetries (9) and projected residue heights (2) that
fitted the Xray data, hence fixing the conformational angles,
Initial calculations, using Skerrett coordinates
and omitting the acetamido side grouv, proved disappointing
providing few possibilities in the chosen range. Shortening
the 'outer—limit' criteria (see Table 2.3, p 63 ) and
recalculating the hard sphere map was more encouraging,

giving a small gzone of right handed helices of the required n

1

and k, and a larger zone of left-handed helices but havirg the

wrong range of n/kh values.

1

€]

Repeating these calculations with the ‘averag
coordinates of Arnoti and Scott (1972) that are likely to
give a more realistic model,confirmed that:

(1) to accont for an identity period of 3437 pm in
terms o a sterically acceptable, integral helix,
one must have four disacéharide residues/turn of
helix.

(ii) there are two, conformationallj very different,
gones of four-~fold helices

(iii) there is no reason to doubt earlier calculations
showing that double helices are possible in both
these zones (Rees et al, 1969 ).

However, the opposite conclusion 1is reached in

that it is now found that there is a good left-handed fit, but

no integral right-handed helices were found that were stretched

enough to match the known tpanslation periode  The right-handed
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model was subsequently discounted. However, coordinates from
both types of model showed (Fig. 2.17) that both gave sinuous
ifrands reminiscent of a single strand of the é—carrageenan
double helix (Anderson et al, 19693 Arnott et al, 1974). On
checking contacts between non;adjacent residues and residues in
different chains both right and left handed forms gave 'allowable'
double helical structures. Initial molecular models that were
made of these structures clearly indicated the need to include

the acetamido side group in the calculations.

Inclusion of the acetamido group in calculations

To avoid steric clashes it was apparent tha£ the
acetamido group was not in the usual irans conformation in which
the =0 bond eclipses 'the 0(2) - H(2) bénd on the sugar ring
(Fige 2.18). This is the 'ideal’ situation that occurs in N-acetyl

glucosamine crystals and is postulated for chitin

Fig. 2,18 Trans conformation of N-acetyl side group
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40t
35;
307

25¢

15;

101

Fige 2.17 Coordinate plot of left-handed hyaluronate helix,
showing its sinuous character. A plot for a

right-handed helix shows similar characteristics.
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The coordinates for this residue were derived from
Pauling~Cory (1953) parameters. The conformation about 0(2)~N
(rather than ¢(0)-¥) was varied systematically over the range
that seemed reasonable.

WThen the contacts, including acetamido groups,
were explicitly and accurately considered, the packing of two
left—handed helices does become a great deal more restricted.
However, bty relaxing the 'outer-limit' contact criteria a little
(0.01 nm or so) a small zone of 'marginally allowed' structures
appeared which had the acetamido group in the ‘expected' traas
conformation (Johnson, 1966). Since the sampling in multi-
dimensional conformational space was in discrate énd not wvery
small steps, it is possible that thz2se models could be wmade
'fullyéallowed' by relatively minor adjustments. For examnle
rotation about the C(2>—N bond, showed that only on two of the

many maps were there any 'fully allowed' conflormations, one

with a value of +60° for the amide dihedral angle and the other

with +40o that was almost identical. Although this acetanmido

conformation is unexpected on the basis of precedent, from
classical conformational analysis it would be expected to be
= stable as any other forme

3. Physical models

At various stages of the calculation Beevers ball
and spoke molecular model were built together with CIK space

filling models (Appendix 1)

A model of the right handed helix based on Skerrett

coordinates revealed considerable problems in placing side

groups that had not been included in the calculations so much so
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that it was almost impossible to build a CIX model, thus the
model was rejected.

The model based on the Arnott and Scoti coordinates (Fig. 2.19)
clearly showed that the acetamido group had to be displaced from the
trans position to avoid steric clashes. A space filling model was
also built according to these parameters (Fig. 2.20) .

The potential steric clashes due 1o side groups dia
however lend support to the suggestion that these groups might
be responsible for the apparent lower levels ol symmetry
observed in some Xray patterns. One could imagine having the
acetamido groups in two different rotational states, these being
‘paifed' in a complementary fashion along the chain. Altematively
(or in conjunction with) the carboxyl groups in the centre of
the helix could be in a partially ionised state rather than fullj
ionised. A precedent for this from aanother system polycytidylic
acid, shows that a polyelectrolyte can exist in a vartially ionised
state at pH 7 and in so doing form similar conformations to those
expected nearer its pk values (50:50 ionisation). This type of
situation might be favoured by hydrogen bonding between adjacent
carboxyl residues.

The models did, however, show some features that
gave rise to some reservations on the validity of the double
helix. Fig. 2.20 of the space filling model clearly shows
large holes between carboxyl groups more than sufficient for

two sodium ions plus some watere Further, a certain amount of

bond strain was needed to close~pack the two antiparallel
chains together.

Hydrogen bonding possibilities

Certain hydrogen bonding possibilities are evident,
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the most striking being between the C(4) hydroxyl on the N-acetyl
glucosamine residue on one chain and tne c(5) carboxyl oxygen

on the other chain. This is repested along the length of the
double helix and would appear to be the only inter-chain boanding.
Intra~chain bonding is possible if some distortion of the acetamide
group 1s induced from the strictly ideal conformation. Assuning
the above it seems likely that a string of hydrogen bonds runs

along each chain thus,

Intra—chain (atoms on acetamido residue are vprimed)
Nt (2) - = e = =~ = = - T00C-

o' (5) - e e e e - = = 0(3)

0 (2) _.__--—_----—O'=C"CH3

Inter Chain

A further possibility is an additional inter—chain carboxyl-
carboxyl bonding sequence at the expense of the ¥(2) - -~ - - T00C-
bond. This would give the sequencev

0'(4) - - =~ = - 00C-

Strand 1 Strand 2
~600 - - - - = 0'(4)
0'(4) - - = = = 00C-
~C00 - - = = = 0'(4)

The carboxyl-carboxyl hydrogen bonding being approximately
parallel to the longitudinal axis of the chain.
This is, of course, purely speculative‘and can only

be substantiated or disproved by further model building calculations

and possibly infra red dichroism studieso
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ration exchange and infrared dichroism studies

on film samples have s poorted the existence of a hydrogen bond

-

in  t-carragesenan (Villiamson, 1970) .

Using unstretched and stretched films of hyaluronazte
it was theoretically possible to checik the propossd models for
particular hydrogen bonding schemes by exposure to deuterium
oxlde vapour. Any buried hydroxyls would be expected to
remaln unexchanged.

The spectra before and after exchange (Fig. 2.21)
show a suggestion of a residual hydroxyl peak and polarised
infrared indicates the possibility of buried hydrogen bonds parallel
to the helix axis.

The results of this study were imconclusive mainly
due to problems with film thickness (too thick) and can only
be taken as an indication.

5 Other conformations of hyaluronate — B 2>0.92 um

Diffraction patterns of ordered samples of hyaluronate,
by various workers, show a variety of preferred helical
conformations that are summarised in Table 2.9.

Types (1) to (3) are most readily obtainable in
our hands (including Purdue) although types (5), (6) and (8)
have been seen as transient species in type (1),

The Bristol group have proposed {Atkins and Sheehan,
1972) a relationship between the various helical types that
are claimed to be interrelated and that by varying relative

humditiy, pH, temperature and applied stress, all forms may

be obtained (Fig. 2022) «




Fig. 2.21

Infra—red'spectra of hyaluronate films.

(a) before deuteration; (b) after deuteration.
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Fige 2.22 Scheme for the interrelation of hyaluronate

conformations (Atkins and Sheehan, 1973).
(i) the chains in dilute solution

(ii) the "double" helix

(iii) the antiparallel untwisted helices

(iv) the three-fold antiparallel helices
(v) the same helices packed closer together
(vi) a more compact state

(vii) a free acid form

ft ig claimed that each individual state can be

obtained by variation of humidity and temperature.
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Typical three-fold hyaluronate chain having fibre
repeat distance of 2.85 nm. There is a strong
similarity to the plot for the four-fold single

strand in Fig. 2.17.



Cell type Salt  Helix Symmetry Meridional Referencses
form 21 32 43 Symmetry
(1) Orthorhombic .
§;1.153nmz b=0.08nm Fa 0.847 2 fold This work; repeated/
c=3.383nn confirmed at Purdue*
(2) Orthorhombic
a=1.162nm +
2 o8amm. Na 0.833 1 fold - do -
c=3.332nm
(3) Tetragonal .
a=b= 0.989nm Na, 0.849 4 fold Purdue; repeated/
c¢=3.396nm confirmed by this work
(4) Orthorhombic K" 0.825 2 fold Bristol®
* a=1.10nm,b=0.99nm
c=3.30nm
(5) Orthorhombic el 0.93 4 fold Bristol; observed
a=1.04nm,%t=0.90nm in ‘'‘mixed' form by
c=3.72nm this work and Purdue
(6) Hezagonal Nat 0.95 3 fold Bristol; repeated
a=b=1.17nm, accidentally,coniirmed
c=2.85nm by this work
(7) Hexagonal Na© C.95 ' " Bristol
§_=2=1987nm’
822085nm
(8) Orthorhombic Na© 0.95 " Bristol; observed in
a=l.17nm,b=3.42nm, 'mixed' form by
_(3_:-.?_.,8511[11 this work
(9) Monoclinic Acid 0.98 2 fold Bristol

_9_21 096nm

Average axial

Average error + 0.005nm periodicities in nm/

disaccharide

* Amott et al.at Purdue University

+ Atkins et al.at Bristol University

Table 2 c8



Both the Purdue group and ourselves have difficulty
in repeating this work. Ve found that a wide range of hyaluronate
samples of varying source and molecular welght, routinely give
diffraction patterns consistent with tyves (1) to (3) in Table 2. ,
and that amnealing does not alter the interprstation.

If diffractionvpatterns for types (1) to (3) are consistent
with a double helical structure it is difficult to envigsage the
mechanism proposed by Atkins and Shechan (1972) by which it unwinds
in the solid state to form single helices. Although the three-
fold single helix is relatively extended(0.95 nm/disaocharide)it
is not fully extended (1.02 nm/disaccharidek therefore could the

extended forms be double helices?

Computer model building. Is there a three-fold double helix?

¥

Using the techniques t¢lready described it was apparent
that many possible models for single strands (having o~ -3
and h -/ 0.95nm) " existed. These turn out to be rather sinuous
(Fig. 2.23) and closely related in both form and @, ¥ +to the
four—fold form (Fige 2.17b).

On testing for double helix formation it was not until
the 'outer limit' criterion had been relaxed to a sterically
unacceptable level (Table 2.3) that marginally allowed possibility
of three-fold double helices.

In the light of this, the double helix has to be
reconsidered even though initial refinement calculations at Purdue
showed that a unit cell consistent with a single helical structiure,
having one chain at the corner and one at the centre (Fig. 2.24a)
was sterically unacceptablee Consequently the interconversion
scheme of Atkins and Sheehan (1972) bacomes moxre tenable if the

double helical form is omitted.
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(a) (1)

Fige 2.24 Chain packing arrangements for the 43 helical forms
of hyaluronate.
(a) Single helices, one at the corner and one at the centre.

(b) Coaxial double helices at the corner of the cell,



0

€. Detailed model building -- 43 helix

From the initial model building and chain packing
considerations by ourselves and thes Purdue group, fhe 43 helical
types 1-3 (Table 2.8) were interpreted in terms of a left—handed
antiparallel double helix (Dea et al. 1973) even though the
model was not entirely satisfactory in certain aspects that
have been mentioned.

We now know that the chain conformation we have
produced is essentially correct, however, the chains are not
packed in co-axial double helices (Fig. 2.24a) but rather side
by side in an arrangement of +the tyre shown in Fig. 2.24a.
This has emerged from an elegant approach that was conceived
by our collaborators at Purdue University. (Cuss et al. 1974.)

Using the observed amplitudes of tre di
intensities corresponding to the tetragonal lattice, they
calculated by Fourier synthesis, the electron density in the unit
cell corresponding to the particular phases of diffraction. Initially
they disregarded the site of the second chain and calculated phases
for a model with only one chain at the unit cell corners. (Fig. 2.25a.)
Difference Fourier synthesis to a first approximation reveals
additional electron density when the model phases are combined with
the observed diffraction amplitudes. This density corresponds to
a second antiparallel chain not co-axial with the first but passing
through the centre of the unit cell (Fige 2.25Db).

In consequence, it appears that none of the hyaluronate
systems studied by Xray diffraction contain double helices. Moreover
it is extremely unlikely that the ordered conformation in solution
(Chapter 3) which survives substantial changes in salt concentration

temperature and pH 2.6-7.0, could be a double kelix that fails to

survive the gentle crystallisation procedure that yielded helices



Fige 2.25 Fourier syntheses projections of electron density in
hyaluronate. The'valleys" are shaded. Top left shows ths electron
density perpendicular to the helix axis for a model with one chaia
at the comners of the unit cell (the model is superposed). Top
right is a difference synthesis showing the additional density

that appears when the model phases are combined with the observed
diffraction amplitudes. This density corresponds to a second anti-
parallel chain (shown superposed) passing through the centre of the
unit cell. The corresponding model density projected down the helix
axis is shown bottom left. The difference density at bottom right

confirms that the second chain is in the centre of the unit cell and

not coaxial with first as proposed by Dea et al. (1973)0
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with 43 symmetry and 2;0.85nm. All the ordered structures

formed by hyaluronate therefore, appear to consist of antiparallel,

but nct co-axial, helices formed, perhans, by chain folding. Evidence
for such a system will be discussed in Chapter 3 together with the
biological significance of these results.

Apvplication of stretched films to  another nolysaccharide sysvem

In the course of the film stretching experiments on
hyaluronate a similar technique was applied to films prepared
from other systems particularly agarose. This seaweed polysaccharide
is an alternating copolymer of 3-linked Bﬁgrgalactopyranose and
4~-linked 3,6—anhydro—cljg~galaotopyranose residues (Araki and Arai,
1967) .

Ixperience with carrageenans has shown that the ability
t§ form crystalline and oxriented fibres correslates inversely with
aggregation in sols and gels. Hence it was not surprising
that unmodified agarose which aggresgates rapidly upon gelling did
not produce good quality diffraction patterus from drawn fibres.

A second approach was to stretch films in the way that had been
successful for hyaluronate. This <failed as no extension could be
obtained. A third approach was more successful.

Agarose gels can be clarified by the addition of
dimethyl sulphoxide (DMSO) (¥g Ying Xin and Yaphe, 1972) . Films
were made by dissolving agarose in DMSO which was Temoved under
vacuum. The films were cut into narrow strips as before and clamped
between two spring clips one of which eld a weight of 2-5g. The
arrangement was immersed in an alcohol/water mixture of varying
water content (0-30%) until an extension of 200-300% was obtained.
The weighted film was then rapidly removed to an absolute alcohol

bath to remove excess water then allowed to air—dry, maintaining the

tension throughout.



Diffraction patterns cbiained showad well defined
layer—lines with a spacing of 0.95 nmm and a sharp meridional
reflection on the third layer-line. The diffraction patiern
has been more fully interprstec by our colleagues at Purdue
University as a left-handed double helix of axial periodicity
0.95 nm in which each chain has a three-fold pitch of 1.90 nm
and is translated axially relative to its partner by exactly
half this distance.

This work is the subject of a joint publication that

has besen accepted for publication (Arnott et al. 1974c).



CHAPTZR 3

Solution Conformavions of Hyaluronate
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A,  INTRODUCTION

The previous chapter has shown the uncertainty that has
existad until recently concerning the conformations of hyaluronate
in the solid state. For other polysaccharide systems, such as
carrageenan and agarose, 1t has be=n possible to correlate the
solid state conformation wita that in the gel state Dby chiroptical
technigues. In these systems a cooperative iransition from random
coil to double helix occurs, which is characterised = by a temperature
dependent sharp sigmoidal transition in optical rotation. Circulax
dichroism studies on the alginate system (a2 block copolymer of 1,4 linked
B~D-mannuronic acid and o ~L-guluronic acids) during gelation have
shed some light on the conformation adopted by the polymer chains
on the formation of Jjunctions involving cation binding (Morris
et al, 29(3). Both technigues caa provide coarormational
intormation resulting from changes in both backbone and more
localised interaction undergone by side groups.

Nuclear magnetic resonance (nmr) has also found
increasing use in the study of conformations and interactions of
biological macromolecules (see Chapter 1) 1H nmr can in principle
provide exact structural information by a study of chemical shifts
and coupling constants of aromeric and other protons (Lemieux
and Stevens, 1966) .  For simple homopolysaccharides and oligomers
in solution it has been suggested that the chemical shift of the
C(l)H signal, besides being indicative of the orientation of the

anomeric C(,>—H bond with respect to the glucopyranose unit, is also
i

dependent on the angles of internal rotation between the adjacent

al. 19663 1968). It is

ot

units i.e. on chain conformation (Casu &

probable that systems studied nere are too complicated for similar



confomational investigations, at least with present Instrumentation.
Thus although Xray Diffraction, Optical Petation and Circular
Dichrodsm can give more fine detail infowmation than nmr, at least
for hyaluronate and similar systems, the use of nmr relaration
times can distinguish between structure znd mobility in a molecule.
In simple terms, a solution of random coils would be considered
'mobile'. A crosslinked gel, perhans haeving double helices as
tie points, would be considered mainly as 'immobile' although
some 'mobile' character might remain due to the random sections
joining the ordered +tie points.

