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Abstract

This thesis details work carried out over a period of three years on the two 
gelling carbohydrates agarose and carrageenan. The m ajor part of the work 
deals with agarose.

Two approaches have been used which yield information from different 
angles; these are the experimental (laboratory) and the simulation (compu
tational) approaches.

There is a large field of interest in gelling carbohydrates from the point 
of view of the food industry. Their extraordinary ability to form stable gels 
and emulsions incorporating other food ingredients makes them  im portant 
in many deserts and dairy products.

In the present work, models for agarose and carrageenan carbohydrates 
were developed using structural x-ray data  and related carbohydrate litera
ture. The models were treated with two different solvent simulation methods. 
It was found th a t the inclusion of individual solvent molecules (the closest 
approximation to a real solution) was extremely uneconomical when the de
mands on computing time were taken into account, and in fact the long 
term  outcome of the simulation was the same for both methods. Inclusion of 
solvent simply reduces diffusion rates and the time constant for chain flexing.

Gel permeation chromatography and differential scanning calorimetry 
were used to prepare samples of agarose molecules of known size, and to 
probe tem perature dependent phase transitions. This work was done a t the 
UNILEVER laboratories at Colworth House, Sharnbrook in Bedfordshire. 
It was found th a t only molecules longer than  fifteen residues displayed the 
molecular ordering transition typical of agarose polymer, and a value for the 
enthalpy of the transition of —1.5kcal per mole of residues was measured. It 
was predicted th a t in agarose itself, helical regions of a size of approximately 
40 residues should exist.



Simulations were then done on several agarose molecules of different sizes 
in order to parallel the experimental work. The differences in energy between 
molecules in various conformations were compared. These results were also 
related to helix-coil transition theory. The modelling predicts an enthalpy 
per mole of residues for the agarose coil to helix transition of approximately 
—2kcal, and indicates th a t single agarose coils may be of some importance 
in agarose gel structure. The work illustrates the difficulty in modelling 
such complex systems, and in fact it remains impossible to observe agarose 
molecules undergoing the transition between a random coil and a helical 
conformation.
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Overview

The introduction will be divided into two parts. Firstly, the term  polysac
charide will be introduced. The word embodies all those molecular 
species which can be chemically classed as saccharides (a variety of car
bohydrate) and polymers, and so a review of carbohydrates and polymers 
will be given.
The second part of the introduction will introduce the research presented 
in this thesis, and will deal specifically with the polymeric gels formed 
from agar and the carrageenans. At the end of this chapter the need 
to study these substances will be explained, and the structure of the 
remainder of the thesis set out.

1.1 Polymers
Polymers are a class of molecule1 with a huge relative molecular mass achieved 
by joining many hundreds of repeating units known as monomers (or mers 
in the materials science world), together [1].

Polymers have probably existed ever since life began on the Earth, since 
a t this time tem peratures on the planet surface became low enough to  perm it 
large covalently bonded molecules to form. Inorganic polymers such as sili
cates may have existed since even earlier times; they can be found today in 
minerals [2,3]. Nevertheless by far and away the largest variety of polymers 
is to  be found in living systems, including those polymers derived from fossil 
fuels such as oil and coal.

Today the synthesis of polymers provides the basis for a vast industry, and 
a great deal of effort goes into the search for new polymers w ith properties 
tailored to meet the demands of modern technology. One part of this industry 
is th a t of food science where, amongst other chemicals, polysaccharides are 
used to improve the gastronomic properties of certain foods. The research 
presented in this thesis falls within the scope of this area.

The existence of polymers depends mainly on the stability and versatil
ity of the carbon-carbon bond. In comparing the stability of the following 
bonds [4] we can readily see th a t for carbon, under normal conditions, a sin
gle bond between atoms of itself is just as stable as the bond between itself 
and oxygen. The same can hardly be said for silicon, or in fact for most other 
elements.

1The word “molecule” is taken to indicate a nanoscopic structure composed of atoms 
joined together by covalent bonds in a topologically unique arrangement.
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B o n d E n e rg y B o n d E n e rg y
k j per mol kJ per mol

C-C 347 Si-Si 226
C -0 336 S i-0 466

It could be argued th a t without this thermo chemical fact, life as we know 
it would not be able to exist on Earth.

1.1.1 Polym er nomenclature
Mers

In general, any molecule formed from an infinitely repeating series of identical 
units (mers) is called a polymer. The mers must have a t least two functional 
groups. The polymer chain grows as mers meet and react at their functional 
groups, and various catalysts may be employed to  assist this process.

Some mers have no preference for which functional group reacts when 
polymerisation occurs, such as but-2-ene (see figure 1.1). O ther mers have a 
specific head and tail location at which preferential reaction occurs so th a t 
all mers are joined up facing the same way.

Carbohydrate mer (galactose)

But-2-ene mer
(-trans form)

H

}  : functional group.

H H

Figure 1.1: Two examples of a mer. The simple mer trans-but-2-ene can only give 
rise to one polymer. The more complex carbohydrate mer could produce 
many different polymers.

For example, cellulose is made from /?-D-glucose joined specifically a t car
bon 1 (the head) and carbon 4 (the tail). More information about the naming 
of carbohydrates will be given in section 1.2.
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Figure 1.2: A crosslinked network polymer. Networks such as these tend to be hard 
and resistant to heat; they decompose before melting.

P o ly m e r  v e rs a ti l i ty

The simplest polymers are made from di-functional mers which polymerise 
with themselves, the classic example being poly(ethene). However there are 
many polymers which are much more complicated than  this [1,5]. A few 
examples are given below:

•  A -B  co-polymers. Here, two different types of mer are joined alter
nately to form a chain, as in nylon.

•  Block co-polymers, such as the Acrylonitrile-butadiene-styrene (ABS) 
type. In this example there are three mers A, B and C. A typical 
portion of chain would be: -B -B -B -A -A -A -A -C -C -B -B -B -B -.

•  Co-polymers can be altered by grafting side chains of another type of 
mer onto mers (having more than two functional groups) in the original 
chain. Many types of protein and polysaccharide have this form.

•  Networks. Polymers with a high proportion of multi-functional mers 
can become networks. In effect, a material having a network structure is 
one huge molecule, because one can traverse the entire sample w ithout 
having to jum p between non-bonded atoms (see figure 1.2). The com
mon industrial resin Araldite™ is an example, made from fo's-phenol 
A-epichlorohydrin and tri-ethylenetetramine mers.
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1.1.2 Polym er conformation
Polymers th a t do not undergo irreversible network formation are able to 
adopt a limitless variety of conformations, or chain shapes. This interesting 
feature of polymers will now be briefly reviewed, for it has a great bearing 
on the resulting properties of polymeric solutions, melts and solids.

Simple polymers

The simplest polymer of all is poly(ethene), a hydrocarbon. At each carbon 
atom  the direction of the chain axis can be changed, so th a t in the molten 
state  the overall chain shape can be a loop, m ulti-turn coil, wavy line or 
a plethora of other shapes. One particular conformation favoured due to 
the ease of stacking molecules in the solid, is the straight line, made up 
from a series of little zig-zags (see figure 1.3). Indeed, some poly(ethene) 
specimens can be as much as 90% crystalline, with very ordered regions 
joined by random loops of polymer chain.

A)

Random coil and regular 
conformations of poly(ethene).
(A) shows the two extremes in detail, 
while the scheme in (B) represents 
the arrangement of molecules in 
a portion of solidified poly(ethene).

B)

Figure 1.3: An example of polymer chain shape variation in the solid.

These regions can be observed under crossed polars when the polymer 
sample is illuminated by plane polarised light (see figure 1.4). The ordered 
regions exhibit birefringence, and therefore appear as multi-coloured patches 
in the sample2.

2The long axes of the chains retards one component of the plane polarised light more 
than the other, causing interference.
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XI

LIGHT

Figure 1.4: Observing birefringence. Ordinary light is passed through a polariser 
‘X I’ and then the sample of interest ‘S'. After passing finally though the 
analyser ‘X2’ (another polariser 90° to the first) the light can be observed 
by eye or by using an optical device.

Glasses and elastomers

Most polymers do not contain significant amounts of crystalline regions: they 
are known as amorphous polymers. The extended nature of amorphous poly
mer chains causes such a high degree of entanglement th a t crystallisation is 
not able to take place when the melt is cooled. Therefore, as the therm al 
energy becomes less and molecular motions are reduced, a point is reached 
where the random liquid conformations become “frozen” into a glass. This 
polymer “freezing point” is analogous to the freezing point of metals and 
other crystalline materials, and is given the special term  glass transition 
temperature, or Tg. A comparison of amorphous and crystalline m aterials is 
given in figure 1.5.

Amorphous polymers may exhibit elastomeric behaviour when between 
the melt and glass transition tem perature. In this phase, a force applied to  
the polymer specimen results in a reversible deformation proportional to  the 
force.

Helices

A large number of polymers, both synthetic and biological, exist in the form 
of helices, where the polymer chain forms a regular spiral shape. More than  
one polymer chain may be present in a helix, all coiled around a central 
axis. The helix is a way of minimising free energy in long molecules such as 
proteins. Helices are therefore an extremely significant structural feature, and 
consequently are very common in biological molecules [6,7]. They can even 
be coiled again to form multi-stranded super-helices, or biological cables [6],
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Cooling of g lassy  and crystalline substances.

Melting tem perature
G lass transition tem perature

POLYMI

T em perature

F igure  1.5: As the temperature of a liquid is reduced, its volume becomes smaller.
For crystalline substances an abrupt change occurs at the melting point 
and the crystalline solid appears. For large polymer molecules however 
there can be significant super-cooling of the liquid phase, and in this 
region the substance can be elastic in nature. Then at the glass transition
t p m n o r a t n m  t-ho  m a f - p r i a l  - f inal lx/ h p r n m p c  a  h a r H  c n l iH '  a  crlacQW W W .  V. .V .   W . . J  -------------- ------------ ------  ----------------------------------  -  0 -------------
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rather like the tungsten filament of a light bulb.
In solutions of polymers a t high tem peratures helices are normally com

pletely disrupted, and the conformations of long, flexible polymer chains can 
best be described as random coils and loops. The formation of helices from 
random coils as the tem perature of such solutions is reduced is a most in
teresting conformational transformation, being associated with subtle but 
crucial enthalpic and entropic energy changes. It has been described as a 
form of crystallisation since the result is sometimes a precipitate, although 
helices can also exist as colloidal particles in solution.

As we shall see in the following chapters, the helix plays a central role in 
the physical properties of the marine polysaccharides agar and carrageenan. 
Before these substances can be fully described, some introduction to the 
nomenclature of carbohydrates is needed.

1.2 Carbohydrates
Carbohydrates are made from carbon dioxide and water by green plants, 
which absorb the two gases directly from the air. The reaction is catalysed 
by various enzymes, and the required energy is provided by sunlight. Higher 
plants, such as trees, are able to synthesise carbohydrates not only in the form 
of monosaccharides, but also as oligosaccharides (a few monosaccharides 
joined together) and polysaccharides. Polysaccharides can be broken down 
into monosaccharides by hydrolysis.

The main advantages for the plant in devoting this effort into creating 
carbohydrates are to:

•  build structure (in the form of e.g. cellulose)

•  store food for future seedling plants to use.

The synthesis of carbohydrates in the laboratory is one of the biggest 
challenges facing organic chemists. Fortunately many different carbohydrates 
can be isolated from natural sources, but a few have been synthesised th a t 
are not known in nature.

1.2.1 Nomenclature
Definition and how to draw them properly.

W hat characterises a carbohydrate? In fact, there is no simple definition for 
a carbohydrate as they can exist in various forms, especially when dissolved
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in water. Generally though, carbohydrates are poly-hydroxy aldehydes or 
ketones [6]. Carbohydrates can exist as straight-chain or ring molecules 
having four, five or six carbon atoms, or they can be polymers consisting of 
many individual rings linked together. Rings and straight chains are inter
convertible, the ring forms being properly described as hemi-acetals:

Ring form (hemi-acetal) Chain form

Ring opens here

HCHOH

OH

HCHOH

OH

CHO

Carbohydrates contain chiral centres [6]3. The problem therefore arises 
of how best to  represent them  on paper, and two methods are commonly 
employed. Firstly, one could try  to devise a set of rules to be applied to  a 
relatively simple schematic type drawing. Whenever this drawing is used the 
rules allow one to elucidate the absolute configuration at each chiral centre. 
An example is the Fischer formula [8] (see figure 1.6). This m ethod is best 
suited to  straight-chain carbohydrates. Secondly an attem pt could be made 
to draw the structure as a direct two-dimensional representation of the three- 
dimensional reality. An example here is the boat-chair representation, best 
suited to ring structures.

Carbohydrate rings: atom numbers

The most stable length for the carbon chain in a carbohydrate is five or six 
carbon atoms. In this way a six-membered ring is formed using the oxygen 
from the -O H  group on atom five as a hetero-atom in the ring, as shown 
above. The hemi-acetal carbon atom is known as the anomeric carbon. The 
anomeric carbon has special properties, described in section 1.2.2. The ac
cepted numbering of carbon atoms and hydroxy-groups is given in figure 1.7.

3 A chiral centre is an atom with four (in the case of carbon) different groups attached 
to it. Molecules containing chiral centres are optically active, meaning that they rotate 
the plane of plane polarised light.
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CHO

HCOH
IS

HOCH equ ivalen t HQ
to

HjlOH

h | : o h

HCHOH

Fischer form ula

CHO

H - OH

HO -
1

P

H

H -
1

f  ^

OH

H OH

HCHOH

A  typical ring-formula, 

P-D -galactose.

H

F igure  1.6: Representations of carbohydrate structure.

6
OH Anomeric

carbonHCH
4

HO

OHHO

OH

Figu re  1.7: Carbohydrate rings have an accepted numbering system, as shown here.
The bold numbers refer to carbon atoms, and the oxygens attached to 
them generally carry the same number.
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1.2.2 Glycosidic Linkages
So far we have dealt with very small carbohydrates. In nature most carbo
hydrates contain thousands of atoms and are referred to as polysaccharides.

In order to make polysaccharides, monosaccharides are linked together, 
each monosaccharide being one sugar ring. The joining of two rings creates 
a glycosidic linkage between the anomeric carbon of one ring and any carbon 
except the anomeric carbon of the next ring. The glycosidic linkage therefore 
consists of three atoms describing two dihedral angles, as shown below:

R ing 1 King 2 R ing 1 R ing 2

glycosidic
linkage

Note th a t carbon 1 becomes a full acetal, not ju st a hemi acetal.

The anomeric carbon

The acetal carbon in ring forms of carbohydrates (labelled carbon) exhibits 
the so called anomeric effect. In order to appreciate this it is necessary to 
recall th a t in six membered carbon rings, any groups more bulky than  a sim
ple hydrogen atom prefer to be equatorially positioned as this reduces steric 
hindrance with neighbouring groups. For the specific case of an oxygen atom  
attached to  the anomeric carbon in a carbohydrate ring however this prefer
ence is reduced or even reversed. This has implications for the properties of 
glycosidic linkages.

The reasons for the anomeric effect are electronic, being based on an 
overlap between the lone pair on the ring oxygen (05) and the empty o* 
orbital on the anomeric carbon-oxygen bond [9,10]. Overlap of filled and 
empty orbitals can sometimes result in a covalent bond, but here a bond 
already exists and the net effect is a favourable reduction in energy of the 
system. The overlap can be optimised by two factors: using orbitals close 
in energy, and using orbitals which are aligned and in the right positions. 
Here, the exo-cyclic C -0  o * orbital is the closest in energy to the oxygen 
lone pair. The most favourable overlap is achieved when this orbital is on 
the same side of the ring as the oxygen lone pair, causing the C -0  bond to  
be axially positioned. Therefore an unusual preference for this axial position 
is seen (figure 1.8).
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Equatorial (l)O H  Axial (l)O H
Lone Pair

OH

OH

Lone
PairOH

OH

non-bonding
sigma orbital.

Figure 1.8: Scheme to demonstrate overlap of orbitals at the anomeric carbon (la
belled *1’). When the (1)0H is in the axial position, there is a favourable 
stabilisation energy due to orbital overlap.

Most of the other groups on the carbohydrate ring are unaffected by this, 
and retain the usual equatorial preference. Therefore in spite of the anomeric 
effect the -0 (1 )H  group may still be equatorial since achieving a ring flip to 
the all-axial conformation may be too energetically unfavourable.

These special characteristics of anomeric carbons are taken into account 
in programs which model carbohydrates.