For hyaluronate in solution there are three questions
to be considered here;

(i) Is hyaluronate ordered in solution?

oy
]
=5
o
}...)
')
[0
Ql

(ii) Under what conditions can this order

37

[

out! and is this a cooperative proce
(iii) Can the order be interpreted in texrms of any
particular model such as a double helix?

To answer these gquestions, the previously mentioned
technigues have been used. To familiarise .myself with the
behaviour of hyaluronate, particularly in chiroptical experiments,
it was felt necessary to repeat the putlished work of others.

Parts that are relevant to the discussions presented later are

summarised here.

1. Optical Rotation Studies

Variation of Optical Rotation with temperature and pH ~ (Balazs

and Chekrabarti, 1972)

These authors undertook a study of hyaluronate of

varying molecular weights, from which the following poinis emerge:



(i) A sigmoidal transition in the sptical  rotation is
claimed to take place in %he region of 5O~650C,

that could be indicative of 2 concerted order~digsorder

transition of the same kind chown for other

volysaccharides.

.. ' - : c e On .
(ii) The transition is rev provided 65 C is not

(D
}_..'

exceeded and is showm for high molecular weight
e (w100 # . . .
sanmples (2x10 ) for btoth a pH €~7 solution and
a pH 2,6 'putty'. This parallels the observation by
Swann  (1969), that the viscosity changes reversibly
;=0 RO s ot
below ©65°C and that above this temperature an

irreversible undefined change occurs.

\_/

Q
o

D‘

iii Lower molecular waight material (1x10
<

1

pH wvalues, shows no apparent sigmoidal change an

jon

1is
completely reversible in the temperaturs range 10—90 C.

(iv) Heating the high molecular welght samples above 7OOC
causes some change such that, on cooling, the cptical

rotation follows a patnh similsar to that for the low

molecular weight sample.

A

The transitions mentioned are snown in Fig. 3.1 which
is reproduced from a lecture slide of Balaszs.

Variation of Optical Rotation with Urea Concentration ~(Hirano and

Kando (1973)).

These workers have studied the change in optical
rotation of hyaluronate as a function of urea concentration,
interpreting the results in terms of a conformational change.

. s o 2l alu te i
(i) The specific rotation of hyaluronate in

o .
water changes from -62° to-17  in 8l urea.
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® Mw 2 x 10°~pH 5-7 (11.5 mg/ml)
OMw 2 x10°-pH2.5 (5.2mg/ml)

300
4 Mw13x10® —pH25-7(6.5mg/mi)
. 280
L]
A3
»
2
8 260
240
200
Fig. 3.1 - TEMPERATURE (C°)
Optical rotation vs. temperature for hyaluronate
(Balagzs and éhakra'barti, 1973)
o'r
—10°f
| /
E§ _3o} /
—a0
—50°}
—60¢ ®
) " Akl
01234567 8
UREA (w)
Fig. 3.2 Optical rotation vs. urea concentration

(Hirano and Kando, 1973)
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(i1) The sigmoidal curve reproduced in Fig. 3.2 is
interpreted as being similar to that exhibited
for conformational transitions in proteins and
DA,
(11i) Re-isolated hyaluronate (urea removed by gel
21
filtration) shows an [FL]]) of —540 which is close
to that of the original material. This was taken
as an indication of the transition being reversible,
(iv) The change in specific rotation is attributed to the
dissociation of the hyaluronate double helix into

random coils.

2. Circula:

b3

Dichroism Studies — (Chakrabarti and 3alazs, 1973)

Chakrabarti and Balazs in a further study of the
chiroptical properties of hyaluronate, have described and
discussed several features of the circular dichroism and optical
rotatory dispersion spectra and their variation with molecular
size, pH and temperature.

(i) The molar optical rotation at 220 nm and ellipticity
at 210 nm of both sodium hyaluronate and hyaluronic
acid ere greatly enhanced in comparison with the
monomeric upnits and oligosaccharides, indicating
a'degree of preferred order' .

(ii) In addition to the normal negative band &t 210 nm
the circular dichroism shows a positive band around

185-190 nm that is sensitive to concentration in

acid solution (pH 1.5 — oH 205). No such effect is

observed at lower hydrogen ion concentrations.



and at two temperatu

and »E 2.5 hyaluronate

band at 21C nm wherezs

ras 4°C and 22°C.

neasurad above 200 mnm
Feutral pH
in the firs

ghow no change

thers is claimed to be a 2 fold

increase in the vositive tail of the pH 2.5 sample as

e}

. o (0]
the temperaturs is decreased from 22 C to 4 C

3.3) .

(iv) Since

neither monomersnor oligomers show a positive

ellipticity below 200 nm, the major change in sign and

position shown below vH 4 is attributed to the

conformational change

or to

(v) The sensitivity of the ellipticity
attributed to a decrease in degree of

of the carboxyl groups,

of a single polysaccharide chain

chain-chain-interactions.

£
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ionisation

that is tentatively

interpreted in terms of an order—disorder transition

based

random coile.

3. PRheological Characteristics

Viscoelastic Nature

of Hyaluronate

on the interconversion of double helix and

Many early investigations were carried out on the

viscous properties of hyaluronate, especially with regard to the

non-Newtonian character of the viscosity in relation to biological

lubrication. Ogston and Stanier (1951) showed that Toovine

synovial fluid has elasticity that is attributable to the

hyaluronate content. Balazs (1566) has shown that hyaluronate

solutions at pH 2.6 form highly elastic pastes or putties.



R TS
108
12

B

2

$

;

)

B

e

k]

&
i L |
200 220 240

Wavelength (nm)

Fige 3.3 Temperature dependence of rotatory dispersion of
hyaluronate at pH 2.5 and neutral pH (=== 0 === 0 -;-——),
PH 2.5, 4°%C; (—— 0 ——0—), pH 2.5, 22°%; (- - - - -
neutral pH, 4°C;(—) neutral pH, 22°C. (Chakrabarti and
Balazs, 1973).
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Fig. 3.4  Plots of (—) storage moduli (') and (-~ loss

moduli (G") for hyaluronate, (A) pH 1.53 (®) pH 2.5;

(0) pH 7o
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The parameters which are uszd %o characterise the
rheological properties of viscoelastic matarizls are the loss

moduius G" and the storage modulus G'., G" zive

=

th

a measure o

[

D P = T ol .. . s .
the energy dissipated as heat withir +%he matsrial — the viscosity,

or tae aamplng of the fluid; G' measurss the energy stored in

as besen shown (Balazs, 1966)

o

the material - the elasticity. It

that G' reaches a maximum in solutions at pi 25, i.e. on

formation of the viscoelastic putty. Furthermore the ratio

G"/G' is less than unity consequently the pH 2.5 solution appears

as a relatively rigid, elastic mass and not as a viscous

ligquid. For hyaluronate liguids the G"/G’ ratio is normally

greater than unity. To illustrate the viscoelastic nature of

solutions and putties of hyaluronate, Fig. 3.4 is reproduced from

Gibbs et al. (1968). These curves can be divided into two regious:

(1) The region below the intsrsection of the G' and Q"

curves in which the ratvio G"/G' becomes larger than

unity and the elasticity, as measured by G',

falls rapidly towards zero. The polymer chains

are thus able to move through 3rownian motion

and the samples appear as viscous liquids.

(ii) Above the intersection of G' and G' the elastic
moduius predominates and the solutions take on an
elastic character.

Rheologically the 'putty' is thus qonsiderably
different from the more common type ol agar, carragesnan or
gelatin gel. The latter types, when subject to stress or shear,
break showing no viscous nature. In contrast when the 'putty!
is cut, the surfaces heal when pressed together and it flows

slowly under stress. Ta vivo the natural fluid exhibits similar
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L
V]

ropervies in protecting cells against shoct (Balazs and Giobs,

e}

1370) .  Under slow mechanical loadinz it bshaves as a viscous

oil-like lubricant, at higher loadinz it transforms to a highly

deformable elastic system able to avsord $a

w

impessed stress and

Ui

2

convert it to an elastic deformation +<rasn r2bound o the

.

original state when the stress is relzxad.

4. Hyaluronidase

It is convenient to review the mode of action of
this engyme here since it was used in the context of the
physical studies to be described in this Chapter.

Hyaluronidase is an endo engyme that randomly attacks
the B1l-4 linkage in hyaluronate, chondroitin sulphate and dermatan
sulphate. The N-acetyl glucosamine group that is revealed at the
reducing end of the chain provides a useful means of assaying
the exent of reaction. The main oroduct of the hydrolysis is
tetrasaccharide although dimers, hexamers and othe; species can be
present.in the final product.

This enzyme has been recently reviewed in some

detail by HMeyer (1972)f
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B. LETHODS

1. Iaterials

(1)

(11)

(1ii)
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Hyaluronate samples used in this study were mainly
the Balazs samples €34 and 032/2 detailed in the
previous Chapter, additional samples used are
detailed in the text.
Oligomers of hyaluronate cousisting of tetramer/hexamer
and hexamer/ootamer mixtures were a kind gift from
Dr. A.H. Olavsson, Biochemistry Dept., University
£ Cardiff.
Testicular hyaluronidase (2C 2.2.1.35) from ovine
testes, activity 10CO NFU/hg was purchased from
Boehringer, Mannhsim, W. Germany. Additionally
for some circular dichroism studies a highiy
purificd enzyme, Leo Hyalas Ref. J:2:20, activity

3100G IU/mg, was used, being 2 gift from Dr. Olavsson.

2. Soclutions for chiroptical studies

(1)

(ii)

pH 6-7 solutions

For optical rotation studies, solutions containing
0.5-1.0% hyaluronate wers made up in deionised
water or urea solutions of the required molarity,
using the method outlined in Ckapter lo

Circular dichroism requires much lower concentrations

of sample, the normal range being 1-2 mg/ml.

oH 2.6 pubtty

For both optical rotation and circular dichroism

it was clearly impossible to insert a putty into the
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YT T g b Loy Ay A P -
appropriate cell without introducing considerable
quantities of air bubbles. Thus it was more convenient

- 59 ¢ oo ol o o ) E 1
to dialysz a solution of hyaluronate at ths reguired

concentration in the cell agzinst 0.151 WaCl, pH 2.6,

)

over several days. A similar technique for the
introduction of calcium ions into alginats has

proved successful (lMorris et al, 1973; Thom, 1973).

3. Optical rotation measurements

These were carried out on a Perkin;Elmer 141 spectro;
polarimeter using 1 cm and 10 cm water jacketed cells. Temperature
control wés via a circulating water bath that was accurately
controlled to i_O.ZBOC over the temperature range 10—9000 by a
contact thermometer. Adequate time was allowed for the sample
to attain equilibrium, a series of readings being taken over a
period of 15-20 mins to ensure no change had occurred.

Readings were taken at several wavelengths:i i.e.

365 nm and 436 nm amp.ify to readings

436 nm and 546 nm have high light intensities that

are useful when transmission is poor.

589 nm - the sodium D line for comparison with

literature values.

Cell blanks to allow for any variations inherent
in the cell were determined over the temperature range belng used,
with the cell filled with deionised wateT.

In the hyaluronate/ﬁrea experiment the results were
corrected for the change of refractive index due to the urea by
multiplying by the conversion function (X) (Dintzis and Tobin, 1969)

where
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and (025 are the refractive index and deasity of the solvent

P

o and f?P are the equivalent values at a temperature T.
For the case of changing solvent isothermally

this expression reduces to:

k= 17/12{20*2

2
ﬁl solvent+ 2

where and are the rafractive indices of water

7' water ”L solvent
and the particular ursa solution respectively. Refractive indices

0]

«Q

were determined in an AbbZ Refractometer at 25

4. Circular Dichrocism spectra

Circular dichroism spectra were recorded on a Cary 61
spectropolarimeter using 0.1 mm and 0.5 mm pathlength cells and
a 10 sesc. integration period. Cell blanks were allowed for
using a cell filled with deionised water.

Temperature control was by the same system used in the
optical rotation measurements.

Wavelength ranges were normally between 260 nm and
190 nm beyohd which the machine was uéually tout of light'.
Continuous scan experiments used the 100 sec. integration moce

and a chart speed of 1 mm/ﬁin.

5¢ Deuterations for nmr

Solutions of hyaluronate (1-5%) were made up in

deuterium oxide (Prochem: 99.88 DZO/IOOg), freeze dried then

redissolved. This process was normally repeated 2-3 times. To

ensure that the minimum of atmospheric water was absorbed by the
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At o - mat e . ' P ' '
frzeze dried material prior to the adiizion deuterium oxide, the
frzeze drier was allowed to attain aimosphsric pressure by passing
in 47y nitrogen. As soon as th risr was i ining
¥ g the drisr was opened (maintaining a
positive nitrogen pressure) the dried material was quickly covered
with the reguired volume of deuterium oxide and the sample container
sealed with stopper or parafilm. Strict adherance to this
vrocedure gave small HOD peaks in the spsctra.
6. NMR Spectra
. . . 1
1 s T pectra were obtained a
(1) High resolution "H nmr spect bt d at
100MHz on a Varian XL-100 spectrometer operating in
the Fourier transform mode, and at 220 MHz on a

Varian HR-220 spectrometer, operating in th

®

continuous wave mode.

(ii) High resolution 130 spectra were obtained at 22.63 MHz
on a Bruker WH 90 spectromeier, operating in the
Fourier transform mode.

(iii) Pulsed nmr relaxation time (T2) measurements were
made on a Bruker SXP, operating at 60 MHz and
using a Carr;Puroell—Meiboom—Gill sequenceo

(iv) Integration methods used for detemmining the fraction
of samples contributing to the high resolution
spectra have been described (Finer et 2l. 1974).

(v) Decomposition of free induction decays into
separate exponential — processes for T2 measurements
were carried out using a computer program supplied
by Dr. A.H. Clark of this laboratory.

(vi) The enzyme digestion and alkall treatment studies
were followed in the XI—~100 by storing free induction

decays on magnetic tape and printing out Fourier
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‘Teading was taken as the beginning of the
accunulation period. (5 minutes for the enzyme
assay and 10 minutes for tas alkali treatment.)
(vii) Where spectra neaded exanining near +the water
resonance, this peak was eliminated using the double
pulse technigue of Benz et al (1972).
The high resolution spectra were recorded by HMr.
A. Darke and the pulse measurements by Lr. S. Ablett, URL Colworth/
Welwyn

7. Viscosity lMeasurements

Viscosities of dilute solutions (ca 0.1% w/v) were
measured in an Ostwald viscometer type BS/IP/EU, size 113, sample
volume 2,5 ml, water <flow time 78 sec., maintzained at various
temperatﬁres in a circulating water bath.

The readings obtained were the average of several
timings.

For more concsntrated solutions, the fall of a ball
bearing (%" diameter) through 6 cm of solution in a 5 mm diameter

nmr sample tube was timed by lr. A. Darke, URL Welwyn.

8. Hyaluronidase Treatment

Hyaluronate (ca 1.5 mg/ml) was incubated with various
levels of enzyme activity in closed glass tubes at the required
temperature

(i) in deionised watervwith no added N¥aCl or buffer
approx. pH be

(ii) in deionised water containing 0.15% NaCl but no

buffer pH 5.5 to 6.

No buffer control of the reaction was allowable because
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(1) acetate buffer normally used would make the
nmr spectra difficult or impossitle to interpret

3,

due to near coincidence of the peaks due to methyl

b
ot

groups from both hyaluronate and acetata.
(ii) Phosohate buffer tends to inkibit the enzyme.

9. Zngyme Assay

The Good and Bessman (1964) modification of the Morgan Elson
reaction was used to determine the release of N-acetyl glucosamine
end groups.

(i) A suitable aliguot of the incubation mix (usually

0.1 ml) was pipetted into C.1 ml potassium tetraborate

buffer (7.86g KOH + 17.32g H,20, in 100 ml HZO) in iceo

The vclume was made up to C.5 ml with delonised water

or 0.154 NaCl as necessary.

(ii) Thé locsely stoppered tubes were heated in a boiling
water bathfor exactly 3 minutes, then removed back to
an ice bath immediately - the assays can be safely
left after this stage.

(1ii) 3 ml of dimethylaminobenzaldehyde (DIAB) reagent

was added (10g DMAB (AR) to 100 ml glacial acetic

acid containing 12.5% concentrated HCl, stored at

0°C and diluted 1 to 10 with glacial acetic acid

before use) .

(iv) The tubes were incubated at 37°C for 20 minutes
and the purple colour that devalops read at 589 nm
against a blank of hyaluronate that had undergone the

same processesSe

o
(V) The colouxr 1is unstable at 37 C and should be read

On -
within 60 minutes or stored at 0 C if left for any

longer period.
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1 - m fa g > "y .
(vi) The results were comvared with a sbtandard curve,

using li-acetyl glucosamine as referencs compound.

10. Carbon, Witrogen and lydrogen analyses

liicroanalysis of the various hyaluronates used were
determined by the Butterworth Microanalytical Consultancy, Teddington,
Middlesex.

The procedure used was to combust the sample in an
atmosphere of pure oxygen in a static system. The combustion
gases were passed firstly over a catalyst of platinum and an
oxidant of copper oxide, then finally over copper metal. The

resulting gases carbon dioxide, water and nitrogen were determined

[ )

by passing through thermal conductivity cells. The temperature o

L On =» . - .
combustion was 925 C for a time of two minutes.

The values obtained are shown in Table 3.l.

Sample Carbon % |Hydrogen % |Nitrogen & C:N C:XN ég%
: b
(2) {(®) (a) | (0) 1 (2) ] (v) {(a)} (®)
Balaz C34 3404 4109 505 500 208 305 1203 1200 1003
N-acetyl | ot | 601 l6.a17.2] 6.8 | 1046
glucosamine 436714346 | 60T |64 6e4 11
(a) - observed

(b) — theoretical

Table 3.1

. : 1 weichts and weter content
11, Corrected disaccharide molecular weignts &

The carbon, hydrogen, nitrogen analyses indicate that

some siructural irregularity may exist. In particular the nitrogen

content seems low, the theoretical C:N ratio is 12.0 while thgt observed

is 12.3.

T T TG —a———————..



necessary to determine %

‘To quantitate the re
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ults obtained it was

N
N

ne water content of the samples and also

o

have a check of the disaccharide repeating struciure.

The theoretical molecular weight of the disaccharide

e O

unit of Sodium hyaluronate was taken as 401.

(1)

(ii)

Water content allowance

For chiroptical studies the exact concentration is
needed for calculations of molar rotation and
ellipticity. The theoretical disaccharide weight
was corrected for water content based on the carbon
analysis results.

corrected weight = theoretical disacc:weight =x theoretical
observed carpon carbon

Disaccharide repeat structure

For the nmr work reported it was necessary to have an
accurate knowledge of the chemical s’ructure in
particular the N-acetyl methyl content. An average
disaccharide molecular weight was therefore calculated
by averaging the number of water molecules calculated
to be associated with each disaccharide unit.
If n water moleculss associatad with each disaccharide
then,

true molecular weight = 401 + 18n

then for determined hydrogen content,

observed H% = 20 + 2n = *5,53% % see Table 3.l
401 + 18n
:o n = 2.16

weight of hydrogens in theoretical unit = 20

wheres Number of hydrogens associated with water = 2n
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Similarly for carbon and nitrogen (Table 3.2).

Tlement No. of H20 molecules  Calculated M.Wt.
Hydrogen 2.16 440
Carbon 4,90 489
Nitrogen 5.90 507

Average molecular weight = 479 + 18

Tavle 3.2

For chiroptical studies the disaccharide weight based
on the carhon analysis (488) was taken. For nmr work
an average (479) of all the values was used. Within

experimental error these are the same.

L NS



<

Vlork on other polysaccharide systems in this laboratory
has established that the orderad conformation in the solid stata can

(>4

be related to solution behaviour involving a cooperative order—

disorder transition (McKinnon 1973).

As outlined in the introduction to this Chapter other
workers have used similar techniques and interpreted the changes
observed in terms of a coil to double helix transition. In the
light of this their work was repeated to optimise conditions prior
to further studiss.

1. Optical Rotation Studies

. . , ) ‘e
Variation of Ontical Rotation wish temperasure - (Balazs and

' Chakrabarti, 1972)
The reported experiments on the variation in optical
rotation with temperature for the ?H 2.5 'putty' and pd 7 solution,
for heating and cooling cycles have been repeated (Fige. 3.5). In

. . - +
view of the sharp contradiction between these results and those

~—

reported by Balazs and Chakrabarti (Fige 301, p 105), the experiments
were repeated indevendently in this laboratory by Dr. A.A. McKinnon.

In both sets of experiments commercial hyaluronate (BDH) and material

supplied by Balazs (Batches: £ 1119, C34, €32/2) wers used and in
the reportad results.
both cases we find it impossible to reproduce tne reported resu

i £'i i hange is similar for the
Although the overall specific rotation caang

. . 5 . 1dal
’ no indication of a sigmoida
same temperature change, we cai find ¥

; : o €SSe
transition that would provide evidence for a cooperavive proc
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Fig. 3.5

Variation of optical rotation with temperature

of a 0.7% solution of hyaluronate.

AL .
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Po consider this difference furither, values corrssponding
he optical tations : 1 5
to the optical rotations for the selectad wavalengths were calculated

LT

(by Dr. Z.R. Morris) using the Kronig—{raners transform

[N - et o . . A

(tfoscowitz, 1960), from circular dichroism spectra measured over
9, ..k'

the normal carbonyl n ~4>.TT transition ranze, at temperaturss
petwesn 6°C and 78°C.  This ed that '

stwesn a . is showed that the change in optical
rotation could be completely allowed <for oy the change in circular
dichroism. This strongly suggests increased mobility of the carboxyl
or acetamido chromophores on heating and that there is no
significant chaage in backbone couformation.

. Tt is difficult to put forward a definitive
explanation of why we cannot observe tne sigmoidal transition
reported by Balags and Chakrabarti. The discrepancy cannot be
explained in terms of sample to sample variation because the
optical rotation vs. temperature changes obtained are of greater
magnitude then the reported changes for low molecular weight

materiale. Murther the samples used that were vrovided by Balaszs,

particularly Batch$%£'1119, were of comparable purity.

Variation of Optical Robtation with Urea concentration (Hirano and

Kando, 1973)

. . . .
Urea is used extensively as & sffector of protein

denaturation. At high concentrations of ursa (8&) many proteins

adopt an unfolded conformation in solution, as +the noncovalent

bonding systems holding them together are disrupted. The exact

o

mechanism involved is uncertain.

The work of Hirano and Kando was repeated for our

materials as it seemed to offer a good possibility of observing an

. o
order—disorder transition. However, this could not be confirmed

for our system.

LI NS
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the = concentration, path length of cell and temperature

set out below.

Urea
concentration

Mo

0

2

4

6

8

* estimated

be made;

(i)

(iii)
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are

[&]21

D
corrected reported valueg¥
-61° ~61° -62°
~58° ~58° -60°
~62° ~61° -25°
~60° ~59° | -18°
~58° ~57° -17°

from Fig. 3.2 (reproduced from Hirano and Kando, 1973).

From +these results the following conclusions can

21

The observed change La[%i]s

observed is 4? (Hirano
and Kando claim 45°).

Allowing for an error of # 0,002 in reading o,
equivalent to [?ij) of 40, then the change observed

ig gero within experimental erroTe

Previous experience with hyaluronate and with other
polysaccharides indicates that optical rotations av

589 nm tend to be unreliable in that they are very
susceptible to cloudiness and air bu’pblesc Hyaluronate
at a concentration of 5 mg/ml‘is not obviously

cloudy to the eye in a 1 cm pathlength cell although

it clearly is in a 10 om cell. It should be
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mentioned however, that optiszal rotation readin

s
Lo

)

4 i . JUIRY . -
at otvher wavelengths, particularly 435 nm and 365 nm,
also failed to show a

substantial change.

(iv) ilithout a side by side comparison of sample

materials and a knowledge of instrumental tecnniques,
i1t is not possible at this time to say

categorically that the conformational change
reported never occurs. It can be said however,

that this repeated work shows no evidence for a
sigmoidal transition 1in a sample of high molecular
weight and low protein content. The protein content

of the Hirano sample 1is not known.

2. Circular Dichroism Studies

Consideration of molar ellipticities reported for
the monomeric units of hyaluronate shows that the molar ellipticity
of the hyaluronate polymer is greéter than a combination of their
true values. This is in agreement with previous work (Stone, 1971)
and our observations. By contrast Chakrabarti and Balazs (1973) report

3

-3 -
molsr ellipticity velues of 6.0 x 10 ~ and -6.4 x 10~ for the tetra
and hexasaccharide fragmenits of hyaluronate, in good agreement with
the linear sum of the monomer spectra. For the intact polymer
3 is

. . a4 - = - + R
at pH 7 an enhanced molar ellipticity of -11.5 x 10 reported

This +they interpret in temms of a 'degree of preferred order‘.
Subjectively this would suggest svidence of long range order in the
solution causing the molecular environment of the chromophores

to be more dissymetfic, rather than simple steric interactions of
Alternatively

. ) -4 in oligomers.
adjacent residues that already exist 1n g

one could interpret the differences between oligomers and polymer
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.. i oy E ies } §
in terms of the properties of acetamide chromonhores in a

chemically differsnt environment

y l.ec on  reducing temminal
residues which exist in anomeric equilidbrium, vather than ia
the chain interior.

To distinguish between thess possibilities it was
desirable to study the molar ellipticity at various temperatures,
at pH 2.5 and pH 7 (as had Chakrabarti and 3alazs) and further to
study the change in molar ellipticity with a wide range of chain
lengths. For the latter course of experiments it seemed reasonable
to follow the course of the enzymic degradation of hyaluronate
in the circular dichroism cell. This would provide a whole range
of chain lengths down to dimer, the vrecise size of which oQuld be
later defined by, for example, gel chromatography. An
advantage of this approach is that it removes errors in
concentrations of polymer and oligomer for comvarison purposes.
Further, if a preferred conformation exisis that is seen by
circular dichroism, it will require an optimum chain length to

persist, therefore once this is passed a sharp change in the

ellipticity should be observed.

Validity of low wavalength circular dichroism band (Chakrabarti and

Balazs, 1973)

Initial experiments using hyaluronate solutions at pH 7

immediately showed that while the spectra were essentially the same

as those of Chakrabarti and Balazs (1973)! the UV penetration of the

Cary 61 became suspect at around 190-185 nm. The last reliable

reading obtained using the sample supplied by Balazs was at 195 nm,

below this there was loss of transmission. Since the reported

circular dichroism band below this 1evel was interpreted in terms of

. nigi i x +
an order—disorder transition, this was surprising particularly as the
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Cary 61 1s generally recognised to have better UV venetration

En +1 =1 2 7 ) i . .
than the Jasco J20 used by the others. Investigations, by a .

w

colleague Dr. E.R. Zlorris, have shown that for both machines it is

possible to obtain reproducible spectra below 200 nn by allowing
o

the machine to drift in an 'out of light' (low transmission) state.
Since optical rotatory dispersion and circular

dichroism are related by the Kronig—kramers transform this provides

a2 method of testing the validity of the reported low wavelength band.

By taking a pH 2.5 circular dichroism spectra (Fige. 3.6a) obtained

by Chakrabarti and Balazs (unpublished), Morris was able to resolve

it into two Gaussian bands (Fig. 3.6b) and compute the corresponding

optical rotatory dispersion spectra (Fig. 3.7). A comparison was

then made of reported and observed optical rotatory dispersion

curves calculated from the circular dichroism due to the normal

210 nm tand alone and that from the two resolved bands. Neither gave

an exact fit, although the spectra calculated from the 210 nm band

alone was clcse to the observed spectra. Inclusion of the low

wavelength band lifts the 200 um optical rotatory dispersion lobe

far above the reported curve.

Variation of molar ellipticity with temperature and oH

The change in the circular dichroism on acidification

of hyaluronate is very similar in overall magnitude and form to that

for the constituent uronic acld monomer, &S shown in Fig. 3.8. Thus
the observed pH dependence of the spectrum above 200 nm may simply

: ionisati f the carboxyl
be due to changes in the degree of ionisation of 1 Xy

chromophores.

The effect of temperature on the circular dichroism

is illustrated in Fig. 3.9. The change 1in ellipticity when



Fig. _3.6a

t
Fl . 3'6b

Flgo 3"

Circular dichroism of pH 25 hyaluronate, showing

low _wavelength peak.

Resolution of circular dichroism spectra into Gaussian

bands,

The dotted lines show the two simple resolved bands

for subsequent Kronig-Kramers transform.

Comparison of observed and computed ORD spectra for

hyaluronate at pH 2.5.

The centre curve (- — — —) shows the ORD spectrum at
pH 2.5 observed by Chakrabarti and Balazs (unpublished).
The upper curve G——————O shows the combined ORD

curve from both Gaussian components in Fig. 3.6b. The
lower curve (—.—.—.) represents the ORD contribution
of the normal 210 nm n-»T1 * band alone.

Tt is evident that inclusion of the low wavelength

band makes the generated ORD contribution far less

consistent with the observed spectrum.
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M_ (a) Hyaluronate monomer spectra showing the positive
[O] change in the l—p_-ﬁ-g-gluouronic acid upon
acidification. |

(b) A similar change is shown for the conversion of a

pH 7 hyaluronate solution to pH 2.5.
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hyaluronate solutions are heated from 50 1o 75°C a

the pi changes above) entirely consistent with quantitative

o

pre ictions made from the behaviour of the constituent monomers
arising from an increased mobllity of the carboxyl or acetamido
chromoohores. This variation of pH and temperature appears to give
no evidence of any substantial additional perturbdation that could

indicate a fundamental change in chain conformation.

Cipcular Dichroism of Hyaluronate Oligomers

Two mixed samples were used:
a) hexa~ and tetrasaccharide (60:40)
b) hexa- and octasaccharide (50:50)

Elemental analysis gave:

Carbon Hydrogen Nitrogen
% % %

(a) 37.6 5032 2.63
(b) 37.6 5414 253
Theoretical 41.9 50 365
Disaccharide)
weight based)(a) 447 377 5;&
on element )(b) 447 350 555

ron
Circular dichroism spectra at 25 C and pH 6-7 gave

molar ellipticities calculated on the Dbasis of the analytical

results that were approximately double those previously reported

e Y < htalr
(Chakrabarti and Balazs, 1973) and close to the values obtained

for the intact polymer. (Table 3.3.)
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Calculated Molar Zllinticities (@]

Oligomer (a) Oligomer (b)  Intact hyaluronate

%10™3 z10™3 «10-3

[O] carpon -11.1 -11.5 ~13.0

[O] nydrogen - 849 - 9,2 - 9.6

[@] nitrogen ~13.8 ~14.3 -13.5

[O] theoretical -10.0 ~10.3 ~10.7
Balazs tetrasaccharide —6.0 x 1075
hexasaccharide -6.4 x 10'"3

% (34 hyaluronate
(a) 0.88 mg/ml
(b)  0.95 mg/ml

1 mm pathlength cell

Table 3.3

This is as expected since the inflﬁence of the glycosidic oxygen
on the accessible chromophores becomes minimal as the degree of
polymerisation incréases beyond 5 or 6.

As the enhancement of ellipticity of intact hyaluronate
in relation to that of the oligomers was & major point in favour of
some degree of long range ordeT ihis work was extended Dby a
rain length.

consideration of oligomers of various C

Hyaluronidase treatment of hyaluronateé

The mode of action of hyaluronidase bas already been

: . 2 £ 1
described. Initial experiments on & Variedwy of samples using

the same level of engyme showed that t2e samples were apparently

hydrolysed to different extents,

as seen by circular dichroism (Table 3o4).

i
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Jo 3 L N .
Changes in [8] after hyaluronidase treatment

Hyl‘ft 3218 ‘f“?lym lodar SLipticity 1)

70 Carbon Hydrogen Nitrogen incubation incubation
BDH 5 35.12 4,92 2.97 9,03 8.59
1iles 100A 26 29.42 4,36 2,70 13,01 9.7
Balazs C34 10 34435 5053 277 15,1 14.5
noo032/2 26 33.13  5.36 0 2071 16,0 119
Miles 80A 10 35.19  5.05  3.04 16,4 1446
Rooster comb 35 33.79 4477 2.80 1604 10,9

Conditions: Concentration 2 mg/ml
0.5 mm pathlength cell

Incubated for 48 ars at 370 at pH 6-7 with no added KaCl

Table 3.4

The conditions used were not the optimum for the
engyme, although no additional salt was added there was probably
some present in the samplese

Preliminary concluslons from these results were:

(i) The hyaluronate samples are in some way different,
since it seems wnlikely that each should behave
differently with the same amount of engzyme.

(ii) The varying extents of change may be influenced by
some structural differences within each sampleo

One example (for which there is as yet no evidence)
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Td ha Tt . :
could oel;—*dulonate residues replacing D-zlucuronate

i would inhinit + . ;
which would inhidit the engyme and prevent the

cleavage of thgt part of the molecules (Fransson and
Roden, 1967).
(iii) Samples may contain varying amounts of salt or
alternatively varying amounts of some inhibitor.
(iv) Over +the time of incubation an enzyme blank also
showed a small but significant change in peak height
at 210 nm.

Overall from these preliminary experiments it seemed
that contrblled enzyme hydrolysis might indicate the type of
conformational change occurring i.e. a gradual trend towards the
[Q] of the oligomers would indicate no 'locked in order'.
Alternatively a sharp change in (9] at some degree of hydrolysis
(probably low) could indicate the release of 'locked in order'.

Subsequent experiments using varylng amounts of o

enzyme both with and without additional salt at pH 6, were
monitored by both circular dichroism and Morgan Elson M—acetyl ﬁ
glucosamine end group determination.
Initial conclusions were:
(1) ©Proportionality does not exist betwesn release of
N-acetyl glucosamine end group (or chain length)
and the apparent ellipticity at 210 nm, whether
hydrolysis 1s carried out with or without added salts
and with various enzyme levels (Fig. 3010).
(ii) In the early stages of hydrolysis, in the presence
of salt, the apparent ellipticity change occurs

much more slowly than the release of end group

(Flg. 3011)0
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Fig, 3.11 Curves for CD decrease and end—-group release at

various enzyme jevels. Showing that the CD apparently

lags behind the end—-group release (no correction is made

for the engyme in the CD.
cD End—-group
€00 TU enzyme/ml 0.15 NaCl - -8
300 1IU " " F——% R --~--8
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(iii) A rapid decreasse in viscosity occur

[}
o
o
ks
=
=

initial chain cleavage. T
effectively too fast to follow. A sample of
hyaluronate alone (0.84 mg/ml) has a flow time
of 490 sec. in a capillary viscometer. A similar

sample after the addition of enzyme has reduced its

flow time to about 85 sec. (water 78 sec.) in the

time taken to set up the viscometer (about 5 mins).