Configuration at glycosidic linkages

The glycosidic linkage between two sugar rings can be designated either a- 
or /?-, depending on the stereochemistry a t the anomeric carbon (C l). The 
two stereo-conformers are known as anomers [6].

HCHOH

p- anomer

HCHOH

OH

OH

Note th a t anomers are inter-convertible by the process of hydrolysis a t 
the anomeric carbon, followed by rotation of the C l group and re-formation 
of the sugar ring. They are not inter-convertible via ring-flipping. The 
designation ‘a ’ or lfP is also dependent on whether the sugar is the D or L
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form. For aldohexoses (which cyclise to six membered rings) the designations 
in the scheme above are for the D forms4.

1.3 Polymeric gels
Biological polymers, with their large numbers of associated polar groups (- 
OH or -NH2 for example), tend to be soluble in water. Examples such as egg 
white (albumin) and cornflour (starch grains) are well known. However at 
the molecular level these polymers are generally not fully solvated but tend 
to  be folded or looped onto themselves and surrounded by solvent molecules. 
Sometimes the molecules associate into clumps in solution [7,11].

In special cases, solutions of polymers can form gels when left to  stand or 
cooled below the gelation point. This is not due to precipitation of polymer 
molecules or crystallisation of the solvent, but is a distinct phase by itself.

Definition of a gel

Gels can not be readily defined. They can have various compositions (poly
m er/solvent ratios) and the mechanical properties of gels vary enormously. 
The point a t which a gel melts into a viscous fluid is sometimes not a t all 
obvious. However, most sources in the literature are agreed on the basic 
properties required for a substance to be classed as a gel [12].

•  Gels are commonly solids, meaning th a t in practise a gel holds it shape 
without the need for confinement by some container.

•  Gels may be deformed by application of a force, bu t they can return  
to  their original shape when the forces are removed; gels are therefore 
elastic.

•  Furthermore, gels are soft: even the most rigid ones have fairly low 
Young’s moduli.

•  A large proportion of a gel consists of small molecules. The solid nature 
of the gel can be ascribed entirely to the small proportion (typically 
only a few percent) of a macromolecular ingredient.

•  The macromolecular ingredient in a gel is assembled into a network, 
with fixed or non-mobile junctions and regions of “netting” which re
ta in  the overall turgidity by their tendency to hold solvent.

4d and L labels are attached to sugars depending on the conformation about carbon 5 
in the straight chain form. To be strictly accurate, the R and S notation for chiral centres 
should be used, but the other method has stuck for historical reasons.
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•  Over long periods of time solvent can leak out from pores in the gel 
network leading to shrinkage and cracking (known as syneresis). Gels 
thus tend to  have a limited ‘shelf life’.

The internal structure of a gel is therefore akin to th a t shown in figure 1.2 
in many ways. However due to the inclusion of large amounts of solvent, there 
are fewer cross-links and a larger number of open voids in the gel network.

1.3.1 Aqueous gels
The biggest variety of gelling systems is found in the aqueous environment. 

T h e  ro le s  o f gels in  liv in g  sy stem s

Gels are frequently found in living organisms [13], where they fulfill purposes 
such as cushioning from physical blows, protection from microbial attack, 
transport of ions and support in aqueous environments.

F o rm a tio n

Typically gels are produced when the solution of a gelling polymer is sub
jected to  physical change. The easiest approach is to reduce the tem perature; 
this causes conformational changes in the polymer and can produce a gel [12]. 
More subtle are changes in the ability of the solvent to dissolve the polymer 
molecules. This ability is often termed water quality when referring to aque
ous systems. W ater quality is affected when hydrogen bonding between water 
molecules is disrupted, so the addition of small solutes such as sugars, ionic 
substances such as salts, can effect a conformational change in the dissolved 
polymer and subsequent formation of a gel [14,15].

M ix ed  gels

Some gels are formed when two polymers, whose solutions would not normally 
gel, are mixed together. The two components may be of a different chemical 
nature, such as a protein and a polysaccharide, or they can be chemically 
similar but physically different, such as two varieties of carbohydrate. If both  
components are of the same type, the name binary synergistic gel is used.

Mixed gels are common in foodstuffs where many different biopolymers 
come into contact; for example we have the xanthan (a bacterial polysaccha
ride) and carob gum (a plant polysaccharide) gel, and gels formed between 
carrageenans and carob gums [16,17]. Another interesting example is the
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so-called “milk reaction” [18-20], in which the mixing of bovine casein with 
the polysaccharide carrageenan results in a gel.

Internal structure of aqueous gels

Many proposals about the internal structure of gels have been pu t for
ward [12,21] but due to the difficulty in examining gels5 few have been sup
ported with anything more than  rather tentative evidence. Some proposals 
for internal structure are given pictorially in figure 1.9.

1.4 Agarose and the carrageenans
In this thesis the focus will be on the gelling materials agar and carrageenan; 
these are extracted from marine algae of the family Rhodophyta (red algae). 
The usual preparation method is boiling of the algae and precipitation of 
polysaccharide from solution using added ions [22].

It is thought th a t the role polysaccharides play in marine algae is one of 
buoying up and extending the body of the plant in the water to perm it maxi
mum photosynthesis to occur, while still allowing the flexibility to w ithstand 
movements in the water without breaking up [23]. O ther useful properties 
im parted to surface cells of the plant body may be anti-dehydration a t low 
tide and an ionic permeability, allowing ion-exchange mechanisms to occur 
with dissolved minerals in the sea water.

1.4.1 Composition
Both agar and the carrageenans are polymers made from disaccharide mers.

One sugar ring in the mer is always of the ordinary six-carbon ring form, 
while the other has an additional ether oxygen bridge between carbons three 
and six, creating a double ring structure. The correct names given to the 
two sugars are respectively galactopyranose and anhydro-galactopyranose. 
In agar the galactopyranose (or galactose) sugar ring is 1,3 linked and is of 
the [3-D conformation, and the anhydro-galactose ring is 1,4 linked and of 
the a-L conformation. In the carrageenans the anhydro- sugar has the ct-D  
form instead.

The most significant difference between agar and the carrageenans is th a t 
the carrageenans are polyelectrolytes, and have ionic sulphate groups are co
valently bound at regular points along the chain. Differences in the frequency

5See the final part of this chapter for more details on the methods of looking at gelation.
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polysaccharide

(C)

doub le  helical 
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Figure 1.9: Some proposals for gel structure. These structures are thought to be 
appropriate for different kinds of gel, but all of them contain junction 
zones where polymers are joined non-covalently. The spaces in between 
the immobile polymer network are filled with solvent molecules. (A) 
Filaments of polymer with regions of double helix bound together by 
counter-ions. This structure is thought to exist in gellan. (B) A binary 
synergistic gel. Here, the junction zone is formed by a ‘smooth’ polymer 
backbone binding to a different polymer which has formed a double helix. 
(C) A gel constructed from bundles of several double helices linked by 
randomly coiled polymer chains. This is one proposal for the structure of 
agarose. (D) Single helices, bound by counter-ions nestling in between 
the loops. This cation specific model is commonly called the ‘egg-box’ 
model, and has been proposed for carrageenans.



1 I n t r o d u c i n g  c a r b o h y d r a t e  p o l y m e r s 1 7

Figure 1.10: Ball and stick models of agarose and iota-carrageenan (see text). Two  
sugar units from each chain are shown, and these two constitute the 
basic repeating units in each case. Iota-carrageenan has one sulphate 
group on each sugar ring, as shown here.
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of occurrence of these substituents result in three different carrageenans. 
Kappa (k-) carrageenan has one sulphate group per repeating mer; iota (*,-) 
carrageenan has two sulphate groups and lambda (A-) carrageenan has be
tween two and three sulphate groups per repeating mer6. The repeat units 
for agar and t-carrageenan are illustrated in figure 1.10, and in chapter 3.

The quality and composition of agars and carrageenans obtained from 
different sources varies significantly. N atural agars contain varying propor
tions of sulphate and methyl groups which occur on the basic polysaccha
ride chain a t random points. These substituents affect the gelling ability 
of the polymer, altering the physical characteristics (or rheology) of the gel. 
Hence, there are agar gels which are hard and brittle, gels which are rubbery, 
and gels which remain stable even at 100° C! Similar variations are found in 
carrageenans; sulphate, methyl and pyruvate substitution onto the polymer 
chain is known [24,25]. The variation in sulphate substitution has a big effect 
on the gelling ability of the carrageenans, to the extent th a t A-carrageenan 
does not form gels a t all [13].

The “ideal” agar has no sulphate or methyl substituents a t all and the 
disaccharide units are all identical. This form of agar rarely occurs naturally 
and must be made in the laboratory by purification of crude extractions, 
after which process it is known as agarose [22].

1.4.2 Levels of structure in agarose
As with proteins, several levels of structure can be identified in the gelling 
polysaccharides, which together result in a complete and unambiguous de
scription of their composition and shape. Some of these levels are better 
understood than  others.

Primary structure

To begin the description of agarose, the basic order of sugar units (the pri
mary structure) within each molecule needs to be specified. The arrangem ent 
of atoms within the sugar units in this context is taken to be already known, 
as it can be ascertained using the nomenclature of the sugar unit. In agarose 
the prim ary structure is:

(^ -D -g a la c to p y r a n o se )-(a -L -a n h y d r o -g a la c to p y r a n o se )

6 Another non-sulphated carrageenan, /3-carrageenan, has been made artificially.
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S e c o n d a ry  s t ru c tu re

N ext we come to  the  secondary structure. Here a description of the  shapes of 
individual agarose chains is added to  our picture of the bulk agarose m aterial. 
Agarose molecules favour the helical conform ation a t tem peratu res below 
40°C, and are thought to  exist in the form of double helices [26]. Evidence 
for th is takes the form of secondary reflections observed in x-ray photographs 
of agarose helices; a representation of the double helix is given below.

LO O SE" ENDS

SECONDARY STRUCTURE

Param eters are usually given when helices are being described. T he im 
p o rtan t ones are the height per helical tu rn , which is the d istance between 
successive loops of the same chain, and num ber of polym eric repeat un its 
per tu rn . For agarose the height per tu rn  is 19A and there are th ree repea t 
un its (disaccharides) per turn . In addition the helix is left-handed [26].

T e r tia ry  a n d  q u a r te rn a ry  s t ru c tu re

In order to  arrive a t the final macroscopic gel structure , two further levels of 
struc tu re  m ust be m entioned. A fter the coiling of agarose chains into double 
helices we have double helix aggregation, which forms tertiary  s tructu re . 
Here, double helices line up side by side to  form bundles w ith a d iam eter of 
several nanom etres. It has been estim ated th a t these bundles can contain 
six or seven double helices [27]. F inally the bundles are linked into a three 
dim ensional arrangem ent by flexible random ly coiled chains of agarose to  
form a gel network: this is quarternary structure.

1.4.3 Polysaccharides and the  m icrostruc tu re  of food
stuffs

M ic ro s tru c tu re  a n d  te x tu re  in  food

Foodstuffs are probably the m ost complex products which are com m ercially 
available. The food industry  has a turnover m easurable in billions of pounds 
per annum , and eating foods is one of the greatest of social activities.
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The diversity of foodstuffs is enormous, ranging from fruit and vegetables 
which need virtually no processing through to frozen dairy products and 
ready-meals, into which goes much research and development. Foods contain 
innumerable chemicals from simple substances such as water and inorganic 
salts to highly complex and delicate flavourings and proteins.

A part from the flavour of foods, the texture experienced during chewing 
and swallowing is probably one of the most im portant factors to be taken 
into account in the design of special food products, particularly for the con
venience market. Texture is im parted to the food through the physical in
teraction of various microscopic elements in food. It obviously has to  be 
acceptable to  the consumer, relevant to the type of food {e.g. cereal) and 
stable during storage. The principal components of food (although not all 
may be present a t the same time) can be itemised as [28]:

•  Fibres. These are composed of indigestible or semi-indigestible solids 
such as cellulose fibres, and animal protein.

•  Fat crystals.

•  Fat or oil droplets.

•  Droplets of aqueous solutions

•  Protein globules and fibres

•  Gelatinous matrices. The substances responsible for these are typically 
polysaccharides and proteins.

•  Gas bubbles. These are absolutely crucial to the texture of whipped 
creams and mousses.

Uses of agar and carrageenan

The m ajor commercial use of agar and the carrageenans is in the dairy foods 
area as gelling and bulking agents [24,29]. Both chilled and room tem per
ature deserts contain stabilisers and gelling components which are blended 
with sugars, cream and ice or water. Some of the properties im parted to 
these foods are only realised when two components are in contact, such as 
the carrageenan-protein “milk reaction” [28].

Agar is also used in large quantities in the medical world, as it provides 
an ideal medium for growing microbial cultures. The gel can be poured as 
a liquid into trays and allowed to set. It is easy and clean to dispose of and 
nutrients can be added to it.
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Other polysaccharides

Gellan, a gum secreted as an extra cellular slime by the yeast Pseudomonas 
elodea, is used in food also as a stabilising agent [21,30]. Another polysaccha
ride, gelatin, originates from bovine cartilage [31] and is the main ingredient 
of jellies. Yet another widely used polysaccharide is pectin, used in jam s and 
preserves. It is in fact a group of related polysaccharides and occurs in many 
land - growing plants [32-34].

Starch is one of the most well known of gelling materials.

I t occurs naturally as granules in plant tubers and seeds. It is in fact 
two polysaccharides; amylose (1—>4 linked a-D-glucose) and amylopectin 
(a 1—>4 linked a-D-glucan with extensive branches achieved by 1—>-6 link
ages). These two polysaccharides constitute crystalline and amorphous re
gions within starch granules [35,36]. W hen immersed into boiling water, the 
granules take up water and expand to become small particles with a jelly-like 
nature. Upon further boiling these particles burst and a homogeneous solu
tion is formed. The process is greatly accelerated if the granules are broken 
(by grinding) beforehand [6]. These properties are essential to processes such 
as bread making, and also in the paper industry.

O ther polysaccharides are also employed in the paper and textiles indus
tries; these will not be described here.

1.5 Aims of the current work
This research project set out with one main objective, which can be sum
marised in a single sentence:

The aim of the work is to add to the current understanding of the 
nanoscopic structure of marine algal polysaccharide gels through the ap
plication of computer modelling and laboratory analytical techniques.

An increased knowledge of these gels is crucial in the drive towards im
proved design of foods which contain them.
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1.5.1 W hy use computer modelling to probe gel struc
ture?

Gels are notoriously difficult to examine. Currently the biggest area of gel 
research focuses on rheology. Here, a host of physical tests measure such 
properties as birefringence, shear resistance and Young’s Modulus in order 
to describe and characterise a gel. However, no information concerning the 
internal structure of the gel is gathered. Standard techniques are all but 
useless for the study of internal structure: NMR necessitates sample spinning, 
which destroys most gels; x-ray crystallography only works for m aterials with 
a high degree of order. X-ray diffraction patterns have been obtained for 
certain preparations of agar and t-carrageenan but these were not gels, but 
dried and extruded fibres7. Electron microscopy (EM) is useless because the 
sample preparation results in severe degradation of the original gel structure.

Scattering measurements of x-rays and visible light are more useful. Dur
ing gelation, these techniques are able to provide information on the size of 
aggregated particles in solution, but they still do not deliver a picture of the 
final three-dimensional network [12,37].

Optical rotation devices measure the degree of rotation im parted by a 
solution of molecules to plane polarised light, in a similar way to the scheme 
given in figure 1.4. Again, during gelation, this allows conformational changes 
of molecules to be followed but no information on the final structure is pro
duced. There is therefore considerable evidence which supports structural 
elements in gels such as double helices and aggregated particles, bu t there is 
little information on the complete picture.

More recently, some more complex techniques have been developed which 
attem pt to probe the internal structure of gels. If the gel sample is ‘slam m ed’ 
onto a polished copper block kept a t liquid nitrogen tem peratures, water 
vitrification occurs. The water can then be sublimed off, preserving the gel 
structure, and m etal shadowing techniques applied [38]. After this the usual 
EM imaging process is used. The resulting images show open pores and 
linked strands reminiscent of the structure of bread. Strand thicknesses can 
be measured a t less than  ten nanometres.

Another method uses birefringence measurements to study the agarose gel 
m atrix  [27]. Intrinsic birefringence measurements, taken in a similar fashion 
to the m ethod shown earlier in figure 1.4, and other measurements taken 
under the effects of an electric field applied to the sample again indicate

7Note these do give a picture for double helices present in the samples; see chapter 
three.
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the presence of fibres bound into a matrix. There is also evidence for the 
existence of domains using this method.