(iv) It is difficult to allow for the engzyme in the

circular dichroism spectrae.

(v) The change in rate of release of H-acelyl glucosamine
with changing amounts of enzyme is as expected

(Fig. 3.12).

(vi) If the apparently sharp decrease in circular dichroism at

210 mm is true (Fig. 3.13), then there is an indication

of some kind of ordered conformation.

This apparent sharp transition for a small increase
in N-acetyl glucosamine release, which seems to be repeated for various
enzyme levels, was initially considered as a mechanism in which
random chain regions were destroyed more rapidly than (or before)
ordered regions.

Subsequent experiments with a purified enzyme
preparation did not confirm this initial interpretation. The
change observed may therefore be due to some undefined
behaviour of the Boehringer enzyme.
ne has a circular dichroism at

Since the enzyme alo

21C nm (Fig. 3.14)which changes when incubated under identical

conditions but without substrate, the gquestion arlses as to how
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Fige 3.12 . End-group release from C34 hyaluronate for

various enzymé levels
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Fige 3413 Apparent decrease in circular

dichroism with time

during engyme hydrolysis.
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this can be taken into account. The simplest way te allow for this

[e]
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change would te t
corresponding time intervals. Lowever, for this to he meaningful
the following assumptions would have to be made:

(i) The enzyme circular dichroism changes at the same

rate with and without substrate.

(ii) The conformation of the enzyme is the same both in the
presence and absence of hyaluronate.

(iii) - The change that is seen in the enzyme blank is due
entirely to the enzyme and not due to other factors,
such =25 binding of low molecular weight oligomers or
a conformational change due to some protein impurity
in the enzyme.

These assumptions gave considerable cause for concern
as to the validity of the results presented above. Therefore, to.
reduce the probability that the circular dichroism cnanges observed
were artefacts or changes in protein conformation it was essential
to reduce or eliminate the contribution to the overall spectra by
the enzyme, while retaining activity. It was found that the highly
purified Leo enzyme gave a very small circular dichroism spectra,
that hardly changed with time, even at much higher enzymeiactivity
(Fig. 3.15). However, although this was supposed to be a highly
active preparation, dits activity was in fact several orders of
magnitude lower, possibly caused by the sensitivity and inactivation
of hyaluronidase, particularly very pure preparations, by glass
(Rasmussen, 1954) .

The experiment was to treat the hyaluronate with an

amount of enzyme that was estimated to give an intermediate rate

t the contribution due to the engyume at the
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Fige 3e1 Fige 3.1
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240

230

nm.

220

710

Fig. 3.14 Circular dichroism spectra of 600 1U/ml Boehringer

enzyme (a) at start, and (b) after 24 hours.

‘Fig. 3.15 Circular dichroism spectrum of 3000 1U/ml Leo enzyme,

the spectrum is identical after 24 hourse.
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Feacetyl gluccsamine end grous release, folloving
the Thydrolysis for 24 hrs. by Lovrgan-3lson asswy and & continuous
single wavelength circular dichroism run. The corresponding end
group change with time 1s shown in Fig. 3.12. From the circular
dichroism spectrun it was aonarsnt that a slow linear change had
taken place resulting in an overall 15% decreass in peax height
at 210 nm. No trace of the previously opserved sharp decrease
in circular dichroism was apparent. The continuous spectra of the
enzyme alone was a straight line.

To ensure that the incubation had reached completion,
it was left at 3700 for 72 hrs. and the specira rerun; it was
identical. In case the conformation of the enzyme was changing,
additional enzyme was added to the incubation mix. Allowing for
the engyme contribution both initially and after 24 hrs., no change
was observaed. Thus it was assumed that the binding of oligomers
to the enzyme active sites does not alter the conformation of the
enzyme as far as circular dichroism 1is concernade.

The molar ellipticities of the hyaluronate hefore and
after hydrolysis are consistent with previous results {Table 3.5).
Additionally the molar ellipticity of incubations that exhibited
‘70% end group release (average chain length between tetra—- and
disaccharide — probably a mixture) were consistent with the values
obtained for our oligomers (Table 3.3)s This is taken & further
ovidence that the values quoted by Chakrabarti and Balazs (1973)
are apparently incorrect from our comparison, and that no
cooperative transition can be jetected. However, the nmr studies

to be reported below suggest that this apparent inconsistency could

be more complexe
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[Q] be 10"3

no allowance deduction of
for engyme enzyme contribution
Hyaluronate alone (C24) -13,0 -
+ enzyme — at start -1363 -12.7
- after 24 hrs. -11.5 -10.8
+ more engyme — at start ~11.8 -11.0
- after 24 hrs. -11.7 -10.9
Conditions: Hyaluronate 1.6 mg/ml

Engyme (Leo) 0.05 mg/ml

0.5 mm pathlength cell at 37OC

Table 3.5

3. NMR studies

Nmr relaxation studies have been used little on
polysaccharide systems. Perlin et al. (1970) in a survey of
glycosaminoglycans at 220 llHz reported 2 poorly resolved spectrum
for hyaluronate in which it was difficult to assign the protons,
except for the well separated peak due to the N-acetyl methyl
resonancea.

Using 60 and 100 ¥Hz nmr eguipment it has been
possible to obtain spectra of comparable quality, ?articularly when
employing the Fourier Transform facility. The N~ acetyl resonance
at X 1.93 ppm (Fig. 3.17) clearly 1lends itself to integration
and line width measurement. Consequently the quantitative results

reported here are based on this peak.
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For quantitztive measuremsnts to be meaningful it

5 o e A A . e ~ atA - . B [P R N - At S AsT
is necessary to have an accurate knowledygs »F the theoretical

amount of f-acetyl sroup wreseat in  sach sumole. Carbon, hydrogen

and nitrogen analyses enzbled tas corrscted disaccharide molecular
weight and degree of hydration to ve calculzatad. The average
hydration calculated for the hyaluronate samcle C34 used in this
work was 4.3 + 1.7 moles water/mole disaccanaridz, leading to a
disaccharide weight of 479 + 13. On the basis of this figure
the fraction of N-acetyl protonS having sufficient mobility to

. . . 1. . .
give a high resolution "H nmr signzl could be calculated.

Bffect of pH and temperature

Using single scans at 60 HHz to provide a rough
estimate, it was clear that approximately 40 + 10% of the sample
was mobile enough to give a high resolution spectra. Further
heating to 9OOC did notv seem to cause an appreciable increase
in this value.
Reinvestigaticn at 100 iHz showed that thz fraction
of mobile species was 43 + 5% aad that this value wzs independznt
of salt content, concentration and temperature up %o 9000.
Maintaining the sample at 9000 for 12 hours caused the figure to
increase by only 4%. At 9OOC the broad underliying peak whose
protons do not contribute to the high resolution signal is narrowed
slightly (i.e. the 'immobile' or 'ordered' species) but is nob
apparent on recooling to 3OOCo This is consistent with the
drop in viscosity at 9OOC effectively allowing more mobility of
the whole molecule, consequently skarpening the broad underlying peak.
The 4% increase in the proportion of ‘'mobile' species
after prolonged heating is probably due to bond hydrolysis and/or

some irreversible loosening of the ‘'immobile' or ordersd regions.
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nwis may parallel the undefined changs ir viscosity and optical

2}

i
1.

vity noted when ayaluronate 1s heatzd akove 70 C (Swann,

c_
[

]

C T
1969; Balagzs and Chakrabarii, 1972). Tt follows that 90°C
must be considerably telow the transition

ortion of

I
[}
3
3
O
]

structured regions since no sharp increase in
mobile or random species is apparent. Conseguently. at ambient
temperatures (2600) the dissociation of ordered regions to
disordered must be minimal, indicating that a barrier exists
between these two regions that is insensitive to temperature and
salt. The 'putty' form (Balaszs, 1966) ,which is prepared by
adjusting the pH and salt concentration to enhance the viscoelastic
properties of hyalurounate, is an exception. At 26°C the putty

{order) in that only 30%

®

showed evidence of some extra structur
of the sample was mobile enough to give a high resolution spectra.
However, this additional structure is vary labile showing 38%

. o . o .
signal at 40°C and returning to the Maormal" figure of 423% at

50°C.

Alterations in the pH from 7 to 2.6 (putty) have shown
that the major influence on the stability of the structured regions
is some very stable barrier. It has, however, been possible to
disrupt this feature by the preéence of NaCH. Colleagues, Dr. Z.G. Finer
and lir. A. Dark have shown that on addition of 0.l NaOH the viscosity
dropped drastically immediately (visual observation) and the nmr signal
measured after 5 minutes showed 95% of the signal was now mobile or
non;struotured (the spectra is almost identical to Fig. 3.22, p 154 ).
This increased slightly to 98% after 85 minutes, and remained essentially
the same (93%) on neutralisation to pH 7 (may be slightly low due
to small volume changes on neutralisation). This would be consistent

\

with the involvement of an ester cross—link in the hyaluronate

structure.
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57% of a component having T, shori enough not to give a hign

resolution signal. Tre T_ values obtained are shown in Table 3.4.
[&]

T values for 3% hvaluronate at oH 6-7

Temperature llobile coragonent Less mobile component
°c T2 ms. % signal T2 s . % signal
27 645 46 0.9 54
47 10.56 42 169 58
60 1343 41 2.7 59
17 147 42 204 58
27 £.8 43 0.9 57

Table 3.4

There are essentially two components or two types of
protons, those having a long T2 equivalent to a resolvable high
resolution peak and those having a short T2 corresponding to a -
broad unobservable high resolution peak (a much longer relaxation
time due to considerable water, with T2 ~Z 1 sec. has been eliminated).
bl b foa& . - . 3 s 3 -

In fact the peak is just visible in the high resolution spectra
but immeasureable due to its width and shallow height.

The data from pulse 2nd high resolution spectra are

related by: -

<
iy
]
i_.l
\
=
&
N
]
l._.l
-]

= peak width at half height in the high resolution

where[&\?

L
2



spectra. Thus from Table 2.4 the short componeny having a T2 ol
2 ms. corresponds 1o [&\7;?: 150 Hz, which is too wide to be
observable on the high resolution spectra il.s2. the "immobile!
component. The measured line widin Zk\yg_of 13.5 Hz for ths
high resolution spectra corresponés to 2 TZCi 24 ms. for the
mobile component. This is longer than the T2 observed from the
pulse measurements but can be accounted for by the fact that T,

<

is a measure or average for all the protons in the disaccharidse
unit thus the ring protons will be considerably less mobile
having a shorter T2 than the N;acetyl methyl protons on the same
ring. In addition it is difficult %o allow fully for the mobile
species in the other composite peak in the high resolution
spectra (Fig. 2.17).

However what Teble 3.4 does confirm is that the
fraction of 'mobile' groups is ca. 43% and that it is independent
of temperature.

Plotting the variation of T2 in Arrhenius form against
temperature shows that the plot for T2 (long) is curved probably due
to this being an average measures for several different types of proton.
The ideal Arrhenius type behaviour  that is often observed in nmr
studies (Bloembergen et al, 1948) is demonstrated by the high
resolution line width for the N;acetyl corresponding to an
activation energy of 12.4 + 1.6 kJ mole™ " which is consistent with
a situation in which local viscosity is impéding the random motion
of the N;acetyl protons. The average activation energy for T2(1cng)
is similar. In the case of Tg(short) tae Arrhenius plot is highly
curved showing two distinct activation energles; about 30 kJ rnole"1

at ambient temperatures falling to small values at higher temperatures

(Figo. 3,18a). A similar plot for the viscosity at the same
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Fig. 3.18  Arrhenius plots for a 1.5% solution of hyaluronate,

showing the temperature dependence of (a) high

2
(b) viscosity("l). (Taken from plots drawn by Dr. E.G. Piner)

resolution linewidth(A V,), relaxation rates T, —, and
2
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in 0.15M NaCl

1.6 % % : ; l‘ “ )
1.0 2.0 3.0 4.0 5.0
103 /1
Fige 319 Arrhenius plot for a 0.08% hyaluronate solution;

showing the concentration dependence of the viscosity

when compared with Fig. 3.18b.
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concantration, followed by tining 2 ball kearing in
the nar tube, showed an activation ensrzy of about 45 kJ mole

" : . . -1 L
at ambient temperatures decreasing to zbout 10 kJ mole at higher

)
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c
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ot
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temperatures. Plots are shown in Fiz. 3.18%b of the T
obtained by ilr. A. Darke, which although baszd ou a crude

estimate of viscosity seem to suggest some sinilarity of shape in

the presence and absence of salt. As the viscosity of hyaluronate
is concentration dependent and the curves take different forms

(Fig. 3.19) it is not possible to exirapolate from low concentration.
Therefore, the viscosity resulis should be considered as a
qualitative indication only at this stage. It doés however, appnear
that viscosity and mobility of the structured regions are interrelated
in that they result from similar restrictions. The local motions

of the unstructured regions does not appear to experience any
similar restriction.

The 130 spectrum of hyaluronate is shown in.Fig. 3.20
with tentative pesk assignments by Dr. Z.G. Finer. The behaviour
of this spectrum with temperature is consistent with the 1H nmr
results confirming that the processes already described apply equally
to tkhe ring carbons and the N-acetyl group.

A survey has been carried out on a variety of hyaluronate
samples from various sources. This has shown that while the
proportion of immobile species does vary from sample to sample it
is always in the range 55-70% (Table 3.5). It is possible to
separate the samples into two groups, those in A are mainly of
commercial origin and/or lower purity than those in 3B, and may

contain less structured regionse.
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Fig. 3.20
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20,63 MHz ~°C spectrum (40,000 scans) of 3% hyaluronate

in D0 at 80°, with tentative assignments by
Dr. E.G. Finer. Primed atoms are on the N-acetyl

glucosamine ring. Unprimed atoms are on the glucuronic

acid ring.
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Sanvple Analysis
Source  Batch Salt Carbon Hydrozen Nitrogen 7 mobile residues
Ao
., . +
Hiles 101B* K 32.87 LoTL 2.69 45 )
" 100A% K: 28.76 415 2,50 3% )
BDH 1500740% K/ 34438 4,97 2,90 42 )
Sigma 920-047C% K 29.96 430 2.79 40 ) Av. 4144
0 330-2450%  Na_ 31.84 £o65 3,20 39 )
Balazs  COM1f Na 34.27 5.35 2.89 41 )
Non-fibrous " )
" €34 "o 3435 553 2.77 43 )
Hiles 1174 23 C-48" 31.58 Aotl 2097 41 )
804 " 32.06 4067 3.09 32 ?
B.
Sigma 120-2730% KT 29,02 £.,12 2,66 30 )
Balazs Rooster Na 33.83 5.0 3.03 32 )
L C32/2 " 31.85 5657 2,85 33 ) Av. 31x2
" #1#19* " 32.63 5.34 2,71 31 )
" coMl " 34.27 4.70 2,79 30 )
Fibrous
N-acetyl glucosamines 43.72 649 6027
* from umbilical cord - those unmarked from rooster comb
T the fibrous preparation is claimed (Balazs personel  communication)

to have significantly more ordered stiructure as noted by viscosity
and optical methods and that the average molecular size is thz
same in both cases.

+ Chondroitin 4-sulphate

Table 3.5

On storing the samples having 31% of mobile regions for one week at
0—400, the ‘extra' 10% order is lost and all the samples are

now 41% mobile. It is possible that more 'native' preparations
inherently have that extra labile order that is also shown by the

*putty' preparation.
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It has already beean mentioned that dnitial chain cleavage
of hyzluronate is accompanied by a large apparent decrease in
viscosity. The nmr spectra show an analogous immediate
narrowing of the N-acetyl proton linewidth from 12 Hz to 6 Hgz
when hyaluronate is treated with testicular hyaluronidase at 10°¢.

The hydrolysis was followed at 10°C in order that the rate
would be sufficiently slow to enabls the early stages to be
followed closely. During the first hour of incubation, release
of end groups was undetectable (i.e. less than 1% release) while
the proportion of mobile N;aoetyl vrotons had rapidly increased.
The +time course of the fraction of mobile protons and of the
release of end groups, is shown in Fig. 3.21. It is useful o
note that for nyaluronate of lOérnolecular weight containing
approximately 250C disaccharides (henze 31,4 linkages), a 1
release of end group is equivalent to the cleavage of 25 Bl,4
linkages yielding fragments of averag: length 100 disaccharides.

After the initial linewidth narrowing due to the viscosity
change no further substantial changes occur in the nmr spectra
apart from the overall intensity increasing. This means that the
hydrolysis is two state, i.e. iesidues are either structured or
not, otherwise the linewidth would show a gradual change. Vhen
the end group release is approximately 15% (i.e. about 1 in 6 of
available Bl,4 linkages cleaved) the propértion of mobile protons
has reached a limiting value of 88 4 6% at ambient temperatures.
Increasing the temperature to 9200 causes an increase of mobile
protons to 96 i'Y%o The difference presumably represents about

8% of the sample which never becomes fully mobile no matter how

far the digestion proceeds, but which gives a resonance narrow enough

to be integrated at 92°C (Figo 322 )o
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Fig, 3.21  The time course of digestion of hyaluronate (1.5%)
dissolved in D,0 containing 0.15M FaCl at 10°C,
by byaluronidase (1900 IU/ml)

X—=X, % mobile acetate groups (the end point is marked..—.-)

0—0, % end group release (reached 16% after 24 hours)
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Fig. 3.22 100 MHz 'H nmr spectrum for 1.5% hyaluronate
after enzyme digest. Part of the spectrum never

becomes fully mobile.



This sudden convarsicn of structured to unstructured
species by the cleavage of one or more linkages can be considered
in terms of the cooperative unlocking of a rezion of order. Thus
a disruption of some part of the structure within the heat insensitive
regions could be sufficient to cause that varticular segment of

order to Ily apart. This and the fact thet ordered and disordered

parts of the native hyaluronate are not in equilibrium must mean

that the hyaluronate contains some covalent feature, as yet undetermined,

capable of initiating a strong cooperative interaction between
adjacent parts of the chain. The regions of order do not 'melt!
completely as shown by the fact that 8% of the sample never becomes
fully mobile under the hydrolysis conditioné used here. This
'residual order' could perhaps exist in close proximity to the
covalent barriers. This feature need only be present in small
amounts and may‘be mcdified during analytical studies hence
escaping detection. Therefore the 43% mobile species observad
probably represent those unstructured regions of the polymer chain
linking the structured regions that are terminated by this
undetermined feature. A clue to its identity may be given by the
non ideality of the carbon, hydrogen, nitrogen analyses.

Origin of the ordered rsgions in solution

The results from the nmr experiments show that hyaluronate
has a partly ordered conformation in solution. Calculations show
that the degree of rigidity of the orderéd species 1s higher than
can be accounted for by locking all the bonds in a single residue
and requires that several consecutive residues be locked
simultaneously in a cooperative structure. Elevated temperatures
fail to melt out the structure as do additions of salt, pH changes

(2.6-7) and the action of enzyme.



The model suggested by these results is one in which the
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hyaluronate chains j
terminated by some covalent irregularity and that these regions
exist within the same chain rather than in diffexrent chains. Such
a system could account for the viscoelastic characteristics of
hyaluronate. The ordered regions have a Tixed and pzrmanent existence,
whereas intermolecular effects such as disruption of non-covalent
interchain forces give rise to the make and break rheological
character (Gibbs et al. 1968). Thus the ordered regions must be
stabilised intramolecularly or perhaps within aggregates that
involve a'limited number of chains rather than involving aggregates
of large size or upon aggregation phenomena that extends to form a
network throughout the solution.

From Fig. 3.21 it has been possible to estimate the
number of wnits in the structured regions (E.G. Finer et al. unpublished)
as 60 disaccharides on average, and that cleavage of one band in
such a region causes almost complete loss of structure. The evaluation
of this parameter is shown in Append.x 2.

The action of alkali (pH 13) in disrupting the ordered structure -

is consistent with the covalent irregularity, that may nucleate these

structured regions, being an ester linkage.

4e Conformation in solution

It is apparent that the wide variations in rheological
properties, from a stiff viscoelastic putty to a solution having a
relative viscosity close to unity, are not associated with the degree
of conformational order or with conformational transitions. This
contrasts with other polysaccharide systems whose rheological

characteristics are able to be related to conformational transitions
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(Arnott et al. 1974c; Rees, 1972; lorris et ale 1973). The
important difference is that invhyaluronate the rheological
properiies arise from interactions betwesn the preformed
ordered entities rather than within.

Existing evidence for the Conformation in solution

In the past the conformation in solution has been

interpreted by many workers as a random coil with some stiffness,

based on hydrodynamic studies. The random character clearly exists
but as will be shown later iS entirely compatible with the proposed
model. |
The evidence for random coil character is:-
(i) The light scattering envelope shows that hyaluronate kas
a somewhat stiff random coil structure and the radius of
gyration of the molecule is very large such that the ckain

3;44 times larger than

extends over a solvent domain 10
the volume of the chain itself (Laurent, 19663 Preston
et al. 1965).

(ii) Hyaluronate acts as a molecular sieve towards the diffusion
of macromolecules both in vivo and in vitro. Various aspects
of the exclusion phenomenon have been reviewed by Laurent
(1967) and have been demonstrated by eciuilibrium dialysis,
gel filtration, osmometry, light scattering and solubility
measurements. This can be explained in terms of an expanded
structure, rather than a compact conformation (Laurent,
19673 ?reston et al. 1965)

(iii) Ifeasurements of the variation of intrinsic viscosity with

velocity gradient and temperature, streaming birefringence and

variation of sedimentation coefficient with concentration,

indicate a low axial ratio (of the order of 1) that is



consistent with nearly spherical particles that are

highly solvated (Ogston and Stanier, 1951). This view

is supported by later light scatizring measuresments

(Preston et al. 1965). The variation of viscosity with

molecular weight shows that the exponent in the modified

Staudinger equation is 0.73, which is consistent with

a random coil structure (Laurent, 1966) .

(iv) The radius of gyration from light scattering measuremesnts
is in agreement with the intrinsic viscosity only if a
random coil structure is assumed. A rod-like structure
consistent with the viscosity would require a
substantially larger radius of gyration (Preston et al. 1965).
This is also in agreement with the observed sedimentation
coefficient.

(v) The sensitivity of the viscosity to'ionic strength and

the shrinkage of the molecule on acidification suﬁports tre

random coil model suggesting expansion of the molecule in

the interaction between anionic groups is increased (Preston

et al. 1965).

(vi) The sedimentation volume of hyaluronate as a function of
concentration shows that due to its large hydrated volume
it forms a more voluminous shape than do for example,
globular proteins (Balazs, 1966).

Such randomness could easily exist within the mobile chain
segments in the proposed model. The above evidence only indicates
that the hyaluronate conformation has sufficient flexibility to
exhibit the general characteristics of a random coil.

Evidence also exists for ordered regions that would

correspond to the 'immobile' species:—
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(iii)
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Although the variation of viscosity with ionic strength
supworts the rzandom coil model, no parallel change in the
radius of gyration is obsszrved by lizht scattering.
Additionally the effect of added protein on the viscosity
is inconsistent with a random coil configuration in that
fhe viscosity is apparently unchanged. Both facts
indicate that the structure lacks the complete
flexibility of a random coil with respect to expansion
or contraction. The apparent discrepancy could perhaps
be reconciled in terms of a structure similar to that
proposed having rigid junction zones which determine the
shape and size of the molecular domain with flexible mobile
cross—links that determine ths viscosity and degree of
internal 'free draining' (Preston et al. 1965; Silpanantz et al.
1968) . ‘
The viscoelastic behaviour of hyaluronate changss in
rélaxation rates but not in nature with variation in
temperature, concentration and ionic strength. The
transition from viscous to elastic behaviour under these
conditions is much sharper than for other systems in ﬁhich
viscoelastic properties depend on random coil entanglements
(Givbs et al. 1968) or than is predicted theoretically for
such systems (Aklonis et ale. 1972). This suggests that the
transition from a relatively rigid elastic system to

a viscous fluid does not involve extensive relaxations and
uncoiling of the hyaluronate chain (Gibbs et al. 1968).
Although it has been stated (Ogsten and Stanier, 1951) that
the streaming birefringence of hyaluronate 1is consistent with

an axial ratio of near unity, the valus estimated for various
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concentrations fall within the range 5-22, the more

3

accurate values being in the ranyge 14-22. This does not

0%

contradict the original contention of Ogsten and

Stanier (1951)but might suggest a conformation that is
neither a rigid rod nor a random coil, i.e. a conformation
having characteristics of both.

A vossible solution conformation

Literature evidence together with the results reported
here from nmr experiments indicates that hyaluronave exists in
solution as a mixture of ordered and disordered conformations.

Probably a structure similar to that proposed by Preston et _al. (1955)
in which a cross;linked network is formed. We must now ask the
question: What is the nature of the ordered regions?

The mos# attractive choice would be double helical regions
similar to those known to exist in carrageenan and agarose gel networks.
This would be an ideal source of cooéerative stabilisation that could
readily explain the apparent intramolecular stability and intermolecular
instability of ordered regions in terms of the different types of contacts
involved. Thus the viscoelastic viscosity could be accounted for
by the inter;double helical contacts being sufficiently weak to break
and reform. A priori a double helix musf be formed intramolecularly
to be consistent with Xray evidence for antiparallel structure
(Dea et al. 1973; Atkins and Sheehan, 1973).

However, the latest Xray refinement by our colleagues at
Purdue (Guss et al. 1974) shows convincingly that an antiparallel
single helical structure is a more accurate interpretation of the
Xray data. Thus so it must be in solution, for no obvious mechanism
can be envisaged that will allow double helices to unwind during a

gentle crystallisation process yet prevent them unwinding during



the pHE, salt-concentration and temperaturs changes experienced during
nnr exveriments.

A1l evidence therefore, points to a single helical
conformation in solution, a conformation that must have some form
of cooperative mechanism to preserve its rigidity in solution.
A model that is consistent with the nmr data is one in which
hyaluronate chaiuz have 'rod and flexible chains! or 'plates and

chains' (Fig. 3.23) .

flexible region rigid rod

Fig. 3.23 Rod and chain model for hyaluronate

The nature of the ‘'rods' or 'plates' 1s unknown,some possibilities
ares-—
(i) a single hairpin-like structure.(Fi.gc 3.24a)
(ii) a multiple folded structure (Fig. 3.24b)
(iii) a composite chain made of short segments joined by
ordered regions (Fig. 3.24c)
Bvidence in the literature could be considered to support

these postulates,
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It is reported that hyaluronatc strands have been seen
wder the eleciron microscope as wide hoirpins folding back upon

each other (Fig. 3.24a) (3alazs 1974) Fessler and Fessler (1985)

have also visualised hyaluronate by electron microscopy but
although the individual chains can be seen in an apparently
folded state (like Fig. 3.24b) no clear evidence is available
about the fine structure of the ordered domains. Since about
50-60% of the hyaluronate chain is expected to be involved in
such regions, the folds observed in the electron micrographs are
possibly memories of part of the folded regions.
% Swann (1969) suggests on the basis of ascorbate
depolymerisation, that hyaluronate is a heterogeneous molecule
containing subunits of molecular weight 65,000. Repeated treatment
with arncorbate failed to decrease the size of the molecule further
therefore, the reaction could not be described as a randcm
depolymerisation process. Swann states that,; "when hyaluronate
is degraded, constituents and/or covalent linkages (which have not
been identified) are cleaved by the ascorbatsa'. Possibly
these linkages are the same ones that have to be shown by nmr to
be sensitive to alkali.

For such models to be consistent with the antiparallel
structure derived by Xray diffraction (Guss et al. 1974) it is
necessary thats

(1) folded regions have intrachain folds confeéﬁng and

'up;down' nature.

(ii) sub-units are joined by chains runhing in opposite
directions
(iii) alternatively adjacent 'rods' or 'plates' formed by

type (ii) could pack in an antiparallel fashion.



Fige

324

163
a.
b.
c.

Possible types of ordered regions in hyaluronate chains

(a)
(b)
(c)

a single hairpin

a multiple folded structure

a composite chain consisting of several
short segments joined covalently



Clearls %this is somewhnat speculative and further work is
in vrozress to elucidate the naturs of The covalent feature and form

of the molecule in solution.
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may possess similar ordered and disordered ragious to hyaiuronats.
Three samples of Chondroitin 4- and 6- sulshets examined show

451;0% of immobile species that do not give a high resolution spectra.
These results could be consistent wita similar models to those proposed

are related (Atkins

w

for antiparallel hyaluronate since Xray structure
et al. 1972b; Isaac and Atkins, 1973; Arnott et al al. 1973). However,
a folded chain model is probably less likely because of the lower
molecular weights of the chondroitins (40-120 disaccharide units
on average) .

These results were surprising in the light of the existiug
1

model for proteoglycans. ‘hen the chondroitins are attached to the

)

protein backbone in the supposedly characteristic "bottlebrush'

L9,

model, the chains are parallel and there is no reportad evidence fo
two or more 'bottlebrushes' interpenetrating (Iathews and Lozaityte,
1958; Partridge et al. 1961) . Thus the ordered antiparallel

structures must be formed during or after cleavage from the protein

backbone.

Similar phenomena  may also occur for other glycosaminoglycans.
Jaques et al. (1966) in an nmr study of heparins, noted variations in
the relative intensities of given proton signals from one sample to
another, that wers independent of chemical composition. This was
interpreted in terms of''substantial differences in the ratios of

component sugar units" but could well be varying extents of orderad

species in the light of the nmr results reported here.
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Physicz2l and Binlogical Imnlications

(1)

(ii)

o

The rheological propertiss of e 1In vitro
and in vivo can now be explained in terms of temporary
cross—links between ordered domains. The aggresgated
regions having loose or weak bonds thai break rapidly
enough to allow ordered domains to slide past each other
under low imposed strain, resulting in viscous flow.

While under high strain, the ordersd regions cannot adjust
so rapidly and are thus deformed elastically (Balazs and
Gibbs, 1970). This proposal is in good agreement with

that of Gibbs et al. (1968), who postulated a relaxation
mechanism consisting of a breakdewn of a highly elastic
hydrogen—-bonded network, followed by viscous flcw due to
long range cooperative segmental motions. Alterations in
pH, concentration and salt content are considered to altsr
the degree of aggregation rather tkan the nature.of the
aggregate (Balazs and Gidbbs, 1970).

Studies on synovial fluid in artaritic joints (Balazs
and Gibbs, 1970) have shown that the fluid is viscous
rather than elastic, thus showing less rigidity. It has

been proposed (Balazs and Gibbs, 1970) that one of the main

functions of the intercellular matrix of connective tissue

is to provide a system that absorbs mechanical stress, thersby

protecting the cells from mechanical shock and vibration.
At the interfaces between solid and ligquid matrices, such
the surfaces of tendons, hyaluronate serves as the primary
isolating and lubricating agent. Hyaluronate and

proteoglycans are trapped in a collagen gel in solid

matrices such as the vitreous (Balegs, 1955) . The primary

as



(iii)

[
ON
N

4 =

mechanical strass is supportad by tre collagen fibrils
and 2 large part of the energy is transferred 1o the

viscoelastic macromolecules for storage and dissipation.
Cellular damage or de ive plosynthesis may release

enzymes capable of disruption of the covalent features

holding the hyaluronate chains togethsr. Removal or

reduction of the hyaluronate neitwork will cause a breakdown

of the collagen/hyaluronate matrix, hence reducing its
protective ability.

Various so0lid state fibre structures are known for

.

hyaluronate with antiparallel chains (none are knowm with

parallel chains). The 0.84 nm projected residue height
gquat structure is expécted to be the most imporvant or
natural form. beczuse this appears to be obtained most
readily by gentle crystallisation processes on samples
of high molecular weight i.e. close to native polymer
weight. The apparent polymorphism that does occur may
suggest that the geometry within the ordered domains

in solution is perhaps biologically controlled.



CHAPTER 4

Preliminary Xray diffraction studies on some

Bacterial Polysaccharides
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Iicroorganisms synthesise a variety of polysaccharides
that fulfil a variety of functions such as:—

(i) structural components vroviding rigidity to cell walls
(e.g. bacterial and actinomycete neptidoglycan, chitin,
mannan)

(ii) intracellular storage (glycogen)(Slodki,1967)

(iii) extracellular vpolysaccharides that can enhance virulence

in plant and animal pathogens (e.g. capsules of

Xanthomonas and Pneumococcus species and lMeningococcus) o

The extracellular polysaccharides, the subject of this
Chapter can be further classified (McNeely and Kang 1973):
(i) capsules that are integral with the cell wall (Sharon,
1965) , as well as structurally demonstrable micro-
capsules. Ior example, hyaluronic acid from Group A
hemolytic streptococci (Sharon, 1965) and the type

specific heteropolysaccharides from Pneumococcus

(Stacey and Barker, 19603 Sharon, 1965). These
microorganisms, like many other encapsulated species are
pathogens in man and other animals.

(1i) Slimes that accumulate outside the cell wall and
diffuse constantly into the culture medium.
Microorganisms producing slimes may or may not be
encapsulated.
When Dboth capsular and slime polysaccharides are produced,

the chemical composition of both is essentially similar (Jeanes, 1968).

The function of extracelliular polysaccharides and their

relation to cell survival is not clear (Sutherland, 1972). However,



the suggestion of an ordersd conformaticn in solution for
Xanthomonas species and a synergistic interaction with a 21,4
mannan (liorris and Rees, unoublished) similar to that proposed for
plant polysaccharides ( ea et al. 1972) mey be open to
interpretation as a model for parasitic host recognition and
adhesion between bacterial and plant cells.