The role for molecular modelling

If the internal structure of the agarose gel system is to be discovered, more 
methods which can detect it directly must be developed and used.

One technique stands out by virtue of its very intim ate portrayal of the 
behaviour of biomolecules: molecular modelling is already well developed and 
faster computers are enabling the study of larger and larger systems. The 
use of this technique in gaining new insight into the gelation of agarose will 
be described in this thesis.

Molecular modelling however must be used in conjunction with the under
standing th a t it is a theoretical method, and the results might be inaccurate 
or even incorrect. W ith this in mind some laboratory work has also been 
included for this thesis, and work published in the literature has been con
stantly  referred to in order to try  and ensure th a t the results from computer 
modelling are consistent with currently known facts. The whole project can 
indeed be term ed ‘structural studies on agarose’, as reflected in the title.

This thesis is constructed in a similar fashion to the way in which the 
actual progression of the work itself unfolded. Before the results are presented 
an overview of this will be given.

1.6 The thesis tree
Investigate the background

In the introduction and in the second ‘Principles of modelling’ chapters, the 
background to the project is described. The existence of agarose, a gelling 
polysaccharide, is placed into context beside foodstuffs and carbohydrates. 
The theory behind molecular modelling is reviewed.

Build models of the polysaccharides.

A chapter is devoted to  the transfer to computer of data  currently known 
for agarose and carrageenan structures. This utilises several key literature 
references and serves as a good introduction to the application of com puter 
modelling. Some simple investigations into the properties of these new mod
els are presented.
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The treatment of solvent

Chapter four deals with the task of discovering the significance of solvent 
in the modelling of the carbohydrates. To this end, several experiments are 
presented and analysed. Results for cases where solvent was included and 
om itted (in vacuo) are compared. It is to  be expected th a t solvent is of some 
im portance in determining the properties of agarose, and may be even more 
im portant in the modelling of charged polysaccharides such as carrageenans.

Laboratory work

The work detailed in chapter five covers the bench chemistry and analyti
cal work done a t the food research laboratories of UNILEVER, Sharnbrook, 
Bedfordshire. This work is of considerable use in supporting and guiding the 
modelling aspects of the thesis, and represents a significant portion of the 
research.

The following are described:

•  Hydrolysis of agarose, and the optimised conditions.

• High performance anion exchange chromatography (HPAEC), used to 
characterise the hydrolysis mixtures (and the products of other tests).

•  Gel permeation chromatography, which was employed in the isolation 
of samples of agarose of known chain size.

•  Thermodynamic changes during cooling of hot solutions of agarose 
chains, observed and quantified using differential scanning calorimetry 
(DSC).

The reversible coil to helix transformation

Using the previous understanding, an investigation on agarose random coil 
to double helix ordering is described in chapter six. Two main approaches 
are used. Firstly, the coil to helix theories of Zimm and Bragg [39] are used 
to predict some characteristics of the transformation.

Secondly, molecular modelling of long agarose chains is carried out, using 
various initial conformations. This approach starts from double helices and 
observes their disruption.
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Conclusion

The conclusion will bring all the results together, forming the final, seventh, 
chapter.

The principal achievements are:

•  an understanding of molecular modelling and carbohydrate polymers;

•  the conclusion tha t, in modelling the carbohydrate agarose, the inclu
sion of solvent reduces the amplitudes of molecular motion but does 
not affect the final result significantly;

•  experimental determination of estimated values for the minimum size 
of junction zones in agarose, and the enthalpy of phase transitions.

•  an understanding of of helix-coil theory with regard to agarose.

Some appendices follow the conclusion. These contain details of FORTRAN 
programs used, and information on the theory behind high performance anion 
exchange chromatography.
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2.1 Introduction
This chapter will cover the theory and application of computer - based molec
ular modelling methods to carbohydrates [9] and in particular, agarose. Key 
words such as mechanics, dynamics and forcefields will be introduced.

All computer aided chemistry packages are designed to assist the chemist 
by providing a m athem atical model which can evaluate the energy of molecules 
as a function of the atomic nuclei positions. Some of these models are ex
tremely accurate (such as those based upon ab initio molecular orbital m eth
ods) bu t can only be applied to systems containing a few tens of atoms. O th
ers are less accurate a t the electronic level but are able to cope with large 
proteins and bulk solutions [40-42].

Although molecular modelling can be used equally well in the study of 
ionic lattices, micro-composites and molecular materials, the m ethod of its 
application differs slightly between these fields. In the current work we are 
interested only in the modelling of carbohydrates and the solvent: water.

At the end of this chapter a simple example of the building of an anhydro- 
sugar ring is given.

2.2 Molecular modelling: the basics
The previous few years have witnessed an explosion in the availability and 
concurrent usage of molecular modelling packages, greatly assisted by the 
increase in power of workstations and desktop machines. Molecular modelling 
a t a basic level a t least is now routinely applied by many chemists, to  assist 
in the visualisation and study of almost any type of molecule. Packages are 
available for all the common computer platforms: UNIX and Linux, and even 
MS Windows and the Macintosh. Some of these are freely available on the 
world wide web, while others are extremely sophisticated (and expensive) 
having as they do very powerful graphical interfaces and analysis modules. 
The availability of this arsenal of tools has helped meet the demand for non- 
experimental methods of investigating molecular structures.

Some programs which have been used for this thesis include Rasmol, 
Molden and MOLMOL for visualisation, HYPERChem™ for the PC, Amber 
for larger simulation jobs, and Gaussian94.

The theory of molecular modelling is treated comprehensively in many 
texts [43-46], and over the years many papers have been published which 
cover the development of codes and parameters for the theory. Indeed, 
whole journals have sprung up which cover the subject exclusively. In the
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present circumstances it will be sufficient to give an overview of the basic 
pre-requisites for molecular modelling.

2.2.1 Forcefields
The essential goal of molecular modelling is to describe molecules in term s of 
an energy surface whose variables are the internal parameters of the molecule. 
Internal param eters are coordinates, bond lengths and bond angles, which 
together describe the molecule.

The forcefield is the marriage of mathem atical expressions and pre-defined 
molecular param eters which enable the energy function to  be evaluated w ith 
respect to  atomic coordinates1.

O ther modules and algorithms in modelling packages are all concerned 
with various ways of changing molecular structure and then analysing results.

M athem atical expressions for evaluating the energy function are based on 
classical (Newtonian) mechanics. The atoms are treated as simple spheres, 
and the bonds are treated as elastic rods. The size of the spheres and the 
force constants of the rods are dependent on the types of ‘atom s’ involved. 
Thus, param eters for carbon-oxygen bonds are not the same as those for 
carbon-carbon bonds. Forcefields are more accurate if they are restricted 
to  certain types of molecule such as proteins or metallo-complexes. Hence a 
whole range of forcefields is available, but in the present work the A m b e r  
forcefield is used exclusively because it has been parameterised specifically 
for proteins and carbohydrates, and has been well documented [47-50].

Param eters for the forcefield are found from both experimental and the
oretical sources. Quantum  mechanical methods are used to  derive partial 
charges. X-ray experiments yield geometrical information. Spectroscopic 
methods allow the determination of force constants for bonds. In addition, 
modelling is frequently used in conjunction with NMR coupling constants 
and nuclear overhauser effects [51] (NOEs) in order to arrive a t biopolymer 
configurations in solution [52,53].

It is considered th a t for the purpose of obtaining well - optimised struc
tures, a simple energy expression with good parameters does the best job [54].
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Bond STRETCHING an d  COM PRESSION Angle BENDING betw een THREE atom s

A torsion angle.

The bond between J and K 

rotates as the torsion 

angle § changes.

Atoms A,B,C and D are 
not involved in the angle.

Figure 2.1: Schematic showing the origin of the energy terms for bonds (two - body), 
angles (three - body), and torsions (four - body) in the A m b e r  forcefield.

E le c tr o s ta t ic  in te r a c tio n s  b e t w e e n  p o s it iv e ly  a n d  

n e g a t iv e ly  c h a r g e d  m o ie t ie s .

N o n  -  b o n d e d  

in te r a c t io n s  b e t w e e n

a t o m s  A ,B ,C  a n d  D  

(n o t  c h a r g e d )

Figure 2.2: Two non-bonded interactions contributing to the total energy in the A m 
b e r  forcefield. All atoms experience the so-called Van der Waals force, 
but may not feel electrostatic forces.
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T h e  A M B E R  forcefie ld

The to ta l energy of a molecule in A m b e r  is found from six basic terms: atom- 
atom  bonds, angles and torsion angles as well as two types of non-bonded 
interaction and a hydrogen bonding term.

The expression for V , the to tal energy is given as [55]:

V  — ^  ^ 2 (6  — bo)2 +  E  Hq(0 — 6q)2 +  “̂ [ l  +  cos(ncj) — >̂0)]
b e * 1

+  E  A i f i j h j ) 12 ~  2 ( r i j / r i j ) 6] +  E
ho

QjQj , 
Ti ^Trer,hj lJ i , j

Dij
I r, ,10ij -■

(2.1)

These term s will be described separately in the following text, and are rep
resented schematically in figures 2.1 and 2.2. Note th a t a change in molecular 
structure may affect several terms at once.

B o n d  s tre tc h in g

In molecular modelling bonds exist according to how the system is initially 
described to the modelling program. They cannot be altered once defined. 
The to ta l energy from all defined bonds is given by the relation:

■^bonds =  E  ^ { b  — bo) (2-2)
b

This is term  1 in Equation 2 .1 . It is of the form of a simple harmonic 
oscillator (SHO), with force constant K 2 , bond length b and equilibrium 
bond length b0. The sum is over all bonds in the system. Some forcefields 
use other m athem atical forms for the term, such as Morse potentials and 
inverse power potentials [54], but they are computationally more expensive 
and the SHO is adequate for most purposes.

A n g le  b e n d in g

The valence angles are considered to deform in a similar fashion to bonds;
i.e. the energy is represented by an SHO with force constant H q\

1 Atomic positions can be identified by internal coordinates, where the positions are 
described within the molecule’s own frame of reference, or in Cartesian coordinates where 
atoms have (x , y, z) values with respect to an external frame.



2  P r i n c i p l e s  o f  m o d e l l in g  a n d  a p p l i c a t i o n  t o  a g a r o s e 3 1

E a„gles =  £ f f e ( 0 - 0 o ) 2 (2.3)
9

Here, the force constant is Ho, and the deviation from equilibrium is 
(0 -  0Q).

The torsion angle

This four body term  has a periodic angular dependence. See figure 2 .1  for 
a representation of the four atoms involved. The dihedral angle (j) between 
bond I - J  and K-L can rotate though 360° until it arrives back at the starting 
point, and the energy varies throughout this cycle. Of course, some kind of 
command needs to  be input to cause such a rotation (see section 2 .2 .2 ).

The energy expression is term  three of Equation 2.1:

■^torsions =  ^ 2  ~2~ ^  c o s (n ^ — ^ 0)] (2-4)

\V n is the rotational barrier height, with a multiplicity (over 360°) given 
by n  in the round brackets. (j)0 is the phase angle where the function is a 
minimum, and <j) is the torsion angle itself.

Non-bonded interaction (1)

Non bonding energy terms are applicable to all atoms, whether they are 
bonded or not. The van der Waals (vdW) interaction is one such term . It is 
thought to arise from the interactions of polarisable electron clouds around 
atoms [22,46]. In molecular modelling the electrons are not represented, so 
the attractive vdW  interaction is accounted for by a dispersive term  pro
portional to  where r is the atomic separation. The repulsion, felt by 
atoms if they approach one another too closely, is accounted for by a j y  
term. A Lennard-Jones potential, or 6-12 term  (equation 2.5) can be used 
to  represent the vdW  energy.

EVdw(r) =  S  e L2 \  - 2  ( —
r J \ r (2.5)

r* is the collision diameter (sum of atomic radii: see figure 2 .3 ), and e is 
the minimum attainable energy. A schematic plot of the function is given in 
figure 2.3.
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L E N N A R D  - J O N E S  PO TEN TIA L

R e p u ls iv e

0

A ttractive

Equilibrium  se p a r a tio n

In teratom ic se p a r a tio n

Figure 2.3: The Lennard-Jones potential. If the inter-atomic separation is the sum 
of the atomic radii, r*, the function becomes zero, and then it increases 
rapidly if the atoms are pushed together. At the equilibrium inter-atomic 
separation the function is at a minimum value (e), and beyond that it 
slowly returns to zero.
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Non-bonded interaction (2)

The second non-bonding energy term  arises from the forces existing between 
charged atoms, and is evaluated using Coulomb’s Law. The only factors are 
the sizes of the partial charges (<&, qj), their separation r and the dielectric 
constant e:

Non-bonded interaction (3)

This term , which is not available in all forcefields, gives an extra contribution 
to the to ta l energy for atoms which can hydrogen-bond.

These atoms are commonly oxygen, nitrogen and hydrogen, although re
cently work has emerged indicating th a t specific carbon-hydrogen to  oxygen 
non-bonded interactions may exist [56,57]. However these are not included 
in most forcefields. The form of the hydrogen-bonding term  in A m b e r  is a 
modified Lennard-Jones potential:

Cij,D ij are constants derived from the ideal hydrogen bonding distance 
(where the energy is a minimum), and r is the separation between the two 
hydrogen bonding atoms. The expression forms term  six of Equation 2.1.

2.2.2 Mechanics
Molecular mechanics (MM), dynamics (MD, see section 2.2.3) and Monte 
Carlo dynamics (see section 2.3.4) together provide most of the techniques 
required for molecular modelling. MM is a static approach, with the two most 
common strategies being minimisation and conformational searching. Both 
of these are designed to find conformational arrangements of the molecular 
system which have low energy, and are therefore likely to exist in real systems.

The lowest energy of all, over the complete energy surface describing all 
possible conformations, is the global minimum. Any conformational change 
whatever from this will result in a higher energy structure. For complex 
proteins the global minimum may be impossible to  determine, due to  the vast 
number of individual contributions to the to tal energy. However, any number 
of local minima may exist which are lower in energy than  the im m ediate 
surrounding energy surface, but not as low as the global minimum.

(2 .6)

E H.bond W  =  E & 4 '
-̂ 13 
r 10 
1 ij

(2 .7 )
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The process of finding energy minima is known as minimisation. A com
puter algorithm for minimising needs to be able to determine the slope of the 
energy surface a t the specified starting point, and alter atomic coordinates 
so th a t it begins to  explore down the slope. The method of determining 
the direction in which to explore depends on the minimiser chosen, while 
the search for the minimum along th a t direction is usually done using a line 
search algorithm.

Note th a t the magnitudes of the energies so calculated by MM (or MD) 
are not to be compared to those obtained either experimentally or by ab 
initio studies, even for identical molecules.

Steepest Descents

Steepest descents [45,46,58] employs the first derivative of the potential func-

The slope of the energy surface is determined at the given starting point 
and the minimiser begins to alter the molecular geometry in this direction 
(literally, the steepest descent), until the first derivative is zero (see the di
agram below). The minimiser then determines whether there is still a slope 
and if so it sets off again: the second direction will be perpendicular to the 
first. The method is robust (it always finds a lower energy structure) but 
not very efficient since it is continually overshooting the shortest route to  the 
minimum.

This is illustrated schematically below for a very simple energy minimum:

A simple energy minimum. The right hand plot is a contoured representation of the 
left hand surface plot. The location of the minimum by inspection is clearly at the 
origin, (0,0). The minimisation routine reaches it in three steps, starting at (5,4) 

(right hand plot). This is a typical “steepest descents” result: see text.

tion
&V
dr

Energy i
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Conjugate Gradients

This method is more advanced than steepest descents, as it makes use of 
direction information from the previous step in order to make the next ad
justm ent towards the minimum. It is able to find the exact (local) minimum 
of the energy function in M  steps, where M  is the dimensionality of the 
energy function [58]. For the simple function shown earlier therefore the 
minimum is found in two steps:

CONJUGATE GRADIENT MINIMISATION

6

4

2

0

-2

-4

-6

*2 4*6 -4 0 2 6

This is particularly advantageous in a long narrow shaped minimum, 
where the steepest descents method might require many iterations to arrive 
a t the bottom .