In this chapter preliminary models will be vproposed for

the extracellular polysaccharide from ZXanthomonas phaseoll in the

solid state from Xray diffraction data which may provide support
for the solution characteristics observed by liorris and Rees for

Xanthomonas campestris, a chemically similar member of the

Xanthomonas speoies
In addition a Dreliminary solid state model for the
=

extracellular polysaccharide from Arthrobacterviscosus B1973 will

be describedo

1. Origin, Role and Uses

A major factor determining the occurrence in nature of
extracellular microbial polysaccharides is the availability of
carbon-containing substrate material, such as carbohydrates or
hydrocarbons, under conditions that permit microbial growth.,

A  Pseudomonas species isolated from jet fuel produces a high
molecular weight glucose polymer when grown on n-—alkanes (Jones
and Colasito, 1963).

Numerous plant diseases result from the mechanical

blocking of water movement by extracellular polysaccharides produced

by an invading phytopathogen. Partly by this mechanism, X. campestris

produces vascular disease in cabbages and related plants. X. phaseoll
behaves similarly, attacking its natural host, the common bean plant

(Lesley and Hochsler (1959)).
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rsacchavide of  A. camnestris

The pol

o

produced commercially by continuous fermentation from dextrose

and finds considerable use in Industry by virtus of its unusual
rheological propertiesswhich provide a basis for its many uses as

a thickening, suspending, emulsifying and stabilising agents in the
Food Industry (Rocks, 1971; Kelco, 1972) and numercus applications
such as in the pharmaceutical, paint, paper and oil drilling
industries. In the latter case it provides the drilling fluid

with low water loss properties thus keeping friction losses low.

Arthrobactar viscosus B1Q73 is a microorganism isolated
J (&)

from soils which produces large amounts of extracellular polysaccharide
using various carbon sources, usually glucose. Thils polysaccharide
has not yet found any commercial use.

iIxtracellular polysaccharides probably protect
microorganisms against various adverse environmental factors
(Wilkinson, 1958). For example, the thick capsule associated with
extracellular polysaccharide production provides definite protection
against bacteriophages, simply by serving as a vhysical barrier
against the agent (Wilkinson, 1958). In general, extracellular
polysaccharides do not appear to function as a reserve energy
source.

2. Rheological Properties

literature from manufacturers of X. campestiris
polysaccharide emphasize its unusual rheological characteristics,
in particular claiming stability to heat, acid and salt, together
with pseudoplastic viscosity and synergistic interactions with
certain substituted mannans. The wvariations in viscosity caused
by these parameters are described below.
a) Temperature

lost workkers in the literature proclaim the stability
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of trne viscosily with temperature (Fig. f.la) {2.5. dcleely and
o \ L . = e - =
Kang, 18733 Kelcc Cc., 1966). Strictly in the context of

cemmercial applications this may well be ftwue irn that, for

example, the viscosity at high temperature (v;v 1oCT C) nay

~ N R - . .
early paper by Jeaneg et al., (1961, shows a charp sigmoical
fluctuation in viscosity in an intermediate itemperature range

(Fig. 401b).

b) pH
The viscosity of aqueous solutions 1s nearly independent
of oH between pH 6 and 9 and sghows only minor variations over a

i

oH range of 1 to 11. &%t pH 9 or above gradual deac ylation tzkes

o

nlace but has little effect onthe soluticn properties.

2

I3

C) Salt

1.

A sharp decrease in the viscosity of agueous soluticns

al

of wpolyclectrolytes upon the introduction of electrolyte is
considered a general characteristic. It appears however, that a

kg

number of microbial polysaccharides,including these from X. campesiris

and A. viscosusjeither do not have this property or show it tc a
lesser extent than do synthetic or plant polyelectrclytes under
similar conditions.

Inportant variables in such behaviour are concentrations
of both polymer and electrolyte and pH. For example, electrolytes

may oroduce a decrease in viscosity of X. campestris at concentrations

of less than about On3ﬁ‘but show an increase at higher polyssccharide

concentrations (Fig. 4.2). Solutions of deactylated X. campestris
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polysaccharide show a greater percentage increase 1in viscosity
than those of the native polysaccharide upon addition of salts
(Jeanes and Sloneker, 1961).

X. campestris polysaccharide is also stable to heat

in the presence of KCl. Under comparable conditions of pH and
salt, alginats and gum tragacanth show sharp decreases in

viscosity; locust bean gum shows little change.

d) General viscosity characteristics

In a comparison of the viscosity profiles of various
extracellular anionic polysaccharides, Jeanes and Pittsley (1973)
considered the resistance of solutions %o shearing forces, and
characterised two general categeries

(i) solutions that were pseudoplastic and appearsd to
be continuously deformable under shear stress, and
(ii) solutions that were plastic i.e. at or below a definite
shear stress they do not continue to flow and the
rate of shear decreases rapidly towards zero.

Furthermore, they interpreted (i) as indicative of
flexible macromolecules possessing apvroximately linear backbone
structure having a random coil solution conformation,(ii) was
interpreted as corresponding to macromolecules that were rslatively
stiff or involved in cross—linked networks or other structured
aggregates that can resist shearing stress. (Fig. 4.3.)

Deacetylated Ao viscosus B1973 polysaccharide and guar
gum are in accord with pseudoplastic substances while native B1973
polysaccharide follows a curve characteristic of plastic substances,

X. campestris polysaccharide appears to have characteristics

of both extremes thus in at least this respect it is similar to
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hyaluronate (Chapter 3) in exhibiting the character of a random

coil with some stiffness,

0.5% ¥C1, %he wield values Tor
)/ b o

H

In the presence o

X. campestris and A. viszcosus polysaccharides increase 4-5 fold.

After being heated to 80°C and tested at 2500, the value for

KXo campestris polysaccharide increases slightly, if KCl1 is

present but decreases if absent (a useful property in food
applications) .

. Upon deac ylation Dboth polysaccharides become
predominately pseudoplastic.

All microbial polysaccharides, with the exception

of deac ylated A. viscosus, show a rapid decrease in viscosity

with increased shear stress that is regained immediately upon
removal of shear. Thus ease of thinning (thixotropy) while under

shear is frequently cited as an unusual property of X. campestris

polysaccharide (e.g. McNeely, 19673 Rocks, 1971) and A. viscosus
polysaccharide (Floyd and O'Connor, 1969).

For A. viscosus polysaccharide, both deacetylated and
autoclaved native polymer show higher viscosity than the native
material. In general, the viscosity increases in +the presence of
salt. This polysaccharide is said to be also unaffected by heating
as far as viscosity is concerned although the published curves
(Fig. 4.4) show a suggestion of sigmoidal character.
3s Structure

A variety of constituent sugars and linkages appear in
the extracellular polysaccharides, yet in some aspects there are similar
common features. One unit long side chains appear to be a common
form of branching and in many cases they possess uronic acid

residues and alkali labile O-acetyl residues.
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Xanthomonag species

ixtracellular polysaccherides are produced by severzl

species of the bacterium Xanthomonas (Lilly et al. 1958), that

from X. phaseoli being the first to be characterised (Lesley and
Hochster, 1959). This was claimed to Dbe composed of gbglucose,
E&mannose, and Erglucuronic acld in the approximate ratio l:ol:l

by the isolation of the crystalline derivatives of these sugars.
However, no information is presented about the linkage
configuration and the authors do suggest that the results are
"subject to some error in view of the fact that some unknown
amount of destruction of sugars occurs during hydrolysis". Recent
work in this laboratory (Mindt and Sanderson, unpublished) suggests

that the structure is in fact very similar to X. campestris

polysaccharide, based on methylation analysis. This proposition is

supported by Orentas et al. (1963), who indicate that the sugar

compositions are similar for most of the Xanthomonas species.
Until recently it has been common belief that the

X, campestris polysaccharide contained a basic repeating unit

consisting of 16 sugar units, of which 13 were present in a main
linear chain and 3 attached as single unit side chains (Sloneker

et al. 1964)

A(814)(134) G 1=34) GA(B1=32)51( 1 =04) G(51>.4) G( 1mpd -

T 2 or 3
1

M

GA(31~2) M( 1~24) GA(B1—>2)1( 1) G(B 1) G(1—54)
2 or 3 n

1
M
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Also present: O-Acetyl (354 mole)

4 56~0-(1-Carboxyethylidene)-D~Glucose (1 mole)

The sugars present D-gluccse (G), D-mannose (31) and
D-glucuronic acid (GA) were in the ratio 2,8:3.0:2.0 together
with acetic and pyruvic acid substituents,based on periodate
oxidation and acid hydrolysis studies (Sloneker_gﬁ_gif 1964
Sloneker and Jeanes, 1962).

Methylation studies by Siddigui (1967 ) lead to a

. « . 4 - .
slightly different sugar ratio(glucose:mannose:glucuronic acid

3.8:3,7:2),that is interpreted in terms of a structure countaining

10 backbone sugars with 3 mannose side chains

i.e. EG( 1->4) GA(81->2)M(1>4) G(B1—>4) G(1>4) -
3 3

1 1
M M

GA(BL=>2)1(1->4) G(B81->4) G(1->4) GA(1->4) }

K :
1

M

Also present: O-Acetyl

4,6-0-(1-carboxyethylidene) =D-glucose (1 mole)
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=

. « A - o t
Pyruvic zcid appears every 16tn (Sloneker et al. 1964)

',
¢

or 14th (Siddiqui, 1967) sugar residue as a single unit side chain

on glucose (or vpossibly mennose) as a 4,6-0-(l-carboxyethylidene)

substituent

HOR where R = polymer chain.

OH

Worlkk in this laboratory on the polysaccharides from

both X. campestris and X. phaseoli (lielton et als 1974) suggested

at first that the structure could be interpreted in a simpler way
having glucose:mannosge:glucuronic acid in the approximate ratio

2:2:1 and proposing the structure:

{ GA(B1-32)M({A1—=>4) G(B1-24) G(B1->4) A.
3

1
M

in which every third side unit on average carries a 446-0~-(1~

carboxyethylidene) substituent.
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In the structures proposed by Slonecker et al. (1964)

and Siddigui (1967 ) the undefined anomeric configurations are
assumed to be B. because the volysaccharide has a low optical
- 0125 o} 1 . ) 74
rotation ( 07). Calculations by Rees (unpublished), based
: D
on the optical rotation of various characterised ocligomers and
using the concept of 'linkoge rotation' (Rees, 1970; Rees =t al,

1970) , suggest that the undefined linkages are probably

M(e£1~24)G and G(Bl—4)GA.

At the commencement of this work the above structure
was considered to be a good approximation to the truth, bearing
in mind that irregularities consistent with the other proposed
structures could exist side by side. However, more recent work
by Kenne, Svensson and Lindberg (personal communication from
Professor Lindberg) indicates that the structure may have a glucan

backbone with a 3 unit side chain

i.eo {G(l——-ifr) G( 1) } B.
4 A} or 4 n

1
M
o

g1
GA
M

*11

* ‘contains 4,6-0-(1l-carboxyethylidene) substituent.



These findings are based on:

U

(i) lethylation analysis which gives products similar to
noted by Lelton et al.(1974).
(ii) Chain cleavage by p-elimination at the uronic acid
residue, followed by mild acid hydrolysis to remove the
weig ht
modified sugar residue gave a high moleculaerrﬂduct.
Thus assumning total loss of glucuronic acid then this
residue must be on a side chain otherwise loss of
molecular weight would be apparent.
(iii) The same B-elimination treatment with mild acid
hydrolysis, when followed by CD3 methylation gave;
243,6~tri-0O-methylglucose
2y6—~d1i—-0-methylglucose
2[?#],3,4,6—tetra—97methylmannose

in the ratio l:l:1.

The key result is (1i) above which if +true eliminates
all other structures. Neither (i) nor (iii) distinguish on their
own between this structure and that of Melton et al. (1974).

In view of the uncertainty about the nature of the

linkage mannose (l-———___igfr) glucose in the Lindberg structure,

Melton (unpublished) has ﬁeinvestigated the methylation products
from the isolated oligomer glucuronic acid — mamnose -~ glucose,
and finde that the linkage is probablyxnanpose (r————>3)giucose,
thus throwing further doubt on Structure A.

In view of the preliminary nature of all these

investigations, however, it has been considered prudent to include

in this study preliminary models based on the various structures.



Arthrobacter viccosus

The structure of Arthrobacter viscosus 31973 has been
well characterised (Siddigui, 19673 Sloneker et al. 1968) as having
o linear structure consisting predominantly of repeating tri-
saccharide units, ——— O-P-D-mannopyranosyluronic acid—(l——éﬁ)—gfﬁ—gg

glucopyranosyl—(1‘—*4)—Qfgalaotose(l-—94)—~—, in which 50% of the

available hydroxyl groups are acetylated.

4 O-Acetyl Groups

It is proposed that the majority of the linkages are
8 based on the negative specific rotation ([&]D - 50° for the
non-methylated polysaccharide and 1solation of characterised oligomers
only the galactose-mannuronic acid linkage is undecided.

4. Structural similarity of the Xanthomonas species

Of the Xanthomonas species studied, most appear to
produce polysaccharides of similar sugar composition (Orentas et al.
1963) containing varying amounts of 4 y6~0—(1"'=carboxyethylidene)

substituent. The reported exceptions are X. vesicateria and

X. stewartii (Gorin and Spencer, 1961) , having galactose instead

of mannoseo.

The extracellular polysaccharide from X. oryzae
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(iisaki et als 1962) shows methylation products almost identical

to those derived from X. campestris (Siddigui, 1967 ).

N

Similarly Gorin and Spencer (1963) in a study of the structural

relationships of Xanthomonas polysaccharides found essentially

similar products from X. hyacinthi, X. translucens and X. maculofolii-

g Interestingly, acid and engzgywme hydrolysis showed the

gardiae.

presence of the four unit sequence;
QfGA(Bl-—>2)—;&M(1——)3)12—G~(§1_—*A)727G.

which could be consistentWQith the recent findings of kMelton.

It is therefore considered that the structures of the

polysaccharides from the Xanthomonas species are essentizlly similar,

in particular the structures of X. campestris and X. vhaseoli

(Melton et al. 1974).
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B. IETHODS

(1) Xanthomonas campestris polysaccharide was a commercial

sample obtained from ABM Industrial Products Ltd.
Cheshire, Batch No. KTL 21494,

that had been dialysed against distilled water to
remove excess salts.

(i1) Xanthomonas phaseoli polysaccharide was prepared in

this laboratory from the supernatant of a culture grown

by Mr. W.L. King using a X. phaseoli strain from the

Northern Regional Laboratory (Elso (iii) below). Conditions

used were those set down by Lesley and Hochster (1959) .
(iii) Arthrobacter viscosus B1973 was a kind gift from

Dr.Allene Jeanes, Northern Regional Laboratory,

US Dept. of Agriculture, Feoria Illinois USA.

2., Preparation of samples for Xray diffraction

005-1% solutions of the polysaccharide in deionised water
were prepared by stirring with slight heat. The polysaccharide from

X. phaseoli readily dissolved but that from X. campestris was more

difficult. “vtoclaving was avoided to prevent any degradation

of the samples.

Drops of the warm solution were placed between glass
beads that were slowly drawn apart in a closed cell (Fuller et al.
1967) . Constant humidity was maintained (about 58%) by means of
a saturated sodium bromide solution. The fibre was allowed to 'dry'
over 24-48 hrs at room temperature. No improvement in the quality
of the diffraction patterns was observed by drawing fibres at higher

humidities.



183

3., ZXray diffraction, indexing and density measurement

) ~

Procedures already describted in Chapter 2 were used.

4, Computer model building

In constructing a model in the computer the side chains can
be ignored in the first stages. Thersfore, the problem is to take
each of the alternative covalent structurss and systematically very
the torsion angles shown (Fig. 4.5) to match the values of n_ and
h which were obtained from the diffraction pattern.

From Fig. 74n5, the disaccharide (i) can be dealt with as
was hyaluronate (Chapter 2), but because of the extra residues in the
trisaccharide (ii) and tetrasaccharide (iii), it was necessary to
modify the original Rees program (Anderson et al. 1969).

The program was rewritten by Dr. D.A. Rees to handle
polysaccharides of the types

(A-B-)n

(A-B-C-)n

(A-B-C=D~)n

Initially the program was written to calculate helix
parameters and atomic coordinates for the individual chain conformations,
when glycosidic torsion angles and residue coordinates are supplied.

It has been subsequently elaborated to allow systematic exploration
of glycosidic torsion angles between predetermined limits.

For a disaccharide repeat it was possible to readily
determine the glycosidic angles from n - h graphs (Ramachandran et al.
1963) by holding two of the four torsion angles constant at a time.
However, six and eight torsion angles cannot be derived in this way
since many alternative solutions are possible. In addition the
systematic variation of all the torsion angles would reguire

formidable computing time e.g. the variation of six torsion angles
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Variable torsion angles for:

(a) disaccharide (4 variables)
(b) +trisaccharide (6 variables)
(¢c) tetrasaccharide (8 variables)
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in 10° steps would resuire 366 (2 x 109) calculations. Hence,
some extra assumptlons were reguired,
(1) For each linkage in the repeating unit a herd
sphere map was produced. The sterting voint was

teken as near as possible to the centre of the map.
(ii) For the Xanthomonas polysaccharide backbone, the
cellobiose link was fixed as in its crystal structure
ive. AN F=42° ana A W = 18° (see following section
for definitions of A¢ and AY/). Therefore, four of
the eight angles were not initially explored,
(iii) Spacefilling models were constructed with torsion
angles adjusted so that the repeat unit had approximately
the calculated projected residue height. These in
conjunction with (i) were taken as starting points.
These assumptions helped considerably with the
problem of computing time particularly for the tetrasaccharide repeat.
Additionally, the program was later modified to search for a fit
to n and h using the Rosenbrock Hillclimb minimisation routine rather
than the systematic exploration used initially.