Newton-Raphson

The previous methods employed the first derivative of the potential energy 
function in order to find the direction to search for a minimum. In general 
however for a harmonic function in M  dimensions, one should be able to  use 
the second derivative also, and so predict where the minimum is likely to  be 
without searching for it. At the minimum point on the gradient, the function 
will change direction and so:

rmin = ro — Ao1 W (r 0)

The predicted minimum, r mjn , is found using the m atrix of second partial 
derivatives, Ao, of the energy at the starting point ro. VVr(ro) here denotes 
the gradient of the potential energy at ro.

Although this method seems rather attractive a t first sight, it has some 
intractable drawbacks [58]. Firstly the calculation and inversion of large 
matrices is very demanding on computer memory, and so it cannot be applied
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to large systems (more than  1 0 0 0  atoms). Secondly the minimiser will become 
unstable in some situations where there is no minimum close by. It therefore 
tends to be reserved for cases where very accurate minima are desired.

In the m ajority of cases (and in this thesis) the method of steepest descents 
is initially used, followed by conjugate gradients. Since even local minima can 
be elusive, control parameters to limit the use of com putational resources are 
usually entered. These controls may be of the form of a maximum number 
of steps to be executed, or a particular convergence level to  be reached, in 
kilo-calories per mole per Angstrom (kcal/A).

Conformational searching

In many computer modelling experiments the global minimum is a good 
point from which to start, and in addition often reflects conformations found 
in crystals [9,52]. The global minimum can only be found by a minimisation 
algorithm for very simple molecules. For more complex molecules a system
atic search using key conformational features can be done in order to identify 
it. This process is called conformational searching. As an example, consider 
a molecule which has two rings connected by a central bond, each ring having 
different substituents:

R1

r o ta te  1

r o ta te  2

R2
R3

A simple minimisation of energy is unlikely to find the global minimum 
of this molecule. The key conformational features are the freedom about 
the central bond and the bond connecting R2  to the ring. A conformational 
search would rotate the central bond and plot out the variation in energy. 
Each rotation increment would be accompanied by an energy minimisation. 
Once a full 360° had been completed, the second rotation (around the bond 
connecting group R2) would be incremented once, and the first rotation re
peated. Slowly a complete map of the potential energy versus conformation
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would emerge. From this the absolute minimum can be identified. The 
m ethod is fail-safe, but for even more complex molecules with more key con
formational features the process may be too lengthy to contemplate!

2.2.3 Dynamics
Molecular dynamics (MD) methods are very attractive to physical chemists. 
Using them, the behaviour and interaction of molecules with tim e can be 
predicted.

In MD, atoms are assigned velocities and the equations of m otion are 
solved by numerical methods. This introduces a fundamental time step  for 
each iteration. In order to give sufficient accuracy the tim e step m ust be 
assigned a small value (of the order of 1 x 1 0 " 15 seconds), and this means 
th a t only nanoseconds of time can be simulated: certainly not enough in 
which to observe for example protein folding. Nevertheless any point on 
the potential energy surface can in principle be accessed during molecular 
dynamics, so it is a powerful tool for the study of molecular motions.

T h e o ry

Since all of the atoms in the system are assigned a velocity, and all have a 
mass with a force acting on them, the acceleration a; of each atom  can be 
calculated according to Newton’s First Law of motion:

F  i — TYl i CLi

The force arises from the derivative of the potential energy surface:

dV  d2r i , ,

= m iw  (2'8)

where r z are the coordinates and and are the mass and acceleration of 
atom  i.

The determ ination of future positions and velocities of any atom in the 
system does not however follow immediately. Exact solutions to  the equation 
cannot be elucidated for more than one or two particles, and so numerical 
methods must be applied. For any particle, the motion can be expressed 
using a Taylor series description of its position r ( t  +  5t), a very short tim e St 
after the starting  time t:

dv d2r St2 
v(t + S t)= v (t)  + p t  + ^ d±  + . . .  (2.S)
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In order to  solve the equations of motion, the starting coordinates are 
entered, random initial velocities are assigned using a M axwell-Boltzmann 
distribution, the acceleration d2r /d t2 is found from equation 2 .8 , and finally 
a suitable approximation to the higher terms in the Taylor expansion is used. 
This is the basis for the Verlet algorithm [59] for calculating tim e dependent 
trajectories.

Two further points should be amplified:

1. The tim e step, 5t, needs to be carefully chosen. If too small then un
necessary computer time is wasted in achieving the desired simulation. 
If too large, fast vibrations such as bond stretches involving light atoms 
will not be properly reproduced, and atoms on a collision path  may ac
tually intersect each other because they have moved too far during the 
tim e step. This can result in abnormally large forces and “system blow
up” . In most cases a time step of one femtosecond (1 fs, 1 x 10~15s) is 
adequately small.

2. The Maxwell-Boltzmann distribution of velocities v, for N  atoms at a 
tem perature T  Kelvin is given by:

N  2mv  .
3kT  = > —— . . .  where k is the Boltzmann Constant.

t i  N

In other words, the tem perature is directly related to the atomic veloc
ities (and the kinetic energy). This is a result from the kinetic theory 
of gases.

Temperature control

In MD, the tem perature of the system must be initialised (when the velocities 
of the atoms are assigned) and then maintained at the desired value during 
the calculation. A heat bath is therefore needed to keep the tem perature cor
rectly adjusted. During the first stages of MD, the initial random velocities 
(kinetic energies) of atoms become partitioned into other forms of energy, 
mainly potential, as the molecules warm up and bonds become stretched. 
Hence the initial assignment of velocities is insufficient to m aintain the ta r
get tem perature, and a velocity scaling algorithm is used to warm the system 
up quickly.

At the target tem perature the distribution of velocities is m aintained using 
a coupling algorithm, allowing heat exchange between the system and an 
imaginary bath. The Berendsen method [60] is one such algorithm. Each
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velocity is scaled by a factor A, determined according to how far from the 
desired tem perature, T0, the actual tem perature T  of the system is:

Here, r  is a characteristic relaxation tim e controlling the tightness of coupling 
and 5t is the time step. The tem perature T  is evaluated using the sum of all 
the current atomic velocities.

2.3 Molecular modelling: more features

2.3.1 Cutoff values
If no limits are set, the calculation involving the non-bonded energy term s 
in equation 2.1 can become very demanding on computer time. The number 
of included term s is therefore limited by ignoring interactions between atoms 
which are separated by more than the cutoff limit. For systems containing 
a few hundred atoms it is not worth applying cutoffs, bu t as the number is 
increased beyond a thousand the cost in terms of computing resources forces 
cutoffs in the region of 6 to 10A to be applied. The reduction in the accuracy 
of the non-bonded energy term  is acceptable for most work2.

2.3.2 Periodic boundary conditions
Although MD methods using forcefields and classical mechanics are able to 
handle many more atoms than those methods which employ quantum  me
chanics, they still suffer limitations. W orkstations found in most Universities 
can cope with perhaps a thousand or so atoms. On supercomputers this may 
be increased to several thousand. However, large biomolecules such as pro
teins might be even larger than  this, and if solvent is included then the 
number of atoms will increase still further.

The usual approach to  reducing this lim itation is to  apply periodic bound
ary conditions (PBC). A typical method is as follows:

•  Build the solute of interest;

•  define a box around the solute (this can be any crystallographic shape, 
but is commonly cubic or tetragonal);

2The non-bonded interactions are switched off smoothly over a distance of a few A, to 
prevent non conservation of energy.



2 P r i n c i p l e s  o f  m o d e l l in g  a n d  a p p l i c a t i o n  t o  a g a r o s e 4 0

•  fill the box with solvent using a predefined solvent-generating algorithm 
to reproduce the correct density;

•  reproduce the defined box in three dimensions;

•  start MD calculations.

See figure 2.4 for an example of this procedure.

The technique can also be applied to regular infinite polymers, where the 
defined box contains a building unit which has a specific head and tail.

Using PBC “bulk” properties can be calculated. The MD calculations are 
only performed on the original box, the results being copied into all other 
boxes. The molecules in the original box feel the effects of their “ghost 
replicants” in the neighbouring boxes, so they behave as if the environment 
was an infinite solution. If a molecule drifts out of the original box, a replicant 
simultaneously enters from the opposite side (see figure 2.4).

The caveat to using PBC is th a t the cutoff should be set to  no more than  
half of the cell side length to prevent atoms from interacting with replicants of 
themselves. Additionally it is no good trying to simulate a very large molecule 
using a very small box, because the contents of the box must adequately 
represent the smallest building unit of the system in question. PBC by their 
very nature introduce an inherent periodicity into the system; care should 
be taken th a t this does not lead to artifacts.

2.3.3 Trajectories
MD calculations generate new conformations for the system with every tim e 
step which is completed. Most MD programs allow the modeller to specify 
how often the data  is to be w ritten to a file: for example if the only factor 
of interest is long term  inter-molecular interactions it is hardly necessary to 
save data  after every single time step. The final output is of the form of a 
trajectory or history file.

History files are generally very large, containing as they do a long list of 
structures and energies. Analysis programs extract and create visual graphs 
for properties such as geometry, energy and tem perature versus tim e or other 
suitable regularly increasing dimensions. These data  are the final result of 
the investigation.
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Figure  2.4: Solvation of a solute and application of periodic boundary conditions.
The two pictures at the top show a solute (here consisting of two short 
carbohydrate chains) being enclosed in a box and solvated. The lower 
image demonstrates the reproduction of the original box, which is at 
the centre. The circles and arrows indicate how the movement of one 
molecule is copied into other boxes.
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2.3.4 M onte Carlo dynamics
The Monte Carlo method is another way of exploring conformational space. 
Instead of using atomic velocities to provide the next conformation, new 
structures are generated by random rotations of key conformational features 
rather similar to the conformational searching described on page 36. High 
energy conformations involving superposition of atoms are rejected. Monte 
Carlo dynamics will access more of the molecule’s conformational space than  
can be achieved using time-dependent molecular dynamics, but the drawback 
is th a t the information bears no relation to how a real molecule might diffuse 
and change shape since any energy barrier can be overcome. Monte Carlo 
dynamics are therefore best suited to the estimation of therm odynam ical 
quantities such as free energy, since they can be used to build up a statistical 
sample of the relative populations of different conformations.

2.4 Hardware and software
The modelling work described in this thesis was carried out on a Silicon 
Graphics Iris Indigo XZ 4000 workstation. These computers combine fast 
processors with the highest quality graphics hardware.

The modelling program used was D iscover version 2.95 by Biosym Tech
nologies, which has a command based interface and also a graphical interface 
in the Biosym InsightII software (version 2.3.0 was used). InsightII was 
also used to  build the polysaccharides, using the biopolymer add-on module. 
The forcefield used was A m ber , with Homans’ modification for use w ith 
polysaccharides [47,61].

Further calculations were done on the DEC supercomputer a t the R uther
ford Appleton Laboratories again using the A mber forcefield. The results 
were analysed in this case using amber5 / c a rn a l, a structural analysis pro
gram.

O ther analysis was done using InsightII and the graph plotting u til
ities GNUPLOT (GNU software foundation) and ORIGIN. Visualisation of 
structures and creation of images was done using InsightII, Rasmol and 
MOLMOL. Colour images were produced using 35mm KODAK Ektachrome 
film and a still camera.
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2.5 A simple calculation
A simple illustration is provided by the building of the sugar ct-L-anhydro- 
galactopyranose, which is a constituent monomer of agarose. W ithin In
sightII the basic galactopyranose ring is obtained using the carbo_get 
command:

In order to create the anhydro ring it is necessary to condense two hydroxy- 
groups, eliminating a water molecule. The relevant atoms are removed us
ing the delete_atom  command, and significant distortion of the molecule 
is required in order to bring the remaining atoms into bonding positions. 
The new bond between C3 and 0 6  is made using the modify_bond_create 
command.

Ring flipped

Is

\

N ew  b o n d  c re a te d

The molecule now contains two rings, both having a hetero-atom : oxygen. 
It must be minimised before it can be used for building agarose. This is done 
with the D iscover module, setting the minimiser algorithms and number 
of iterations to be executed. In the present small molecule case the following 
is likely to produce the global minimum:
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!

Minimize
* for 500 itera tio n s
* using steep est descents
* u n til the maximum derivative i s  le s s  than 1.000000 kcal/A

i
Minimize

* for 500 itera tio n s
* using conjugate gradients
* u n til the maximum derivative i s  le s s  than 0.100000 kcal/A

!

The units ‘k ca l/A ’ represent energy per mol per A.
The ‘before and after’ states of a-L-anhydro-galactopyranose are shown 

below:

B efore  m inim isation After m inim isation

The energy minimisation has produced a relaxed structure in which bond 
lengths and angles are as close to their equilibrium values as possible, pro
ducing a m utually satisfactory arrangement. In particular the bond between 
C6  and 0 3  has shortened dramatically compared to its initial state, and the 
six membered ring has been distorted slightly to compensate for the new five 
membered ring (note th a t two bonds are part of both rings).

2.6 Summary
In this chapter we have seen th a t molecular modelling is able to contribute 
to the study of a large variety of molecular species. The basic theory is based 
on classical mechanics and numerical methods and it is possible to predict 
the behaviour of complex systems containing several thousand atoms. The 
accuracy of the technique relys strongly on the quality of param eterisation 
of the forcefield.
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As a simple example an unusual sugar unit was built using libraries of 
standard molecules and application of molecular mechanics. The sugar, 
o;-L-anhydro-galactopyranose, is a building block needed for the construc
tion of an agarose polysaccharide chain, described in the next chapter.
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3.1 Introduction
Building models and validating them  is the next step in the investigation of 
the agarose polysaccharide. We have seen how experimental results can give 
insight into what agarose is and the role it plays in foodstuffs and also in pure 
agarose gels. We have set out the principles behind molecular modelling, the 
technique which is to be used here in an attem pt to throw more light on the 
nature of the agarose polysaccharide.

Now this polysaccharide chain must be “built” , i.e. a model must be cre
ated in readiness for computer aided experiments. In addition the sulphated 
carbohydrate carrageenan is to be built for comparison, since this is closely 
related to agarose. In order to build the three main types of carrageenan 
some new forcefield parameters for a m b e r  are required. These have already 
been calculated by other workers and are available in the literature.

The models will need to be validated; th a t is to say, we must ensure 
th a t they will behave in the same way th a t their real -  life counterparts 
do when subjected to conformational changes. The most satisfactory way to 
validate models is to compare them  with experimental data. Two approaches 
commonly used for this are:

1. Find the global minimum of the subject molecule and compare it to  the 
conformation found in crystals as determined by x-ray diffraction [43, 
52,62]

2 . Compare the heights of energy barriers separating different energy min
ima on the potential energy surface to rotational energy barriers be
tween similar conformations determined by NMR studies [63-68] (these 
are typically solution studies). O ther internal motions can also be 
probed by NMR.

In principle both of these could be used in the case of polysaccharides, 
since they are soluble (when boiled in water) and the constituent disaccha
rides may be expected to crystallise. In fact it turns out tha t, somewhat 
surprisingly, very few di- and tri- saccharides can be induced to crystallise 
and so it is somewhat meaningless to model crystals of these compounds.

In addition, the strongly gelling nature of the polysaccharides hinders 
solution NMR experiments. For determination of rotational barrier energies 
the tem perature of the solution must be lowered until rotation stops, bu t 
while this is happening other re-organisations (i.e.: gelation) dominate. Even 
the short chain oligosaccharides tend to form syrups in solution (instead of 
gels), and so are typically too viscous for solution NMR studies.
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Therefore in order to validate the models in the present case, a systematic 
conformational search over the two glycosidic linkages found in agarose (these 
being responsible for most of the shape changes of an entire chain) was done. 
The minimum energy conformations thus found were used to generate helices. 
This procedure is often reported by other workers [49,69].

The low energy (favourable) conformations of each type of linkage were 
also compared with the conformations proposed for extended agarose fibres 
determined by x-ray diffraction [26].

To extend the validation further, the same conformational searching was 
done for the carrageenans, and the results of all the tests were compared to 
work done before using other forcefields [70], so th a t the suitability of the 
A m b e r  forcefield could be established.

Finally, it is worth noting here th a t the potential energy maps obtained 
by conformational searching can be compared with conformations accessed 
during dynamics calculations. The maps represent base-line conformations 
depending only on steric and electrostatic effects, whereas dynamics calcu
lations show conformations which can be accessed when the system is given 
additional energy in the form of atomic velocities. These results are given in 
chapter four.

3.2 New forcefield parameters for sulphate.
The A m b e r  forcefield, as supplied, does not have any atom types or partial 
charges necessary for the correct description of sulphate groups. The partial 
charges have been found by ab initio studies and the bond force constants 
from infra red data  by other workers [48]. The -O SO 3 group contains a te tra 
hedral sulphur atom with three partially double-bonded oxygen atoms and 
one ether oxygen which links the group to the polysaccharide; see figures 3 .1  

and 3.2.
In order to model sulphur in a sulphate group, the atom  type S, which 

formerly represented sulphur in a sulphide linkage for proteins, was used as 
it is not required for carbohydrates. The relevant parameters [48] were used 
instead of the sulphide ones. The am b er.frc  forcefield data  file was edited 
accordingly, and all the new parameters such as bond lengths and angles (see 
Table below) were added. The file was converted to binary format for use 
with the modelling software using the b in f  f  utility.
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Bond lengths.
1 -

1.62

1.44

chargespartial charges

Figure 3.1: The carrageenans contain covalently bound sulphate groups (shown 
above), for which new parameters were added into the A m b e r  force
field. On the left are shown the partial charges assigned to the atoms in 
the sulphate group, and on the right are the equilibrium bond lengths in 
A. The green atom represents the carbon to which the sulphate group is 
attached. Note that the overall charge on the group is only -1.

P a ra m e te r C onnected a tom s Values
Equilibrium Force constant

B onds s-os 1.62A 230 kcal/A
S-02 1.44A 525 kcal/A

Angles S-OS-CT 120.5° 100 kcal/A
02-S -02 119.9° 140 kcal/A
0S-S -02 108.2° 100 kcal/A
OS-S-OS 1 0 2 .6 ° 45 kcal/A

3.3 Glycosidic linkages: system atic searching
All of the glycosidic dihedral angles referred to in this work are defined in the
f r i l  1 r m r ir >  rr R i n r r  1 n n r r  r w t r r r n n

J .  U X i ^  JL |̂ JL X X X g  U A J  g G l l
/-* r» v»l~\ A n  1
U C U .  U U 1 I  X linking oxygen] r>:---ivmg

2[carbon n  —>• carbon (n + 1)]. In this way the first four atoms define angle 1 
and the second four define angle 2. An example of this is shown below for a 
glycosidic linkage in agarose. The linkage has directionality since it is made 
by joining the head of one sugar residue to the tail of the next one. The 
direction of propagation of the chain follows the vector joining carbon 1 of 
the first residue to the tail carbon of the next residue.
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[ A ]

HOO C 4

[ G ]

HO

Path for dihedral angles: 
ring-0/Cl/bridge-0/C4/C5.

A dihedral angle of zero degrees means th a t all four atoms concerned in 
th a t dihedral angle are equi-planar.

The two possible glycosidic linkages in agarose are those between the 
anhydro-galactose ring and the galactose ring (denoted link A -G ) and vice 
versa (denoted link G -A ); these are quite distinct from one another.

For ^-carrageenan, which has a single sulphate group on the galactose 
ring, there are similarly two possible glycosidic linkages. The same is true 
for t-carrageenan, which has a sulphate group on both rings. A-carrageenan 
is somewhat more complicated, because the galactose ring can have one or 
two sulphate groups. Hence there are no less than  four possible glycosidic 
linkages between pairs of different sugar rings.

A macro for the D iscover simulation language (see Appendix A) was 
w ritten which assigned names to the two torsion angles in each glycosidic 
linkage so th a t they could be fixed in space while the rest of the molecule 
was minimised, but could be incremented by any specified amount in between 
minimisations.

The searching sequence was constructed using the c o n s t r a in t_ to r s io n f  o rce  
command from within the D iscover simulation module. This forces the di
hedral angle to the angle required by the current loop of the program. The 
force constant can be defined in terms of energy; 1 0 0 0  kcal/mol was used here 
(the contribution of this is alwavs subtracted from the final ecerp'v) which is
\  -----------O J  /  ------------------------

sufficient to hold the conformation of the linkage to within 0.5 degrees, even 
in strained molecules.

To produce the three dimensional energy map, a complete revolution of 
one torsion angle was performed for each value of the other torsion angle, 
systematic increments through 360 degrees in steps of 12 degrees being imple
mented. A dielectric constant of e =  80.0 was used to represent an aqueous 
medium. This results in a smoother surface plot than  simulations in vacuo, 
which are rough due to large variations in energy 1.

1The actual values of phi and psi at energy minima were found to be unchanged by 
the use of different dielectric constants.
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The energy of the molecule was minimised using the steepest descents 
and conjugate gradients methods for every combination of dihedral angles. 
Possible effects of next - neighbour sugar residues (as in an infinite chain) 
were not taken into account, as the effect due to such remote residues was 
assumed to  be small. After systematically searching the linkage in question 
the to ta l energy versus dihedral angle combination was plotted, producing 
a so-called Ram achandran plot2. These are often calculated for glycosidic 
linkages in the modelling of carbohydrates as they give a characteristic three 
dimensional map for each linkage [49,71,72].

The result is a 30 x 30 grid of energy values, which can be viewed in 
three-dimensional mode using the InsightII analysis module and exported 
to other graph plotting programs. This grid is fine enough to  perm it all of 
the minimum energy conformations to be detected to within a few degrees. 
If the precise position of the minimum is required then even finer grids would 
have to be used so th a t the area around the minimum energy configuration 
would be explored in greater detail.

3.4 Results of conformational searching
The glycosidic linkages were examined in two sections: firstly kappa and 
lam bda carrageenan and secondly iota carrageenan and agarose. Fibre X-ray 
data  is available for the second two polysaccharides, perm itting comparison 
with experimental values of phi and p si Iota carrageenan and agarose glyco
sidic linkages were therefore examined using more detailed search grids. The 
four polysaccharides are depicted in figure 3.2.

3.4.1 Kappa and lambda carrageenan
^-carrageenan contains two glycosidic linkages in the ideal polymer (see fig-

(or A -G ) 

and:

(or G -A )galactose(sulphated) -  anhydro-galactose

anhydro-galactose -  galactose (sulphated)

2Ramachandran plots were originally developed for characterising peptide linkages in 
proteins.
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Agarose lota carrageenan

LambdaKappa
carrageenan carrageenan

Figure 3.2: Sugar residues found in agarose, and in the three commonly occurring 
carrageenans. Agarose (top left) has two sugar residues and two gly
cosidic linkages, A-G and G-A. lota and kappa carrageenan also have 
two different residues, but lambda carrageenan (bottom right) has three 
different ones, denoted X,Y and Z. (See the text for a description of how 
they are distributed in the polysaccharide chain.) The major difference 
between these polysaccharides is the presence or not of sulphate groups, 
and where they occur.
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so two Ram achandran plots are needed. The conditions used were en
ergy minimisation to a derivative of O.Olkcal/A using steepest descents and 
conjugate gradients, and grid size of 1 2  by 1 2  data  points.

The results of the grid searches are plotted in figure 3.3. Using the 12 x 12 
array of minimised energies a potential energy surface is generated, which is 
represented here using contour lines joining points of equal energy.

180

120

psi angle (Degrees)

60-180 180■120 0 120

180

120

psi angle (Degrees)

-180 ■120 -60 0 60 120 180

phi angle (Degrees) phi angle (Degrees)

Figure 3.3: Two dimensional contour plots for kappa carrageenamon the left is the 
result of a search around the A-G linkage and on the right is the G -  
A. The contours are printed every 3.2 kcal, and the arrows indicate the 
primary minima.

For A-carrageenan there are four glycosidic linkages, (the three sugar rings 
are shown in figure 3.2). A- carrageenan contains three different sugar rings:

•  a (1-3) Galactose with no sulphate (Z)

•  a (l-3 ) Galactose with sulphate on 0[2] (Y)

•  /?(l-4) Galactose with sulphate on 0[2] and 0[6] (X)

The repeating unit always contains ring (X), 30% of the tim e it contains 
ring (Z) and 70% of the time ring (Y) [73-75]

The four possible linkages are:
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(X )- (Z ) , (X )- (Y )

(Z )- (X ) , (Y )- (X )

The conditions used for the conformational search were the same as before. 
The resulting contour maps are given in figure 3.4.

3.4.2 Iota carrageenan and agarose
For the second pair of polysaccharides a more detailed grid search over (30 x 
30) da ta  points was performed, and the minimisation was restricted this tim e 
to a derivative of O.lkcal/A in order to save computer time. The new criteria 
do not affect the positions of energy minima.

t-carrageenan contains two sugar rings: (1-4) linked anhydro-galactose 
with sulphate on 0 2  and (1-3) linked galactose with sulphate on 0 4  so there 
are two glycosidic linkages as with kappa, these being denoted A -G  and 
G -A  for consistency. The resulting Ram achandran plots are reproduced in 
figure 3.5.

For agar there are also two glycosidic linkages, but no sulphate groups 
to  contend with. The anhydro sugar is a different form to th a t in the car- 
rageenans: ce-L-anhydro-galactose instead of the a-D form. The two links are 
denoted A -G  and G -A  as above.

The results of the conformational searching for the A -G  and G -A  link
ages in agarose can be seen in figure 3.6. These will be discussed in more 
detail because most of the thesis deals with agarose, not carrageenans.

The principal low energy conformations for both linkages are given in 
table 3.1. Note th a t although values for the dihedral angles are quoted to 
within one or two degrees, these simply correspond to the point of absolute 
minimum energy in each “well” . The angles can deviate from this by ~  ±15 
degrees w ithout raising the potential energy of the structure by more than  
lkcal/A  (the lowest rotation barrier separating one energy well from another 
is about 3kcal/A).

3.4.3 Discussion
The following discussion aims to clarify several issues:

•  J u s t if ic a t io n  for u s in g  th e  A m b e r  forcefield .
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V..
-120 60 120 180-60 0

psi angle (Degrees)

v'X-vV
-120-180 -60 1200 60 180

psi angle (Degrees)

phi angle (Degrees) phi angle (Degrees)

'■ , - q Y
, r~"i SNY /••■■'vYv

/  }  ! ! •- .■ •• '  i  V . . . . :  I

'I \ \ \ \ I  ( / r ^ s '
r f 0

-180 -120 0 60 120 180

psi angle (Degrees)

phi angle (Degrees) phi angle (Degrees)

Figure 3.4: Two dimensional contour plots for lambda carrageenan. Top: (X-Y) and 
(X-Z) linkages, and bottom: (Y-X) and (Z-X) linkages. Note th a t the 
extra sulphate groups make the peak values of energy (where groups are 
clashing) very high. Here, contour intervals are every 3.5, 1.9, 2.6 and 
2.6kcal respectively (this variation is a result of the auto-contour function 
used).
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  _ _________

lota, GA link

- 1 8 0  p h i  1 8 0- ! 8 0  P h i

lota, AG link

GA linkageAG linkage

Energy, kl!

Figure 3.5: lota carrageenan, A-G link (left) and G-A (right). The lower pictures 
are a three dimensional representation of the upper ones, but they have 
been rotated about the z-axis for clarity. The z-axis represents energy, in 
units of kcal/A. In the two dimensional plots, contours are printed every 
lkcal. Notice th a t  the presence of the bulky sulphate group means th a t  
even the lowest ‘energy well’ is considerably higher in energy than similar 
wells in the plots for agarose (reflected in the yellow-ish colours).
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— 180 phj 180 - 1 8 0  P h i 1 8 0

Agar, AG link
o 
CO

Agar, GA link
o
CO

P s i

Energy, kCal

Phi, degrees

Energy, kCc

Phi, degrees

A-G linkage
G-A linkage

0 v
-62 -158

Figure 3.6: Conformational energy maps for agarose glycosidic linkages, with con
tours printed a t lkcal intervals. On the left is the A -G  link and on 
the right is G-A. These energy maps characterise the linkages uniquely. 
Below are reproductions of the minimum energy conformation for each 
disaccharide.
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L inkage A g aro se  Io ta  C a rra g e e n a n

Primary Minima
Phi Psi Phi Psi

A -G  link -180 73 61 87
G -A  link -62 -158 -53 -180

Secondary Minima
Phi Psi Phi Psi

A -G  link 59 127 60 -70
-60 115 175 170
-60 -75 - -

G -A  link -62 -83 60 140
60 -95 -70 -180
60 -150 - -

Values in oriented fibres
Phi Psi Phi Psi

A -G  link -52.2 156.8 77.0 79.0
G -A  link -123.9 -113.2 -87.8 81.0

T able  3.1: Dihedral angle values, in degrees, for which the corresponding disaccharide 
molecule has the lowest possible energy (the global minimum, here called the primary 
minimum) and other low energies accessible at room temperature (secondary minima). 
Note tha t the list of secondary minima is not exhaustive. The values for the oriented 
fibres are a result of x-ray determination.
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•  Positions of energy minima with respect to disaccharide conformation.

•  Differences between dihedral angle values for x-ray derived conforma
tions and calculated minimum energy conformations.

•  Effect of larger data  array (grid size).

Forcefields

The most obvious reason for using the A mber forcefield is th a t it has sup
port for hydrogen bonding and carbon atoms in carbohydrate rings. In this 
respect the forcefield has already been tested, as detailed in chapter 2. In 
addition however the above Ram achandran plots were compared to identical 
calculations done using the Universal and Dreiding forcefields [70].

It was found th a t the Universal forcefield was generally in poorer agree
ment with the Dreiding and A mber results, giving very large energies (typ
ically four times greater) and having larger energy barriers between minima. 
In addition the positions of energy peaks and minima differed slightly. These 
observations are consistent with the fact th a t the Universal forcefield is de
signed for use with a wide range of molecules, so high accuracy cannot be 
expected. I t was therefore quickly dismissed as being of possible use for 
carbohydrates.

The Dreiding and A mber forcefields were in much better agreement in 
th a t the Ram achandran plots were similar in terms of the range of energies 
and appearance of the contour map. For a better comparison between them  
a list of the relevant rotational energy barriers determined by experiment 
would be useful (nuclear magnetic resonance is a m ethod for finding these). 
However, no data  of this kind have yet come to light after searching in the 
National scientific literature databases.

Slight differences in the shape of contours may reflect variations in ef
ficiency of convergence during minimisation, since the results for Dreiding 
were determined using the Cerius modelling package. Here, the energy min
ima tend to occur when dihedral angles are in the trans-trans or trans-gauche 
positions as would be found in a classic propane backbone. This may be due 
to  the incorrect treatm ent of anomeric oxygens and carbons, and to  the par
tial charges assigned to sulphate groups, which may be too small.

The overall decision therefore is th a t the A mber forcefield should be used 
because it has been tested specifically for carbohydrates.



3  B u i l d i n g  a n d  v a l id a t io n  o f  m o d e l s 6 0

D isac c h a rid e  c o n fo rm a tio n  a n d  en e rg y  m in im a

The potential energy surfaces for the glycosidic linkages display several pos
sible minimum energy conformations.

By inspection of ball and stick Orbit models (Cochranes of Oxford) it can 
be seen th a t the minima on the surface plots correspond to positions where 
groups on the rings, especially those surrounding the glycosidic linkage, are 
least hindered. In general one can find one or two minima which are lowest 
of all, and then two or three others which are no more than  five kcal/A  
higher in energy (these could be accessed at room tem perature by overcoming 
the intervening energy barriers). For agarose the global minimum energy 
conformations are drawn in figure 3.6. For /,-carrageenan the rotation about 
the G -A  linkage is less restricted than  th a t about the A -G  linkage due to 
the proximity of the sulphate group. Therefore the A -G  linkage may be 
expected to be “stiffer” .

The minimum energy conformations did not seem to be stabilised by hy
drogen bonding between the sugar rings. The biggest effect was steric hin
drance, especially for the carrageenans with their bulky sulphate groups.

X -ra y  d e riv e d  c o n fo rm a tio n s

It is interesting to compare the values of glycosidic linkage dihedral angles 
found in agarose and iota carrageenan double helices (x-ray determ ination 
of oriented fibres [26,76]) with those in the minimum energy conformations 
found by calculation. None of the values coincide exactly, bu t nevertheless 
only a slight change in energy is associated with the conversion of the molec
ular conformation from one to the other. This is reasonable, since in the 
calculation there are no crystal packing effects. Therefore, in dried fibres the 
conformations may be a little different from the calculated energy minima.