5« Definition of +torsion angles

In this work ¢ and yb are the variations from ¢ = y9= 0
which is the conformation in which C{g), C(1), 0(g), C(g)' and C(1)*
are coplanar, C(g), C(g)' and O(g) are the relevant glycosidic carbons

and the glycosidic oxygens as shown in the example below. (Fig. 4.6.)



| /C(gl)\\//i\ e~
} c(ﬂ?(mgnﬁc(gl)'/\\ o/

Fig. 4.6 Atoms defining @ and V.

A ¢ and A\V are related to ¢ and ¥ merely by a shift of origin

such that Af = A ¥ = 0 is the conformation in which the

0
c(1) - H(l)/ \c(

g) - H(g) system 1is
eclipsed (Rees, 1970) Table 4.1
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Approximate¥
Approximate origins i .
- relations
Linkage ) between ¢,
g ¥ Ay Ag ana v,
ay.
e . 3 P=A F+180°
81,4 He HO/\?/ Ho ch, oM o cu, o4 o
Bl, C = Ye Ava180°
r
+ +
0 o
”ov QOY “c/\(?//\ou I O/Y\QH ¢= A¢+L:/O
Bl,3 {
Lt | Y= A¥a240°
gl g=Ag+180°
! o o = + 10
p1,2" \i{ \?/ “'ﬁf" M A
\ - ¥= Ava300°
|54
t +
N < ( ~0
o1 2+ o\o//\ wo/\% do / P= A¢+Z4U
’
o)
| L. | Aa2g0
e &
T I yaug I o oy yﬁz A¢+18OO
Bl,4 ; o
L | Y= AW180

* These are for
are somewhat distorted so accurate correction

be calculated for each set of coordinates.

+ for mannose

T for galactose

Table 4.1

idealised sugar residues - real sugar residues

factors need to

Definition of torsion angles for various linkages
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6, Residue coordinates

Coordinates used were either derived from the
standard Arnott and Scott (1972) B=D- or o~D glucose coordinates
or already existed in Arnott and Sc;£t form (Table 4.72).

In particular, coordinates for 2-linked 64’52¢mannoso
were derived using existing computer programs written by Smithv(1972).
This involved:

(i) adding an axial oxygen atom and equatorial hydrogen

atom on C(2) the position of which are defined by

a) the bond length from the atom to the ring atom

b) the angles between this bond and the ring bonds

backwards and forwards

c) whether the atom is axial or equatorial.,

Values for these parameters were obtained from Arnotit

and Scott (1972).

(ii) orientation of the molecule with respect to defined axes:

a) 0(1) is set as the origin

b) C(1l) is set to lie on the —x semi~-axis, and

c) C(g) lies in the quarter plane formed by the —x,

+y semi-axes.



X Y Z NAME
-1.3890 0.0 0,0 Cl
-1.8697 0.,6651 1.2830 C2
-3.3876 0.8208 1.2686 C3
-3.R283 1.5360 0.0 Ca
=3.2446 0.8433 ~1.2768 CS
-3.5578 1.5746 -245150 Co6

0.0 0.0 0.0 01
-1.4521 -0.1112 2.4006 02
-3.7987 1.5671 7+4136 03
-5.2504 1.5236 -0.,1047 04
-1.8140 0.7751 -1.,1228 05
-4,7755 1.7197 -2.7574 =01
=-2.5588 1.9398 =-3.1715 =02
-1.8140 -1.0121 -0.0704 H1
=-1.3997 1.6548 1.3818 H2
-3.8543 ~0.1718 1.3155 H3
-3.4869 245813 0.0286 H&4
=-3.6560 -0.1739 ~1.3047 HS

f--D-glucuronic acid linked 1 — 4.

X Y Z NAME
~144150 0.0 0.0 Cl
-1.8958 1.445] 0.0 c2
-1.4908 261407 1.2906 C3
~-1.9654 1.3413 244969 Cs4
-1.5002 -0.1066 23850 CSs
-2.0639 -0.9877 3.4795 cé6

0.0 0.0 0.0 01
-2.0589 3.4513 1.3274 03
~1.4384 1.8968 3.6999 04
-1.9355 -0.6635 1.1350 05
~3.4898 -1.0303 34439 06
-0.3960 2.2422 1.3250 H3
-3,0639 1.3712 2.5480 H&4
-0.4023 -0.1449 2+4415 HS

ot —~D-mannose linked 1— 2

Table 4.2 Arnott and Scott coordinates for the variously

linked residues used in model-building studies.
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C. RESULTS AND DISCUSEION

1. Xanthomonas pheseoll polysaccharide

It hes already been indicated thet the exact chemical

structure of the volysaccherides from X. campestris and X. phaseoli

is dincompletely characterised. 4As a conseguencz, vhile s

Kooy difrraction vatterns are of good quality, fittving computer

bulit models to the patterns can only be considered tentative
based on the assumptions:
(i) X, phaceoli has a similar backbone structure to

X. campestris, although variations in side groups

gy exist. To some extent this is confirmed by the
similarity of the Xray patterns — see Delow.

(ii) The repeeting unit has a tetrasaccharide backbone

1.6
4) GA(R1—>2)llan(ot 1—>4) G(B1—>4) G(B1 -1,
3 n
1
ltan

we
(iii) an alternatd interpretation based on recent evidence
(Kenne,et al, unpublished) contains the same sugars
as in  (ii ) but arranged with a cellulose-like

backbone i.e.

4) G(B1—4) G(B1 -2.

lan



Possible models derived Frowm the reuvesting structures
above that correlate with the warameters derived from the dilffraction
pattern, have been investigated.

Diffrection Patterns of X. chaseoli and X. campestris

Xray diffraction patterns were obtained for the

polysaccharide from both of these Xanthomunas species. That

from X. campestris was of poorer quality than that from

X. vhaseoli but both showed similar characteristics. In

particular, the axial periodicity and spacing of the equatorial
Bragg reflection were identical. It is believed that the basic
interpretations based on the analysis of the better diffraction

rattern from X. phaseoli will be equally applicable to Z. campestris,

with the proviso that the assumptions above are valida. Typical
diffraction patterns are shown in Fig. 4.7 a,b.

General characteristics of the diffraction wattern from X. vhascoli

Fibres stretched at 50-60% relative humidity gave

diffraction patterns (Fig. 4.7a) having the features:
(1) meridional reflections occur when e = 5n, consistent
with a five—-fold helical repeating structure having
an axial periodicity (fibre repeat) of 4.75 i_oié nm

(ii) leyer lines € = 1—37 are apparent, with snacings

(iii) off the meridian, the diffraction pattern is
essentially a continuous intensity distribution which
could Dbe a molecular transform on each layer line.
Thus intensity maxima, for example on +the first,
second and fourth layer lines are not sharp Bragg

reflections but parts of layer line streaks.
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(iv) the only shary Bragy reflection avpears on the
eguator close to the cenire ol the vattecrn, at a
spacing of 1.66 + 0.05 nm. 4 vossible second Eragg
that is weak and diffuse appears at 0.86 + C.CC nm.
Although the vpattern is gredominantly the Arnctt

(1973) t'oriented' tyve, the possible presence of a secend
eguatorial Dregg suggests that the specimen may have some

crystalline character. It is possible that the higher layer lines

the transform.

Hy

also show some evidence of lattice sampling ¢
The diffraction maxima are however, too broad to measure the
spacings accurately since the crystalline character is not
great enough for thise.

The Arnott 'criented' type is the least ordered situation,
that gives rise to a continuous molecular trensform everywhere
except in that region of the equator where the Bessel function
component provides single crystal-like diffraction, i.e. a Iragg
reflection close to the centre of the pattern. The polymer
chains are considered 'oriented' in that they have a common axial
direction but are not crystalline and have no lateral order. In
such a case the diffraction pattern would be characteristic of
equally spaced, helical molecules packed 1.66 nm apart.

Without a comparison of observed and calculated
intensity distributions for the various layer lines, it is
impossible to say with certainty that the pattern is entirely
‘oriented' and does not contain some low degree of crystallinity.
Therefore, from a consideration of the density of the specimen
and the possible presence of a second equatorial Bragg, tentative

unit cells have been proposed.
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Dens;ty

The censity of fibres measursd by flotation in

ohloroform/carbon tetrachloride showed some variation robably
due to the dirfficulty ir removing air bubbles from the sample.
This was overcome to some extent by degassing tne samnle under
vacuum.

The average density obtained was 1.5 + C.05 gm/oco

Fossible Unit Cells corresponding to the Brags reflection at 1.66 nm

The layer line spacings together with the meridional
reflections define +the fibre axis repeat distance or c axis of
the cell as 4,75 + 0,05 nm.

The equatorial Bragg reflection at 1.66 nm could be
consistent with:

<

(a) Eexagonal cell in which the Bragg corresponds to,
1 3 1 ing, wi = n 02 1
(i) the dygg ©F dpyp Spacing, with a = 1,92 nm
(ii) +the dy1o Spacing, with a = 3.32 nm
(b) Tetragonal cell in which the Bragg corresponds to,
. - . " _ P

(1) +the dyog and 4y, spacing, with a = 1,56 um

(ii) the dllO spacing, with a = 2,35 nm.

These are the simplest cases, an orthorhombic cell
having one of its base parameters defined by l.66 nm is another
vossibility but has not been considered further (more assumptions
are required to define the second cell base parameter) .

For the hexagonal system, the interplane spacing on
the equator is given by:

dhko = a /3 =3

2,

N

2(h° + bk + Kk
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or & tetragonal zystem

49
=
(@)

a =4

o
1t

(1% + x%)*

hko

where h, k are the indices of the reflection, and a, ¢ are
the cell sides,

The calculated d spacings for the various cells are
shown in Table 4.3 and the number of chains passing through
each consistent with the density are shown in Table 4.4

Cn the basis that there is no evidence at the present
for a unit cell containing several chains in some way related to
each other, the larger hexagonal and tetragonal cells are rejected.

At this stage it is impossible to distinguish between
the hexagonal cell (a = 1.92 nm) and the tetragonal cell (2 = 1.66 nm)
containing three and two chains per cell respectively (Fig. 4.8),
Some support for them comes from the possible second Bragg reflection
which is in close agreement with the expected reflection spacingo.
Since helices often pack hexagonally unless side chains have some
influence (not known here) perhaps a relationship exists between
trimerised sets of chains. Alternatively, for the tetragonal
cell, the two chains could be antiparallel, packed randomly and
hence giving rise to additicnal streaking on the diffraction vattern
and disorder.,

More detailed interpretation must await the comparison
of the observed intensity distribution and that calculated from
the cylindrically averaged molecular transform for the proposed

helical structure,
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Cell Type Side, a Reflection Spacing . nm
nm Calculated Observed
a) Hexagonal 1.92 100,010 1.66 1.66%
110 0.83 0.867
200,020 0.72 a
210,120 0.42 a
3.32 100,010 3.32 a
110 1.66 1.66%
200, 020 1.44 a
210,120 1.09 a
220 0.83 0.867
b) Tetragonal 1.66 100,010 1.66 1.66%
110 1.17 a
200,020 0.83 0.867
210,120 0.74 a
2.35 100,010 2.35 a
110 1.66 1.66%
200,020 1.18 a
210,120 1.05 a
220 0.81 0.86?

#* Cell side (g) calculated from this reflection.

Table 4.3 Calculated d spacing for various cells
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No of chains/cell* assuming density = 1.5 grm/cc

Cell dimensions & Water Content
Type

0 10% 20%

a) Hexagonal

a =1.92 nm,
¢ =47.5 nm 3.6 3.3 3.0
a = 3.32 nm
c =47.5 nm 10.7 9.7 8.9

b) Tetragonal

a =1.66,
¢ =47.5 nm 2.7 2.4 2.2
a = 2.35:
c =47.5 nm 5.4 4.9 4.5
886 975 1063
Repeat Unit Weight+
% Number of chains/cell = dvn (See Chapter 2. p)

nM

where n = Number of repeating units/fibre repeat = §
. +
+ Repeat assumed to contain: K glucuronate, mannose, glucose

O-acetyl in the ratio 1:2:2:1

Table 4.4  Possible number of five-fold helical chains passing through

the various unit cell possibilities.
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Fige. 4.8 Possible wunit cell types
(a) Hexagonal a = 1,92 nm containing 3 single helices.
(b) Hexagonal a = 1,92 nm 1" 1 triple helix.
(c) Tetragonal a = 1,66 nm " 2 single helices.
(d) Tetragonal a = 1.66 nm " 1 double helix.
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Geometrical parameters of the helix

1f the diffraction pattern a8
in Fig.4.9, which shows the optical transform of & helix with

five points per turn, then measurement of the position of the

Fige 4.9 Optical transform of a helix with 5 points per turn.

(from Holmes and Blow, 1965)

first maximum of each Bessel function on each layer line would

give the helix radius from,

zﬂgmw

Bessel function maxima of the order n

i

where Jn(x)

5 uex

i

reciprocal lattice coordinate of the particular

intensity maximum.

were as simple as that shown



For the diffraction vattern being considered here
the intensity maxima cennot be treated uccurstely, conseyuently
any radius celculated can only be a rough estimate. However,
using the orders of Bessel function that shoula give maxima

A\

for the variousg layer lines (see later this section,, the radius

of the helix appears fto vary between 0.5 and 1.C nm. This

compares with 0.55 nm calculated from the hexagonal cell and 0.41

or less for the tetragonal cell (Fig. 4.8).

There are several possible helical structures with
a five-fold repeat.
(lekt oc maMd-\anded )

(a) ¥ helices), that can have the form of:

(1) a single wide Type B (Rees, 1972) helix (g_: 0,96 nm)

(ii) a multiple, antiparzliel Type B helix, that is sinuous

enough to accommodate two or more additional chains.
(lefk or fqlk \ramded)
(v) 52 helices[pan have the form:
(i) a single, less sinuous helix having h = 0.96 nm
(ii) a multiple, antiparallel helix.
Construction of an n-t plot (Klug et al. 1958) can
help to distinguish between the two sets of helical forms.
Helical symmetry imposes selectiocn rules such that:
¢ = ot + un 6o
where,
& = layer line number
n = an integer = Bessel function order
t = number of turns of helix in repeat distance
u = number of repeating units in t turns
m = positive or negative integer.
The selection rule (6) predicts:

(1) A meridional reflection when n=0, i.e. when € = um;

nm
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nelix (u=5) there will be

[N

thus for a five-~fol
meridionals on the 5th, 10th, 15th layer lines etco
(ii) A strong layer line when n=+1l, i.c. wvhen L. umtt e

The five-fold helices wunder consideration are governed

by the selection rules shown below.

Helix Helix
Type Sense Selection rule u ot turn/repeat
. o
o/ right +72
n = 6-'5m 5 1 o
left ~72
. .0
5/2 right +144
n = Q—Sm 5 2 o
left 2 -144

The integral values of n calculated from the selection
rules above are shown in the correspondingt%—ﬂ plots in Fig. 4.10.

From Fig. 4.10a2 for the 5/! helices it is
expected that the second and third layer lines will involve
relatively high orders (n) of Bessel function and hence no
intensity is expected close to the meridien. The first and
second layer lines involve lower order Bessel functions and will
have intensity near to but not on the meridian for these layers.

A consideration of the diffraction pattern (Fig. 4.7a)
shows that the intensity distribution does not fit, thus ruling
out 5/1 helices.

Conversely for the 5/2 helices (Fig. 4.10b)
the second and third layer line Bessel functions have low values.

The expected strong intensity close to the meridian on the second
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layer line is apparent (Fig. 4.72) but only « weak intensity
appears on the third probatly due tc some azccidental cancellation.
The first end fourth layer line orders are somewhat higher and the
corresponding inteusities are away from the meridian as predicted.

Thus the diffraction patterr avvears to be consistent
with a 5[2 non-integral helix. On the basis of this
conclusion various computer model-building studies were carried
outo

Preliminary model building studies

Due to the recent uncertainty about the type of

backbone repeat in ZXanthomonas it has been necessary to ccnsider

several possible models,

(i) Structure 1A

{GA( Bl=—>2)1i(L 1—>4) G(B1 ~>4) ¢(B1 -94)}
3

n

1
M

(ii) Structure 1B

'EGA( B1—>2)M(cA1—>3) G(B1—24)G(B1—> 1)
4 n
B
M

(iii) Structure 24

{G(@l-—w)G( gﬂ—ﬂl)

1
side groups

n



o
O
T

(iv) Structure 238

{%(@1-—+3)G(61-—>4)]'
=4 n
I
side groups
Structures 14, 1B due to lielton et al. (1974)
Structures 24, 2B due to Kenne et al. (unpublished).

Several observations can be made at the outset:

(i) The density measurement does not differentiate
between single or multiple helical structures.
(ii) Structures 24 and 28 are almost fully extended

(095 nm / disaccharide) therefore would be unlikely

to be double or triple helices.

(iii) Spacefilling models of Structure 1A indicate that a
left-handed helix would be necesszry to accommodate

a single unit side chain, which can only be on the

outside of the helix to avoid steric clashes.