For the agarose A -G  link, the closest minimum to the x-ray conformation 
has a phi/psi value of —65,100°. For the G -A  link, the closest minimum is 
a phi/psi of —60, —72°. These values appear to be very different from the 
x-ray derived ones (see table 3.2). The difference however lies in term s of 
conformation. In terms of energy the difference is less dram atic (table 3.2). 
For the A -G  link the x-ray value is a mere 0.8kcal/A higher than  the lo
cal minimum, while the G -A  link is 7.9kcal/A higher, which is still not 
unattainable a t room tem perature, and other factors which become relevant 
during formation of fibres (termed ‘crystal packing forces’) may be sufficient 
to make one conformation preferable to another within this energy range. 
W hen the Ram achandran maps are observed it is plain th a t the minimum 
energy conformation is only one point inside a fairly large region (±40°) of
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Nearest point to Nearest minimum to 
X-ray conformation X-ray conformation

A -G  (-48°;156°) 
19.28kcal/A

(-65°;100°)
18.5kcal/A

G -A  (-120°;-108°) 
25.78kcal/A

(-60°;-72°)
17.9kcal/A

Table 3.2: Data from the grid search for agarose glycosidic linkages. The degrees 
given in brackets are the nearest data points to the conformation of interest. From 
this it can be seen how close in energy are the fibre x-ray conformations to  those in 
relaxed glycosidic linkages.

phi/psi space having a similar low energy, and therefore many conformations 
can be accessed a t only a small energy cost.

These observations have two possible interpretations. Firstly it appears as 
if the packing forces operative in agarose oriented fibres are sufficient to  force 
the glycosidic linkage conformation away from the most favourable minimum 
energy positions, a t a small energy cost.

Secondly however the forcefield may be reproducing the energy m ap in
correctly, but examination of 3-dimensional models seems to confirm th a t 
the energy map is a t least roughly as expected.

G r id  Sizes

Use of a finer grid results in a smoother and more detailed energy surface 
(compare the graphs for iota and kappa carrageenan). Compared to  the 
coarse grid, the minima can be identified more accurately because there is 
more information on the surface texture. The small rotation steps of the 
fine grid search allow more opportunity for the conformation to adjust as the 
calculation proceeds. Minimum energy regions are therefore explored more 
carefully. Hence it is always preferable to employ fine grids, computer tim e 
perm itting. The 30 x 30 grids shown here took about an hour to produce, 
depending on system loads, which is quite acceptable. The minima given 
by finer grids are in non-trivial positions (see table above), reflecting more 
accurately the influence of bulky and/or charged groups nearby. For coarse 
grids some detail is inevitably missed out. The actual accuracy level specified 
for minimisation seems to  have relatively little effect on the surface obtained. 
The positions of minima are the same, although actual energy values obtained
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are different if better minimisation criteria are specified.

3.5 Construction of helices
In order to gain further insight into the meanings of the low -  energy confor
mations calculated above, various helices were constructed for agarose using 
dihedral angles corresponding to energy minima and to experimentally de
term ined fibre conformations. These la tter angles should of course produce 
the same helix as predicted by x-ray fibre diffraction.

The m ethod used for building helices is simple, and is outlined below, 
starting from readily available sugar units and specific dihedral angles a t the 
glycosidic linkages:

C o n s t r u c t  a  d i s a c c h a r i d e  
u s i n g  g l y c o s i d i c  l i n k a g e  
d i h e d r a l  a n g l e s  f o r  t h e  ‘ 
e n e r g y  m in im um  o r  x - r a y  
c o n f o r m a t i o n .

C o n t i n u e  u n t i l  t h e  c h a i n  
i s  a t  t h e  d e s i r e d  l e n g t h .

C opy  t h e  d i s a c c h a r i d e  
a n d  j o i n  t h e  tw o ,  
a g a i n  u s i n g  t h e  
a p p r o p r i a t e  d i h e d r a l s .
T h i s  g i v e s  a  t e t r a s a c c h a r i d e ,

C opy  t h e  t e t r a s a c c h a r i d e .  
J o i n  t h e  tw o  u n i t s  a g a i n .

T o m ak e  a  d o u b l e  h e l i x ,  
c o p y  t h e  c h a i n  a n d  d i s p l a c e  i t  
b y  e x a c t l y  h a l f  t h e  h e l i x  r e p e a t  
d i s t a n c e .  S a v e  a s  o n e  a s s e m b ly  
o f  tw o  o b j e c t s .

Double
Helix

The sugar rings are restored using the InsightII commands f  ragm ent_get 
or m olecu le_get, and the torsions can be specified using the to rs io n _ m o d if y 
command. After construction the helices were saved in Biosym archive for
mat; they can then be loaded into the molecular mechanics and dynamics 
modules. The helices were also converted to .pdb format files, which can be 
read into the molecular viewing programs “RASMOL” and “MOLDEN” , to 
enable further observation.

The resulting chain shapes were noted and compared to the known x-ray 
structure, and are described below.
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A g aro se  : four combinations were made using the calculated minimum en
ergy conformations at glycosidic linkages, and one was made which 
reproduces the x-ray prediction for the helix.

1. A -G  (-180,73)/ G -A  (-62,-158)
This produced a very thin helix with no core and a non-integral 
repeat:

Side View End View

A >;G \ r /
V3 \ " > k\\ 7k . v s'' va \ "■

i- v . v/r \  / 1 \ )X  \  i \  \ / \  \  f  \  /

\Jr^\ /f ' kJsfcv\
\  ' \ '  ' / \

2. A -G  (-180,73)/ G -A  (-62,-83)
A very flat helix, more like a zig-zag (repeat of two units). It is 
not possible to form a double helix with structures like these, and 
in any case the repeat distance is not compatible with the x-ray 
data.

Side View End Vjew
; )

"i-../ ')-"•/ K(l»y n
/ a v-\ cC ,vo

> > ''

3. A -G  (59,127)/ G -A  (-62,-83)
A wider helix with the repeat distance (one complete turn) being 
about 17A:

Side View End view

- V w G r  '*/*'?'

,  - A  % r
- h y y x  t

V "V --(J  .............  17.2_1_A .™ L .J  7 r  V

This helix is a possible alternative interpretation of the x-ray data, 
as it also has a three-fold axis.

4. A -G  (59,127)/ G -A  (-62,-158)
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This made a flat tetrasaccharide ring! Obviously any chain longer 
than  eight sugar residues would not be able to adopt this shape 
w ithout having some kind of bend in the chain, otherwise the ends 
would clash.

Side View

- ....r - /Vn /

(

Vxy /  / 'Vli

\  \
v > —tv

/\ -iy ^  
End View v/  /,

N jL.-

5. The values of dihedral angles most compatible with the x-ray data  
are: A -G  (-52,156)/ G -A  (-123,-113). These are not a t minimum 
energy conformations, although as mentioned above they are close. 
They produce a helix with a repeat of 18.8A and there are three 
disaccharide units per turn:

Side View End View

- r ~ \

T y  ^  7..  ̂ X 4-4
\ ! IJ4W-V xi- _ I ! I X J F tS  cr$&T . f t  ' G r-r , jvf  7 T ,f

M y j - f  ^  i  m i  4
? y y  18 7 4'  I i—V  1 \ ' f y \  J

I o ta  : Two combinations were made, and then one using the values predicted 
by x-ray diffraction.

1. A -G  (61,87)/ G -A  (-53,-180)
This produced an extended chain.

2. A -G  (61,87)/ G -A  (60,123)
This made a left handed helix (the actual one is accepted as being 
right handed [76] ) with just under three disaccharide units per 
turn.

3. X-ray values: A -G  (77,79)/ G -A  (-87,81). The helix made using 
these has a repeat distance of 21.2A and there are three disac
charide units per turn. (The x-ray data  for this polysaccharide is 
very good.)
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The building exercises show th a t it may be risky to assume th a t helices 
built using only minimum energy conformations found by grid searches, even 
detailed ones, are the be-all and end-all conformations which exist in nature. 
However it is an obvious approach to take when faced with such a complex 
problem, i.e. the prediction of the structure of carbohydrates. Many workers 
have taken this route [43,44,75,77].

The method does not always hit on regular helices, because the calculated 
results invariably produce a helix shape having a non-integral number of 
building units per repeat distance. For agarose however, one helix discovered 
in the above calculations has a repeat distance of 17A with three disaccharide 
units per helical turn  (see number 3 above). There is no reason to assume th a t 
this is not compatible with the fibre x-ray data. Given its similar dimensions 
(axis repeat) and symmetry it could well be another interpretation for the 
diffraction pattern  of agarose helices; in fact it is conceivable th a t there is 
more than  one helix anyway. However since there seems to be more evidence 
for the currently accepted x-ray structure, this will be taken to adequately 
represent ‘the agarose helix’ and will be the basis of future calculations in 
this thesis.

Depicted in figure 3.7 is a view of the double helix, thought to be most 
compatible with x-ray diffraction patterns of oriented agarose fibres. These 
structures are thought to exist in the gelatinous phase also [26].

3.6 Summary
Two questions form the essence of the work in this chapter.

1. Is the model used to interpret the x-ray data  correct? Are the packing 
forces in agarose and iota carrageenan fibres really sufficient to  force 
the glycosidic linkage conformations away from the predicted energy 
minima?

2. Is the forcefield accurate enough? Possibly the energy maps are incor
rect.

E ither or both of these may apply. It is almost certain th a t there are 
packing forces in agarose fibres, so the conformations of glycosidic linkages 
in them  will be different to those found in isolated disaccharides, as seems to  
be confirmed by the calculation results.

So the forcefield is probably reproducing the energy map correctly. In
deed, examination of 3-dimensional models seems to confirm th a t the energy
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Figure 3.7: The agarose double helix, viewed from the end. The internal core can 
clearly be seen.
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map is a t least roughly as expected. The forcefield should reproduce relaxed 
conformations well enough because it has been parameterised and tested for 
carbohydrates. It is more likely to be inaccurate in representing strained 
molecules, such as carrageenans with bulky sulphate groups which are clash
ing as the glycosidic linkages are rotated, so we should be more cautious 
about the “mountainous” parts of the Ram achandran maps. Fortunately 
these are of little importance in the present investigation.

From this work it can be said th a t environmental factors (solvent effects 
and inter-chain charge-induced forces) in packed arrays of helices clearly have 
the potential to favour alternative glycosidic linkage conformations when 
helices form in nature. It should be noted th a t more than one helix may 
exist in nature. The helix building exercises described above indicate th a t 
another three-fold helix can be built using different glycosidic dihedral angles 
to those assumed in the fibre x-ray structure.

These factors are still to be investigated by research groups working in the 
area, and most of this thesis is aimed at exactly this problem. At any rate 
no da ta  are yet available for agarose in solution and so what conformations 
are favourable in this case remain to be seen in chapter 4, using calculation 
methods.
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4.1 Introduction
The need to understand more about agarose in the solution state  has already 
been outlined. The only structural data  available so far has been obtained 
using x-ray diffraction of agarose double helices, and these were in the form 
of dried fibres drawn from the gel phase. This chapter aims to  investigate 
firstly how aqueous solvent should be represented when modelling agarose by 
computer, and secondly how the carbohydrate itself behaves when in solvent, 
as opposed to a dried gel.

Molecular modelling techniques using computers are unique in th a t molecules 
can be examined directly and spatial relationships between groups observed 
at first hand. The best alternative approaches available are nuclear magnetic 
resonance (NM R), where chemical shifts and coupling constants perm it infor
m ation to be obtained about the structure [78], and x-ray diffraction, which 
gives a m athem atical description of the atomic coordinates [T9]1.

Molecular modelling allows conformational preferences to be elucidated 
and processes which normally occur almost instantaneously to  be observed. 
Most investigations to date using this method have been concerned with 
very small parts of the agarose system; disaccharides or tri-saccharides a t 
most [69]. Here, some calculations on agarose hexa-saccharides are presented.

As detailed earlier, agarose is composed of the alternating sugar units 4- 
linked /?-D-galactopyranosyl (G) and 3-linked 3,6 anhydro-a-L-galactopyranosyl 
(A) [80]; see below:

Side View End View
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It has been postulated th a t the double helices of agarose can contain water 
molecules inside the helical core (i.e. parallel to the helix axis) which may 
assist in holding the carbohydrate chains in their helical shape [26,81]. In 
this chapter we propose some doubt regarding the likelihood of this.

1Note that only heavy atoms can be detected with any certainty, since the technique
relys on the positions and number of electrons in the molecule.
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In addition the simulations add to a general understanding of the charac
teristics of solution behaviour for short chains of agarose, and these charac
teristics may have implications for models of extended agarose polymers.

4.2 Simulations on agarose solutions
In molecular modelling one is able to represent the solvent using either ex
plicit water molecules, which have their own masses and partial charges, 
or a representative homogeneous bulk dielectric constant which replaces the 
solvent, simply representing its relative permittivity. The two methods are 
compared here.

The starting conformations for dynamics calculations of the agarose dou
ble helical fragments were taken from x-ray diffraction data  of pure agarose 
double helices in the form of drawn fibres. Sections of the required size were 
pruned out of a long molecule corresponding to these data.

Resulting dynamics trajectory data were analysed for the behaviour of 
dihedral angles, and these were compared to the conformational searches 
performed on the same angles in chapter 3. The results show th a t when 
explicit water molecules are used the oligosaccharide chains are “stiffer” and 
have a reduced mobility.

4.2.1 Conditions for mechanics and dynamics
For the molecular dynamics (MD) experiments the initial agarose helical 
fragments were relaxed in two stages, with a final convergence criterion of 
less than  O.lkcal/molA.

Minimize: s te ep es t descents fo r  500 ite r a t io n s
conjugate grad ients fo r  500 ite r a t io n s

The minimisation was followed by dynamics calculations (1 iteration is 1 
femtosecond):

Dynamics: warm to  350K in  tw elve stages of 200 i te r a t io n s  each; 
ca lcu la te  a fu rther 100,000 ite r a t io n s  a t 350K 
w rite  h is to r y  f i l e  every 100 ite r a t io n s

C utoff: 16 Angstroms (sw itch ing over a d istan ce  of 1 .5 )

R e la tiv e  P e r m itt iv it ie s :  1 .0  ( e x p l ic i t  water)
80 .0  (no s p e c if ic  water m olecu les).
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The two simulations were run using exactly the same initial assembly of 
molecules: two strands of carbohydrate polymer ‘pruned’ from the double 
helix conformation, each strand having three anhydro-galactose rings and 
three galactose rings. This makes a to tal of 240 atoms.

The first simulation employs a cell containing water molecules a t a density 
corresponding to water a t room tem perature and pressure (the TIP3P water 
model [82]), with the double-stranded carbohydrate (the solute) placed a t 
the centre. In this way the water molecules contribute a further 200 atoms 
to  this simulation, as well as all of the associated bonding interactions.

The second simulation employs a cell containing the same carbohydrate 
molecules but a dielectric of 80.0 instead of specific water molecules was 
used. This value has been used by other workers when representation of the 
electrostatic screening effect of water molecules is required for modelling of 
neutral polysaccharides in solution [83-85].

4.2.2 Periodic boundary conditions
In both  cases periodic boundary conditions (PBC) are applied to  simulate a 
bulk solution case. Strong, elastic gels can be formed from agarose solutions 
a t a concentration of just one or two percent by weight [37]. If all the chains 
were six residues long, this concentration would mean th a t one molecule 
would occupy on average a volume of 1 million cubic Angstroms!

A cell of 1 x i o 6A3 is far too large for simulation purposes, so the cell 
dimensions need to be reduced to a manageable scale. The choice was made 
as follows:

Ideally we require as many explicit water molecules as reasonably practical 
(with regard to the computing resources available) to be fitted in. Therefore 
the cell will consequently be as large as possible given these restraints.

For the case when specific water molecules are specified, the cell is made 
large enough to  enclose the solute plus two layers of water molecules. Hence, 
sufficient room between the solutes of adjacent cells is created for water 
molecules to diffuse during the simulation. The dimensions in this case are 
21 x 15 x 15 A3, and the system occupies a large proportion of the computing 
resources on the workstation when calculations are proceeding. The number 
of water molecules increases according to the cube of the increase in cell side 
length, so the system can easily be too large to perform calculations on. The 
size chosen is a good compromise. The same dimensions were used for the 
implicit water simulation for consistency, even though the absence of explicit 
water molecules would actually enable a much larger cell to be used.
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It should be noted here th a t the ratio of carbohydrate to  water in such a 
cell as detailed above is in fact equivalent to an extremely concentrated so
lution, or to  a region within the solution in which molecules are very densely 
packed. This mimics the composition of aggregated particles found in so
lutions and junction zones in gels, where the density of molecular packing 
has been observed by birefringence measurements to be very large a t certain 
points [27].

The two completed assemblies, ready for simulation, are depicted below:

Implicit water
v >

Explicit water

4.3 Results and discussion
It was anticipated th a t in the implicit water simulation the lack of specific 
hydrogen bonds between solute and solvent and the absence of the mass which 
accompanies specific solvent molecules, would make a significant difference 
to the behaviour of the carbohydrate molecules.