From the Xray data the screw symmetry is 2.5 (number
of residues/furn of helix) and the projected residue height is 0.95 nm.
The torsion angles were therefore wvaried within ranges that were
shown to be possible by the relevant hard sphere linkage maps.

In this preliminary study it was not necessary to include side
chains in the calculations, nor to distinguisﬁ multiple helical
structures separately. For all models the torsion angles were

numbered l—— 8 as shown below

1 2 3 4 5 6 7 8
,\5§L\G.A—/%¥”"O\§;\ Mf%3/10\?9\~cféa"0\f}\-Gaéa"

and explored in the ranges shown in Table 4.5. If possible the

-



Angle Hard sphere map Range

Number linkage lower wupper
] G CA 130 200
5 A M 140 250
;5 CA M 200 280
4 M I 170 280
5 " o 140 2 40%
¢ a o 150 250
; G G 140 210
Ta G G 190 270
3 o GA 150 260

* gpacefilling models suggested a model with an angle in this region
might be possible although the hard sphere map (Fig. 4.11) disallowed

linkages in this region.

Table 4.5

Ranges of Torsion angles used
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cellobiose conformation engles were mainteined near A Qf = 42
~ O - - - - ) - - cipe ooy L
and A ¥7= -18~ (Chu and Jeffrey, 1966; FEam and Willizms, 1970).

Structure 1A

Initial experiments using angles derived from a

consideration of a space-filling model of the repeating unit

showed that any possible models would be close to the edge of some
of the zllowed regions on the hard sphere maps. Applying the

minimisgtion search procedure it was possible to obtain models

with the required n and h using different starting angle sets.

These models were broadly similar in their chain contour but,

not surprisingly since there is no wunigque solution to this problei,
they differed in detail depending on the starting point that was used.

The torsion angles derived for two typical models are shown below.

Angle
number lodel Model
(see above) 1 2
1 1402 1332
2 1590 1450
3 2810 280
4 283 zsog
5 2310 151
6 ¥230 156°
7 *1662 2062
8 235 255
*  these are close to the cellobiose angles of 222° ang 162°.
Table 4.6

It is interesting to note that when +the torsion
angles for the cellobiose-like part of the repeat are close to those

of crystalline cellobiose (Model 1 above) then the remaining



torsion angles tend to be in or close to the allowed regions of
the respective hard svhere maps (Fig. 4.11). Those for liodel 2
are more disallowed.

Although some of the torsion angles do liec outside
alloved regions they are within the rang=A@ = iﬁOO and [}‘%7= i.600
and therefore close to the bounds of steric vossibility (Rees and
Scott, 1971)0

A typical plot of one model having near cellobiose
angles is shown in Fig. 4.12 from which it can be seen that a
side group on 0(3)° (glucose residue c¢) points away from the
centre of the chain.

Structures 1B, 24, 2B

Preliminary calculations suggest that models having
sets of torsion angles close to the allowed regions are possible
for all these structures. The approximate torsion angles of
possible models are shown in Table 4.7 and marked on their
respective hard sphere maps (Fig. 4.11).

Additionally for Structure 24 (the cellobionse
backbone) the possible models are marked on a potential energy map for
Bl,4-D-glucose dimers (Fig. 4.13) (Smith, 1972). Although the models
are not at the energy minimum their relative closeness tends to
show that models having the particular linkage conformations (Table
4.7) are not unrezsonable. Some deviation from the cellobiose

norm is expected due to the proposed models having n = 2.5,h = 0.95 nm

compared with, say, the 'bent' chain of cellulose which has n
h = 1,03 nm (for dimer), which will probably also remove the
stabilising hydrogen bond present in cellulose.

Concluéions

This preliminary survey shows that models can be



Angle Structure Structure® Structure*
number 1B 2A 28
1 162° 210 210 160 180
2 150° 250 250 190 220
3 262° 200 210 210 240
4 278° 250 250 120 150
5 289°
6 209°
7 243°
8 256°

* angle numbering is

°Q 2% {;g,/g
Structure 24 \ G/ \ a

81,4

o 5 0 0
Structure 2B \K G'/ \KG/
Bl,3

Table 4.7
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proposed that are in agreement with the Aray data and that the
computed linkage angles are within or close to 'zllowed! regions
(no steric compression) on the relevant hard sphere mavs.,

From & consideration of vossible chain packin

cQ

arrangements (Fig. 4.8) the tetragonal single chain arrangenent
is the most likely although the hexagonal triple and tetragonal
double would be attractive if multiple helices were sterically
vossible. This is based on:

(i) Special relationships between chains other than
multiple helices or up end down pointing chains are
hard to imagine.

(ii) Multiple helices are impossible for +the most
likely 'cellobiose~like' covalent structure.,
(iii) Therefore the tetragonal single chain arrangement

1s favoured by elimination (Fig. 4.8¢).

Further work will depend on the rigorous characterisation
of the covalent structure. If, as now seems likely, the
polysaccharide is indeed a modified cellobiose chain (Structure 24)
it 1s interesting +that the conformation requires that alternate

glucose units be sterochemically non-equivalent, which in turn

suggest that the side chains occeur regularly on alternate residues.

2 Arthrobacter viscosus B1973

Diffraction Pattern — Preliminary interpretation

Fibres of a 1% solution in deionised water were drawn
as already described. The highest quality diffraction patterns
were obtained when +the fibres were allowed to dry at > 90% relative

hunidity (saturated K2S04) .



A typical diffraction vattern is shown in Fig. 4alda
(i) meridicnal reflections occur on the 3rd, 6th, 9th, 12th
layer lines (i.e. when C = 3n), consistent with a three-
fold helical repeating structure having an axial
periodicity of 4.2 + 0.05 nm.
(ii) weakly defined layer lines can be sesn having
spacing 1;4 + 0,02 nnm.
(iii) off the meridian, the diffraction pattern in a
continuous intensity distribution (cf. the pattern
from Xanthomonas) .
(iv) +the only Bragg reflection appears on the equator close
to the centre of the pattern with a spacing of
1,10 + 0,05 nm.
The diffraction pattern can be classified as an
"oriented type" (Armott, 1973).

Geometrical characteristics of helix

From the layer line spacing it is apparent that the
trisaccharide repeating unit is almost fully extended. The
maximum extension for three Bl,4 linked sugars is 1.62 nm (for
glucose), the presence of 4—1inkedq%— or B-D-galactose alters this
to:

aL—ngalactose - 1,53 nm

B -D-Galactose = 1.53 nm

Consequently it is unlikely that a second chain
could intertwine to form a double helix.
Three-fold helices are governed by the selection rule

n = é.—3n% -7



possible. Without good sterochemical pacxing evidence it will be

impossible to distinguish between these possibilities. Tke n—é
vlot corresponding to the selection rule (7) is shown in Fig. 4,15,
From the n—{ plot it is expected that the

diffraction pattern will have intensities close to the meridian on

layer lines 1, 4 and 7 where the Bessel functions have low vzlues.

Close examination of the diffraction patterns reveal intensity strezks

close to the meridian on layer lines 1 ancd 4 as predicted from the
m—e plot so confirming the interpretation.

Preliminary model tuilding studies

Since the anomeric configuration of the galactose
residue has not been defined models were built in the computer
using both configurations., A possible right-handed model for
both Ergalaotose configuration was zreadily obtained having the
required n=3,0, h=1.40m it is equally probable that left-handed

models could be produced (Table 4.8).

Angle Model 1 Model 2
number* 2~ -Galactose B-Galactose
configuration configuration

1 228 153

2 170 158

3 230 201

4 200 185

5 190 143

6 211 184

* angles are numbered:

6

75\\v\g’Er’O\éiw::éra\§{~Gmﬂ;K/

Table 4.8






¢ shown on the
respective hard sphers maps in Fig. 4.10.
Liogt likely models are ribobon-like. Again, it would

tructural information about

0

be wise to obbtain cefinitive
covalent structure before attempting further refinement.

3o General Discussion

The change of optical rotation of X.campestris
polysaccharide with +temperature has been followed (Korris and Rees,
unpublished) and shows a sigmoidal transition which is exactly
coincident with the anomolous viscosily increase reported by
Jeanes et al. (1961), This has been interpreted in terms of a
cooperative transition from random coil to ordered conformation on
cooling. The observed insensitivity of the viscosity to ionic
strength can also be explained in terms of the ordered conformation
being unable to expand and contract with changes in electrostatic
forces as do random conformations.The anomolous viscosity increase
on heating is attributed to unwinding of the ordered form with
consequent increase in effective hydrodynamic volume.

Circular dichroism evidence shows that only the
molecular environment of the O-acetyl group is appreciably affected
by formation of the ordered structure. The exact position of
O-acetyl substitution is uncertein but has been suggested to be on
the 2-linked D-manmnose residue C(6) (Sloneker et al. 1964).
Spacefilling models of Structure 1A (p 203) having the 2-linked
mannose residue in the backbone show that while the carboxyl of
the glucuronic acid is free to rotate as in the monomer, the
O-acetyl is more sterically restricted and may possibly hydrogen
bond with O(6) of the adjacent 4~linked glucose residue. Iodels

based on the Lindberg structures 2A/ 2B are less restrictive for an
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O-zcetyl on C(6) so, at the present stuge 1t is difficult to
envisage how such structurss could 'lock-in' this residue.

7

Xocanpestri olysaccharide and some galactomannons (c.g.

0
-

5

locust bean gum, guar gum) gel or exhibit increszsed viscosity when
mixed i.e. show synergigtic cooperative associations. The

haracteristice shown are similar to the binding of galactomannans to

@]

)
o3
®
®
o !

s

(&)

- . N \ 3 5
rose and carrageenan helices (Dea et al. 1972), such as th

W
0

q .

for an oxrdered rather than disordered form of ZXenthomonas
polysaccharide.

Binding occurs by the formation of mixed aggrasgates
of ZXanthomonas polysaccharide helices and mannan ribbons. It is
possible that this wmechanism is mimicking the biological function
of these polysaccharides in which the bacterial cell attaches to
vlant cell surfaces that are identified by specific hemicellulose

compositions in the plant vascular system. Since Xanthomonas species

are plant pathogens such a process of recognition would be an
important step in the invasion and colonisation of plant tissues
(Morris and Rees, unpublished).

Such raiher elaborate functions for the extracellular
volysaccharides of Tbacteria would explain why it is that considerable
regulatory and genetic mechanisms exist to produce complex
polysaccharides. The need for such complex structures is not obvious
other than as a means of protecting the bacterial cell physically
(Sutherland, 1972).

It is interesting to note that the Lindberg structure
having the cellobiose backbone repeat is similsr to carboxymethyl

cellulose CHC (chemically modified cellulose).
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Although CIiC does not contain a three unit long side

branch it does have a terminal carboxyl grcup as does the Lindberg

structure (pyruvic acid) . Furthermore, the rheological propertie

are also similar i.e.

(i) Both show non-Newtonian viscosity in solution.
(ii) The viscosity varies with the rate of shear.
(iii) Both are pseudoplastic (Gauz, 1969) .

(iv) The apparent viscosity decreases with increasing

shear rate.

]
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Construction of Beevers llodel of Hyaluronate

Computer model building yields a set of Cartesian coordinates for
each atom in one strand of the double helix. A two dimensional
representation of one strand of the helix can be obtained
graphically (e.g. Fig. 2.17 , .86 ).

O

Strand 1 (rising from non reducing end)

Take an atom, usually a glycosidic oxygen as an origin c.g. QLQLL,
the glycosidic oxygen in the 1 B 3 linkage. The next 0(3)' up the
strand is displaced by 0.84 nm (projected length of one disaccharide
residue) and rotated through 900 in a left-handed sense (since four

fold repeat). Thus looking down the strand

U

0(3)

rotation up strand

In between is Qggl(the glycosidic oxygen in the 1 2 4 linkage)
displaced from the preceding QL;LL atom by €.422 nm and rotated in
a 1H sense by 330 relative to Q&éll,

The rotation and displacement of QLQL are obtained
from the coordinates of 0(3)' and 0(4).

For example:



0(3)" X ¥ 2
40669 0 0

0( 4) 2.5292 -1.6064 4.2152

Displacement = Ploav) - P(o3n)

= 4.21528 i.e. 0,422 mm

; . -1
Rotation = tan x(04)

y(04)
- tan”t  1.6064 = 33°
2.5290
2 i
< 2-5242 > o(3)
~ \9) :,I L P
N N . :: \‘bobi
o)
"
Thus for 0(3)' - 0(4) d = 0.422 mn
6 = 33°
0(4) - 0(3)' d = 0,418 nm
6 = 57°

repeated up the length of the strand.

Strand 2 (falling from non-reducing énd)

The coordinates of the second anti-parallel strand are generated by
the formulae:

x cos ® ~ y sin O

o]
It

- (x sin © + y cos ®)

)
It

! ~ (z + 4)

N
1



where z, vy z are the Cartesian coordinates of any atom in
Strend 1, x', y's 2z' are the coordinates of the ecuivalent atom
in Strand 2,

rotation in anticlockwise sgense of the second strand with

o

]

respect to the first (looking frowm the reducing to non-
reducing end of the first strand).
d = displacement of an atom 1n the second strand from an
identical atom in the first strand.
For example

Consider glycosidic oxygen O(3)'(in the 1 3 3 linkage)

)
9o cxruwa!

/. ofs} skeawma o(—s)l skromd 2

o(3) ¥rand!

% — _y

V\i = >c -

8 and d are obtained from the hard sphere map produced by the
computer (Fig. }. This shows allowed regions for a double
helix in terms of displacement along helix axis and rotation about
this axis.
From the hard sphere map for inter-strand contacts a

reasonable fit i1s when:

Q . 0 .. s .-
d = 14,08 and & = +5 but other possibilities do exist in the

same reglon.



-

Transiztion to the physical model

Beevers ball and spoke models (scale 1 om = Col nm) of

the glucurcnic acid and N—acetyl glucosamine residues were obtained

ure-assembled. However, 1t was necessary (o have

oxygen atoms specially drilled at the correct calculated angles

and fitted with bonds of the correct length. Thanks are due to

Dr. Beevers for the speed and efficiency with which he supplied these
specially drilled atoms during the construction of several possible
models,

The model can be conveniently supported on a central 9 mnm
clear perspex rod by metal rods of calculated length running from
the glycosidic oxygen atoms. A procedure was evolved for simply and
rapidly drilling the support for the two chains.

1. Looking down the rod the rising strand rotstes clockwise
for an 1LH helix.
2 A card template fitting over the end of the rod is marked

with the angles between 0(3)!' and 0(4) i.e.

o(3)’
o)
oY

o)

looking ks
53
down model (3 o(3)’
o)
olw)
o'
3. The first hole is drilled to half the +thickness of the rod,

let this be O(3)'. A O(3)' bond is inserted and the

angle template aligned with the rod covering the 0(3) line.
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10,
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The O(3>' - O(l) distance (4.22 cm) is measured

un the rod.

M 3 A b o0 ol 50 . N B L2 ] 1 .
The rod 1s rotatved through 33 1e.se. 1n an anticlockwise
direction looking dovm the rod, lining up the drill

with the 0(4) line on the templite.

The 0{4) - 0(3)' distance (4.18 cn) is

rod rotated through 570 and drilled.

Continue up the rod for the length of helix reguired.

It is then necessary to fix the position of the

second strand with respect to the first. Pick a bond aton
say 0(3)' in strand 1 near the non-reducing end. lieasure
the calculated displacement 14 cm towards the reducing end
of strand 1. Using a template with the rotation angle
marked, line up with 0(3)' on strznd 1 and rotate
clockwise through 5 . This gives 0(3)' on strand 2.
Using an angle template the second strand is buillt up
from here in reverse i.e. from reducing to non-reducihg
end.

Ingsert all the glycosidic oxygens and attach the sugar
ring between to complete the mcdel. Correct alignment of
the residues can be checked with a helix plot (e.g.

Fige 2,17 D 86 Jo



Avnpendix 2

The number cof disaccharide units in the structur rogions of

hyvaluronate

5

Trom Fige 2021 (D 153 ) tkhe uumber of discccharide

[¢)

units in each structured region can be estimated, as follows:

o
L

Consider the first 40 min of the reaction. The orobability o

I

2

bond undergoing cleavage is 1.3 x10™7 min 1 (slope of lower

curve in Fig. 3.21). It can be assumed that this applies equally

to bonds in structured and unstructured regions because the cleavage
rate is independent of the provorticn of structured regions during

the first 24 hours. The probability thet a disaccharide unit will

change its environment from structured to unstructured is the

. =1
min o

(o)

initial slove of the upper curve in PFig. 3.21, viz. 3.8 x 10
Allowing for the fact that only 50% (on average) of the units are
structured during this period it follows that cleavage of one bond in
a structured region causes (3.8 x 10—3/005 x 1.3 x 10_4) ~ 60
disaccharide units to change their enviromment from structured to
ungtructured. The reaction is two-state, i.e. residues are either
structured or unstructured - this is shown by the fact that the

high resolution mmr spectrum grows in intensity without gradual
linewidth changes. This observation renders unlikely the possibility
of structured regions coniaining 60 E_disaccharide>units and reguiring

the cleavage of n bonds to release the structure, since then the

cleavage of n — 1 bonds would be expected to cause partial release.
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regions contain about 6

cleavage of one bond in a

of structure,