The A mber forcefield represents hydrogen bonds (in the non-bonding 
energy expression

E Cjj _  Djj
r 12 r 10 

. i j  i j  .

involving -O H  or -N H  groups [47,55]) as covered in chapter 2, and this 
has the effect of stabilising interactions involving hydroxy groups which are 
within 2 or 3A of one another. Therefore a ‘hydrogen bond’ is created which 
can persist for one or two pico-seconds. The average vibration period of a 
real hydrogen bond is 0.2 picoseconds (ps) [86].

Several observations can be made concerning the properties of solvent and 
solute in the explicit water simulation. These will be discussed in the next 
few subsections. There then follows a section which attem pts to put some 
values on a property which is quite difficult to measure: stiffness of chains.
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4.3.1 Solvent and solute hydrogen bonding
In the explicit simulation, water molecules are seen to interact with hydroxy- 
groups on the chain. All of the hydroxy-groups on the chain s tart in close 
proximity to water molecules except for 0 (2) on the galactose ring which 
points inside the double helix cavity (although this group becomes exposed 
to solvent later on). All of these groups are able to form hydrogen bonds 
to water molecules a t any time during the simulation (see Figure 4.1 for 
some images), as they are constantly in close proximity to them. Sometimes 
during conformational movements of the carbohydrate chain the associated 
water molecules were “dragged” along for a picosecond or so of time.

In other situations a water molecule was able to bind for a period of the 
order of picoseconds (ps) with two -OH groups around an A -G  glycosidic 
linkage: this ‘bridging’ behaviour could be expected to slightly reduce the 
freedom of the linkage, making the carbohydrate chain as a whole “stiffer” .

Obviously, in the implicit simulation most of these features were absent. 
In particular, no bridging of glycosidic linkages could occur and the conforma
tional movements of the chain were not hindered by bound water molecules.

4.3.2 Solvent structure
W ater molecules (when present) are constantly making and breaking struc
tures within their bulk, this being a consequence of their strongly hydrogen- 
bonding nature. Such structures are observed to take the form of water 
molecules arranged in clusters where three or four molecules are able to  hy
drogen bond to  each other simultaneously, with the arrangement persisting 
for a few picoseconds while non interacting water molecules nearby diffused 
away. This clustering is a short -  range effect only involving a few molecules. 
Although the modelling software does not perm it water molecules within 
the bulk assembly to be individually highlighted, figure 4.1 shows snapshots 
of the entire assembly during the simulation. The anim ated sequences (not 
given here due to lack of space) demonstrate small pockets of water molecules 
retaining their positions relative to each other for one or two picoseconds, 
then diffusing apart.

Again, this cannot happen in the implicit simulation.

4.3.3 End effects
Ends of carbohydrate chains have extra -OH groups and have more opportu
nity for interacting with other moieties. The extra -OH group on a term inal
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sugar residue means th a t this residue can be better solvated. This fact, and 
the fact th a t the end residue has more conformational space available than 
one inside a chain, may explain why ends of chains are the starting  point for 
unravelling of double helices.

This is most noticeable in the implicit water simulation, where the two 
chains unravelled in just 10 picoseconds, and the ends of the chain moved to 
and fro much more than  the inner portion.

4.3.4 Water molecules in the helix cavity
A part from the bulk solvent generated by the solvation program, extra water 
molecules were placed inside the helix cavity (internal waters) a t the s tart 
of the calculation. These were observed to escape during “breathing modes” 
displayed by the helix loops. These breathing modes, when helix loops move 
alternately apart and then back together, have a periodicity of the order of 
tens of picoseconds. During this cycle, two adjacent helix loops separate 
enough to  perm it a water molecule to pass out of the helix cavity. It is 
statistically much less likely th a t the reverse process of a water molecule 
becoming trapped inside the helix will occur, because there are many fewer 
ways of achieving it compared to the great freedom of an external water. 
Another way of saying this is th a t an internal water has less entropy than 
an external one. Therefore if water molecules are to  move to  the inside of 
agarose helices there must be a sufficiently favourable change in enthalpy to 
keep the water molecule inside once it gets there. However, inside the agar 
double helix there are very few -OH groups, making the cavity hydrophobic 
in character. It is therefore difficult to see how such a favourable enthalpic 
change could arise. So, although there may be internal water molecules 
trapped in crystalline or fibrous forms of agarose, they do not seem to be 
part of double helices in solution. For this reason, internal waters are not 
included in future simulations.

4.3.5 Carbohydrate hydrogen bonding
Intra-molecular hydrogen bonding is observed interm ittently during both 
simulations. Common arrangements are hydroxy-groups interacting on the 
same ring, for example 0(6)H- • -0(4) on galactose rings. Hydroxy-groups 
on rings can also interact with glycosidic bridging oxygen atoms, and these 
arrangements were observed to persist for up to one picosecond. Hydrogen 
bonds were not observed from one chain to the other while the double helical 
arrangement persisted. In order to achieve inter-strand hydrogen bonding
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the helix has to be disrupted. This is because most of the -O H  groups are 
positioned on the external surface of the helix.

Therefore in the explicit water simulation, where the helix remained es
sentially complete until near the end, no inter-chain hydrogen bonding oc
curred. In the other simulation however, the helix was disrupted after only 
10 picoseconds. After 70 picoseconds different non-helical arrangements had 
established themselves, and here inter-chain hydrogen bonding could occur. 
Compare the images from both simulations in figure 4.1.

4.3.6 Solvent acting as lubricant
No lubrication of the flexible chains was obvious when observing the anim ated 
dynamics trajectory for the explicit water simulation. For this to happen, 
water molecules need to hold the Van der Waals surfaces of the carbohydrate 
apart, and so relieve the roughness and reduce the electrostatic forces between 
them. In this simulation only the ends of the chains were separated enough 
for water molecules to move between the strands (see figure 4.1). Lubrication 
may occur when chains are fully solvated at tem peratures of over 80°C (in 
the random chain configuration), or it may be th a t the simulation needs to 
be continued for a much greater length of time before the chains become fully 
solvated. As indicated in chapter six, this la tter situation is likely to be true.

4.4 Discussion: stiffness of chains
One of the prim ary differences between the two simulations is th a t of chain 
stiffness. In the current context, a stiff chain is one with greater restriction 
in its movements compared to a flexible chain. This means th a t stiff chains 
show less variation in their glycosidic dihedral angles.

Here, stiffness is described qualitatively by observing movements in the 
trajectory replay, and quantitatively by extracting dihedral angle informa
tion.

4.4.1 Observations
Graphs of to ta l energy variation with time (figure 4.2) for both simulations 
show th a t evolution of the systems has settled into a stable state, w ith re
spect to  energy, after five picoseconds. To compare the differing behaviour 
of the carbohydrate chains in each simulation, refer to figure 4.1. The sim
ulation w ithout explicit water displayed the greater structural variation and 
movement.
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Figure 4.1: Trajectory snapshots from both simulations. On the left is the implicit 
water simulation a t 0, 20, 50 and 100 picoseconds. On the right are the 
corresponding explicit water snapshots.
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V ariation  in tota l e n e r g y , exp lic it w a te r  sim u la tio n
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T im e  /  p ic o s e c o n d s  

V ariation  in tota l e n e r g y  for im plicit w a te r  s im u la tio n
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Figure 4.2: Variation in total energy during simulations. Top: simulation with explicit 
water and dielectric of 1.0. Bottom: simulation with no water molecules 
and dielectric of 80.0. Note that the total energy for the explicit water 
simulation is greater, due to the extra atoms present. Extra atoms mean 
extra atomic interactions and so more contributions to the total energy. 
However the overall, or mean, energy is stable.
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Implicit simulation

The to ta l energy of the carbohydrate molecules in the implicit water sim
ulation varies between 570 and 610kcal/mol (see figure 4.2). Most of this 
variation is due to changes in non-bonded interactions and torsional energies 
as the molecules move.

Taking the lower value of to ta l energy as the case where all the dihedral 
angles are relaxed at once (in the bottom  of their potential wells), we can 
postulate th a t the variation in energy for one dihedral angle must be ap
proximately jq of the energy range (40kcal), since there are a to ta l of ten 
glycosidic linkage dihedral angle pairs in the system. This gives a variation 
of 4kcal/mol per dihedral angle pair, a t 350K. This is necessarily something 
of a simplification, but gives “ball-park” figures. Occasional variations in 
the energy of any particular dihedral angle pair of more than  4kcal/mol are 
bound to  occur every so often. These occasional large variations in energy 
can allow a change from one potential well to another or an exploration sig
nificantly away from the minimum position. Indeed it can be seen from the 
plots in figure 4.3 th a t the barrier between minimum potential energy wells 
is traversed a few times during the lOOps simulation.

In the implicit simulation we can observe unwinding of the two chains 
followed by complete dissociation and some diffusion of the resulting isolated 
species.

After minimisation the original regular helix-like conformation has al
ready been able to relax significantly, even though the dihedral angles have 
only rotated slightly. Upon warming up to 350K the two molecules are seen 
to unwind over a period of less than lOps ( ^  of the simulation); this is clearly 
a rapid process. The result is th a t the velocity of molecule 1 is roughly equal 
in size and opposite in direction to  th a t of molecule 2.

Following the disruption of the double helix there is a drift of molecule 
number l ’s against number 2’s in the array (this being a consequence of 
using periodic boundary conditions), with minor changes in molecular shape 
constantly occurring.

After 70ps of dynamics, molecule number l ’s collide and begin to interact 
with number 2’s by partially enveloping each other (see figure 4.1). Of course, 
due to the PBC applied, this is repeated in every cell. This interaction 
continues until the end (another 30ps) and a longer calculation may show 
th a t it can last for even greater periods of time.

The chains are constantly altering their shape between extended, arc
shaped and coiled forms. The final situation is one of pairs of molecules, bu t 
not in a double helical conformation as at the start. Nevertheless it can be
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seen th a t on the 0.1 nanosecond time-scale the preference is for stable dimers 
of molecules rather than  a completely dispersed solution.

E x p lic it  s im u la tio n

For the simulation involving explicit water molecules the variation in to ta l 
energy is greater than  th a t seen above due to the large number of extra 
atoms. Unfortunately it cannot be analysed readily because of the random 
contributions from the many interactions involving solvent, so the dihedral 
angle information is lost in amongst the general ‘noise’.

Both chains remain together for the entire calculation; main trend to 
be observed is a slow loosening of the helical loops, and the escape of water 
molecules from inside the helix loops (these are shown in purple in figure 4.1). 
The conformational freedom of the glycosidic linkages can be seen to  be 
reduced compared to the case when no water is included.

Comparing the two simulations it is readily apparent th a t the lack of 
specific water molecules has a large effect on the diffusion rates of the two 
carbohydrate chains and hence the time taken for the double helical fragment 
to be disrupted: compare the corresponding images in figure 4.1.

4.4.2 Population of energy wells
Using statistical thermodynamics the favoured conformations a t glycosidic 
linkages can be better understood. More flexible chains should be able to 
populate different energy wells on the Ram achandran energy maps more 
often, while a stiff chain can be said to be effectively a t a lower tem perature, 
so could not populate higher energy wells so easily.

In the present context there are two energy maps to  consider: the one for 
the A -G  linkage and the one for the G -A  linkage. Both of these have a 
point of global minimum energy plus two or three other low energy points. 
These points are separated by energy barriers, and will be referred to  as 
energy states hereafter. The Boltzmann distribution for i different energy 
states gives the number of molecules n; in each state as:

 i _ e .rii e kT %

N  ~  Z j  e ~ ^ £j ’

where N  is the to tal number of molecules, k is the Boltzmann Constant, 
T  is the absolute tem perature and e* is the energy of state i relative to  the 
lowest energy state. The sum is over all states j .

The fraction rii/N  therefore gives the population in state i.
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Linkage Energy state
(j)

Population at 350K

A - G 0 (two states) 49.670%
2.082 x  1 0 -20 0.650%
4.16 x  1 0 -20 0.001%
5.55 x  1 0 -20 negligible

G - A 0 74.000%
6.94 x  10"21 17.600%
1.39 x  10"20 (two states) 4.10%
4.16 x  10"20 0.001%

Table 4.1: Statistically most likely populations (by percentage) to be found in the 
low energy states of each glycosidic linkage at 350K. Of course these are not discrete 
states: there can be conformational (and energetic) fluctuations about these positions.

Taking each energy map in turn:

•  The A - G  map has five energy states with relative energies of 0, 0, 3, 
6 and 8 kcal/mol respectively.

•  The G - A  map also has five energy states with relative energies of 0, 
1, 2, 2 and 6 kcal/mol respectively.

All of these states can be populated at room tem perature, bu t to  varying 
degrees: see table 4.1.

Comparing this information with the dihedral angles actually observed in 
a dynamics calculation (figure 4.3), it is immediately obvious th a t such a 
short calculation does not represent a good statistical sample of the relative 
populations in each conformational energy well. For this to  be done, thou
sands of molecules would have to be sampled for several nanoseconds a t least, 
in order to allow chances for energy barriers between wells to be traversed. 
Therefore stiffness of chains cannot be easily ascertained just by using dy
namics calculations to predict how different conformations are populated. 
Instead, the amount of movement within energy wells can be compared for 
different simulations, and this is the approach taken in the next section.

4.4.3 Dihedral angles and correlation functions
In order to examine stiffness in detail some method of quantification is re
quired. As mentioned before, the configurations of glycosidic linkages (di
hedral angles) determine chain shape and stiffness. So, the dihedral angles 
must be monitored. Dihedral angle information was therefore extracted from
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the trajectories and plotted onto Ram achandran energy maps (generated in 
chapter 3), so th a t the most visited parts could be identified. Here though, 
instead of looking a t relative populations of energy wells as in the previous 
section, the actual amount of phi/psi space explored will be directly com
pared for both  experiments. These overlay plots will hereafter be referred to 
as scatter plots.

Scatter plots of dihedral angles visited for the explicit water case show a 
more restricted behaviour (less phi/psi space explored) than  th a t seen with 
implicit water: see figure 4.3. The variation in to tal energy is however similar2 
as shown in figure 4.2. This can be interpreted as a difference in stiffness of 
the chains.

To provide some measure of this “stiffness factor” , normalised correlation 
functions have been calculated [66,87] for dihedral angles in both cases. The 
statistical relation for the correlation coefficient between two variables A  
and B is (the subscript £ens’ denotes a statistical operation over the whole 
ensemble):

(SA6B)
CA'B ~  a{A)a{B)

where

and
5 A  — A  (^4.)ens‘

These formulae were evaluated for each data  point using a short FO R
TRAN program. The results for each simulation (two glycosidic linkages in 
each case) are given in figure 4.4. The same trends were displayed by all 
other dihedral angles.

All the plots begin with large fluctuations in the time correlation function 
and tend towards zero later on. The increased stiffness of the carbohydrates 
in the explicit water calculation is reflected in a faster decay of the correla
tion function and a smoother trace value as time progresses towards infinity. 
In the plots from the implicit simulation variations in the tim e correlation 
function continue to  manifest themselves up to the end of the data.

4.5 Summary
From the above dynamics calculations it is seen th a t whatever m ethod of 
solvent representation is used, the helical nature of an agarose chain is toler-

2 Of course, the total energy itself is different since different numbers of atoms are 
involved.
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AG3 in Explicit Simulation 
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Figure 4.4: Normalised correlation functions for dihedral angles. Top two graphs: for 
A-G; bottom two graphs: a G-A linkage. For method of calculation, 
see text. The feature of interest is tha t of visible smoothness of the two 
plots. Those for the explicit water calculation are smoother and converge 
towards zero more quickly indicating less variation in the dihedral angles 
and a stiffer chain.
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ant to small changes in the glycosidic linkage dihedral angles w ithout m ajor 
disruption to the main chain shape.

For the short chains simulated here helices are definitely not stable in the 
long term  (for more than  lOOps). It is simply too improbable th a t all the 
torsions will be in the correct double helix configurations at the same time.

During dynamics calculations of small chains using the implicit water 
representation the “perfect” double helical conformation is soon lost as all 
the dihedral angles are independently varying and indeed moving from one 
minimum energy configuration to another. In addition the rings themselves 
can flex slightly. In explicit water where the presence of solvent molecules 
hinders chain movement the same process takes much longer. It has been 
dem onstrated th a t the chains are stiffer when explicit water is used, and 
diffusion rates are reduced.

For long agarose chains, helices may be stable due to other factors:

•  Overall, as the chain length increases the enthalpy of dimerisation will 
eventually be enough to favour association of separate strands, possibly 
into the helices proposed for strong gels and oriented fibres.

•  For long chains there is a much lower proportion of term inal sugar 
rings, term ed “ends” , in relation to the number of internal sugar rings. 
Ends are more mobile, so short helices are more likely to  be disrupted.

•  W ater molecules assist by binding to the outside of helices, encouraging 
their association and restricting their flexibility to some degree. For 
longer chains this could be the origin of a hydrophobic effect, which 
encourages the association of two chains.

•  Although the conformational space for the dihedral links is centered 
mainly about one or two minima, significant flexibility of the chains 
is possible by twisting the linkage by 10 or 20 degrees away from the 
minimum energy conformation. This allows parts of each chain to ad
just their conformation independently without having to unwind large 
parts of the assembly.

The difference between the full explicit water treatm ent and the dielec
tric of 80 manifests itself in reduced conformational flexibility (less space 
explored), and slower relaxation and tumbling of molecules when the solute 
of interest is surrounded by water molecules. In other words the system takes
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much longer to evolve if the full solvation treatm ent is specified when mod
elling. Increased mobility of chains due to lubrication by solvent molecules 
appears to be very much smaller than the loss of mobility due to  reduced 
diffusion rates, when the two dynamics calculations are compared. Although 
the distribution of conformations about energy wells during the explicit water 
calculation are slightly different to the distribution about the same energy 
wells for the implicit simulation, the difference in energy terms is so small 
th a t the effect on the overall outcome is minimal.

Given sufficient tim e both assemblies are likely to evolve to  the same 
stage reached by the implicit water simulation; th a t of full helix disruption. 
However this cannot be simulated with current computing resources because 
of the time-scales involved: it takes a minimum of several milliseconds for 
real agarose helices to dissolve even at 100°C (see chapters 5 & 6).

If longer chains were to be used we should expect th a t the balance of 
enthalpy, AH, which favours dimerisation versus entropy, AS, which favours 
dispersion into solution would shifted to higher tem peratures. W ith small 
molecules the entropy term  favours to tal dissolution, while for a long chain 
the to ta l enthalpy of the chains would favour dimers in a helical form. The 
present simulation confirms the small molecule case. Ueda et al. [83] found 
th a t longer chains of the related polysaccharide p- carrageenan formed rel
atively stable dimers on a time-scale of 550 picoseconds. We will return to  
this argument a t several points in the following chapters.

N atural agars have considerable amounts of sulphate and methyl substitu
tion on 0 (2 ) of the anhydro-galactose ring and /or 0 (6) of the galactose ring: 
these groups can be expected to affect dimerisation enthalpies by virtue of 
their bulk and charge. Some highly m ethylated agars are known to  have el
evated melting tem peratures [88] indicating a large enthalpy of dim erisation 
or bigger junction zones. However small random amounts of substitution are 
more likely to disrupt junction zones. The general argument concerning en
thalpy versus chain length is still valid, but predicting the effect of charged 
groups on water structure and molecular conformation is not trivial, and 
presents a considerable challenge for all biopolymer modelling scientists.



Chapter 5 

Laboratory support work

Contents

5.1 Introduction ...........................................................  87
5.2 Preparation of agarose oligom ers........................  88

5.2.1 The hydrolysis of a g a ro se ........................................  88
5.2.2 Optimisation of agarose hydrolysis......................... 89

5.2.3 Anion exchange chromatography (HPAEC) of agarose 89
5.2.4 Assignment of HPAEC analysis...............................  89

5.3 Gel permeation chromatography (G PC )............  92
5.3.1 Column characterisation and sample application . 96

5.3.2 Analysis using HPAEC  ..................................  98

5.4 Solution characteristics of agarose oligomers . . 99
5.4.1 Freeze-thaw................................................................  99
5.4.2 Differential scanning calorimetry (D S C )..................101

5.4.3 DSC: results and discussion......................................... 103

5.4.4 Enthalpies from DSC ................................................ 110

5.5 S u m m ary........................................................  115

86



5 L a b o r a t o r y  s u p p o r t  w o r k 8 7

5.1 Introduction
As previously indicated, the investigation of agarose gel structure by molec
ular modelling methods presents formidable demands upon com putational 
resources. Molecular dynamics in fact cannot be executed for systems which 
adequately represent all long range structural features in gels.

Some molecular properties may however be probed by the use of labora
tory techniques. The prim ary feature to be investigated in this respect is 
the agarose tem perature dependent random coil to aggregated double helix 
transform ation, which we shall call ordering.

The work was carried out a t UNILEVER Research, Colworth House, Sharn- 
brook, Bedfordshire and is described in this chapter.

The first part of the work involves preparation of small agarose molecules. 
S tarting with agarose polymers (the pure “ideal” form of agar1 [80,88]), the 
preparation of oligosaccharides in a range of lengths by acid hydrolysis is 
described. Hereafter in this text, a length of agarose chain will be referred 
to as being of a certain degree o f polymerisation, or Dp. A Dp. 17 chain 
for instance is 17 sugar residues long. The results of high performance an
ion exchange chromatography (HPAEC) and mass-spectrometry (Ms) reveal 
the distribution of chain sizes (Dp.’s) obtained. Specific samples containing 
known lengths of chain (monodispersed samples) were then prepared using 
gel permeation chromatography (GPC).

Secondly, using these monodispersed samples, tests were done in order to  
investigate correlations between chain size and ordering. The first approach 
is to simply put agarose oligomers through a freeze/thaw cycle to  see which 
chain sizes precipitate.

A more quantitative physical test on individual agarose chain sizes then 
follows, and is described in the second half of this chapter. Using differential 
scanning calorimetry (DSC), agarose ordering transformations are followed 
directly and enthalpy changes measured. The same transform ations may be 
part of gelation of the agarose polysaccharide system itself.

The results are finally used to estimate energies of association for different 
length chains, and to propose some conclusions about agarose itself.

1 “Native” agar contains an amount of sulphate and also random substitutions of methyl 
groups
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Run Conditions Results

1 80°C; 0.2% agarose; The polymer was completely
0.5M acid hydrolysed in less than

one minute

2 80°C; 0.2% agarose; The polymer was completely
0.05M acid hydrolysed in under

25 minutes.

3 80°C; 0.2% agarose; After 20 minutes the sample was
0.01M acid found to contain a selection of

oligomers

4 80°C; 1.0% agarose; The optimum range of oligomers
0.01M acid was found in the sample after about

one hour of hydrolysis.

Table 5.1: Summary of testing  to  find optim um  agarose hydrolysis conditions.

5.2 Preparation of agarose oligomers
In the first part of this investigation a mixture of oligomers was obtained 
from agarose using hydrolysis under acidic conditions. It was expected th a t 
after hydrolysis the reaction mixture would contain a huge range of chain 
lengths, from mono-saccharides right up to non-hydrolysed agarose polymer, 
given the right conditions.

5.2.1 The hydrolysis of agarose
The objectives for the best hydrolysis were a reasonable tim e for reaction 
(about 30 minutes), with the production of as many chain sizes as possi
ble. Ideally oligomers in the size range expected to be around the minimum 
needed for aggregation were required. Samples were periodically withdrawn 
from the hydrolysis mixture and analysed by HPAEC after neutralisation and 
cooling, to monitor the progress of hydrolysis. The full procedure is outlined 
below, and a summary of the development process is given in table 5.1.
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5.2.2 Optimisation of agarose hydrolysis
Agarose powder (l.Og, SIGMA chemicals) was dissolved in 50m£ water at 
100°C. 50m£ of 0.02M sulphuric acid a t 80°C was added and the mixture 
shaken gently in a stoppered flask. The reaction was then incubated for one 
hour a t 75°C in a water bath.

After this time about 10m£ of 0.1M NaOH was added and the pH adjusted 
to be close to 8. The solution was allowed to cool to room tem perature, when 
cloudy precipitates formed2. The resultant liquid was stirred with de-ionising 
resin beads (about 5g),'frozen in an acetone/dry-ice (—80°C) m ixture and
dried under vacuum overnight. Yields were in excess of 95%.

5.2.3 Anion exchange chromatography (HPAEC) of agarose
HPAEC uses two eluents which are mixed to form a continually changing 
concentration of acetate ions ([-OCOCH3]). More details on the operation 
of the HPAEC are given in Appendix B. The acetate gradient is able to 
sequentially elute oligomers of increasing size.

The two eluents were in the machine were:

•  lOOmM NaOH (Eluent A)

•  lOOmM NaOH +  500mM NaOAc (Eluent B)

A simple gradient of 4.4mM /minute made by combining these was found
to be effective at separating agarose oligomers. A single analytical run took 
35 minutes, with the sample being injected at t — 0.1mm. See figure 5.1 for 
a typical output graph.

The mass of unresolved peaks before t = 3 minutes represents the short 
chain oligomers. Thereafter the peaks were clearly resolved. Samples corre
sponding to  two peaks were collected and sent away for Ms analysis. Once 
these two had been identified, the assignment of all other peaks in figure 5.1 
could be done.

5.2.4 Assignment of HPAEC analysis
Mass spectrometric characterisation of m aterial from two well - resolved 
peaks was used to assign the HPAEC analysis. The masses of potential 
fragments were calculated as shown in table 5.2. (‘G al’ denotes the j3-D- 
galactopyranose ring, and AGal the a-L-anhydro-galactopyranose ring.)

2 All samples were filtered through 45/xm filter tips prior to HPAEC analysis to prevent 
damage to the chromatography column by colloidal particles.
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H y d ro ly sed  A g a r o s e
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Figure 5.1: HPAEC analysis of hydrolysed agarose, where “PAD” refers to the pulsed 
amperometric detector output on the chromatography instrument. All 
hydrolysis preparations were checked to ensure tha t they gave this distri
bution, and therefore contained the same range of chain lengths.

F rag m e n ts M asses
(D a lto n s )

Sodium 23
Potassium 39
AGal sugar ring

(inc. H20 ) 162
Gal. sugar ring 180
Disaccharide unit
(2 rings and 2 glycosidic links): 306

Peaks observed in first sample Peaks observed for second sample
(estimated to be Dp. 12) (estimated to  be Dp. 16)

2040 2348 (7%)
2653 (75%)
2959 (11%)
3268 (7%)

Table 5.2: Some agarose fragments and their masses. Top: potential fragments and 
calculated masses; bottom: peaks actually observed in the mass spectra. All masses 
are given in Daltons.
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Analysis

There are three possible structures for products of the hydrolysis, if it is 
assumed th a t either glycosidic linkage can equally well be hydrolysed.

1. (Dimer)n: A series of even sugar unit numbers.

Mass: [310]n +  18

2. (Dimer)n +  Gal: A series of odd sugar unit numbers where the extra 
unit is Gal.

Mass: [310]n +  162 +  18

3. (Dimer)n +  AGal: A series of odd sugar unit numbers where the extra 
unit is AGal.

Mass: [310]n +  144 +  18.

A study of the numbers obtained shows th a t the oligosaccharides are a 
series with odd numbers of sugar units, where the extra sugar is Gal. (scheme 
2 above). For example, taking the second sample in table 5.2:

Expected mass (Dp. 16) =  (306 x 8) +  18 =  2466 Daltons

Actual value is 2653 Daltons, according to the spectrum. Thus the discrep
ancy is

2653 -2 4 6 6  =  187
=  162 +  23 Daltons

This is the mass of Gal (less one water) plus sodium. The fragment is there
fore Dp. 17 plus a sodium ion. The sodium ion could have been picked up 
during the neutralisation of sulphuric acid with sodium hydroxide after hy
drolysis.

Thus any oligosaccharide fits into the general form

Gal -- AGal-Gal n A G al- Gal

The hydrolysis therefore clearly has two parts, since we have the cleavage 
of an agarose polymer a t any glycosidic linkage followed by hydrolysis of any 
term inal anhydro-galactose sugar rings. Hydrolysis of a chain such as

G-A-G-A-G-A-G-A-G-A-G
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may proceed via the following scheme (here, A represents the anhydro 
galactose ring and G the galactose ring). Note th a t two-step hydrolysis at 
any point on a chain gives two odd-numbered chains where the extra unit is 
galactose:

H + i  Terminal A removed. 

G A  G / A / G  A  G A  G A  G

H

G A  G +
A G A G A G A G

H

G A  G A  +  
G A G A

Terminal A removed.

Observations

•  Ms is so sensitive th a t even very small amounts of potassium salt im
purities can be seen. Therefore some “doubling” of peaks is seen, with 
the separation being 16 Daltons.

•  In the second GPC sample extra peaks separated by 306 Daltons can be 
seen. This difference corresponds to a single dimer unit and the extra 
peaks are impurities from neighbouring GPC fractions. Therefore the 
Ms data  is consistent with a series of oligosaccharides in which every 
successive member has an odd number of sugar residues and differs by 
one dimer unit from the previous member.

•  Ms confirms observations made using HPAEC analysis on fractions 
from the GPC column (described in section 5.3); i.e.: as longer oligosac
charides are eluted they tend to be less well resolved. In Ms, this results 
in more peaks being detected in the long chain sample.

5.3 Gel permeation chromatography (GPC)
Although hydrolysed agarose can be resolved very well using HPAEC, this 
technique is unable to deal with large volumes of material. To obtain sig
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nificant amounts of resolved (monodispersed) oligomers, mixtures of agarose 
oligomers were separated using GPC.

Background to the technique

Over the past 20 to  30 years the importance of GPC has greatly increased. 
The technique and theory has been examined and reviewed extensively [89,
90].

GPC is a method for separating molecules on the basis of their hydrody
namic volume and other molecular parameters play only minor roles in the 
process [89]. Also, GPC can operate in very mild conditions as well as a 
range of organic solvents. In the field of macromolecular study, separations 
can be performed on an analytical or preparative scale.

GPC columns are packed as evenly as possible with fine beads of gel which 
have been previously swelled with solvent. Figure 5.2 illustrates the internal 
structure of a GPC column. Small molecules can penetrate the beads and 
thus have more solvent volume available than large ones do. At a constant 
flow rate, the small molecules will therefore take longer to elute through the 
column.

Small molecules 

•:
•  •

•  •

Large molecules

F ig u re  5.2: Diagram showing passage of large and small molecules through a gel 
column.

Commercial gels are available which can separate molecules of weights 
anywhere from 100 to several million Daltons [89]; it is a m atter of choosing 
the one appropriate for the desired separation.

Column loading Column run in progress
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Column hardware

Figure 5.3 shows the equipment required for the process, and figure 5.4 is a 
photograph of the same setup, in situ.

PUMP

Eluent flow tube

Eluent
Reservoir Polyacrylamide 

Gel Beads

Chart
RecorderCOLUMN

Fraction

Collector
Refractive index 

Detector

Figure 5.3: Gel Permeation Chromatography column, eluent reservoir, refractive in
dex detector and fraction collector, shown schematically.

The column consists of a (100 x 4.9)cm3 glass tube and plastic water jacket 
from Pharm acia, at the bottom  of which is fitted a retaining membrane and 
output tube. Hot de-gassed water (to prevent bubble formation) is fed into 
the top of the column (see figure 5.3) using a Bio-Rad EP - 1 Econo-Pum p 
through a flow adaptor positioned just above the gel surface. The water
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Figure 5.4: Gel Permeation Chromatography column, eluent reservoir, refractive in
dex detector and fraction collector: actual setup.
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jacket perm its a constant tem perature of 55°C to be maintained. Detection 
of carbohydrates is by a Bio-Rad refractive index detector (model 1755) con
nected to a Bio-Rad 1327 Econo-Recorder chart plotter. Fractions of interest 
are collected by the Bio-Rad fraction collector (model 2128), and the rest is 
drained to waste. By correlating the output from the chart p lotter to the 
fractions collected, the contents of every fraction can be ascertained.

5.3.1 Column characterisation and sample application
The packed column perm itted a throughput rate of solution of 0.5cm3 per 
minute, giving an average run time for each batch of 19 hours. The bed 
dimensions were 80cm long by 4.9cm2 cross sectional area.

Bio-Rad P6 fine polyacrylamide gel beads were used: these have a typical 
diam eter of 45 to 90//m and will fractionate molecules in the range 1000 to 
6000 Daltons.

Characterisation

The properties of the column were determined by running Blue Dextran 
2000 (SIGMA). This substance has a well characterised molecular mass and 
uniform molecular size, and is also visible so th a t its progress on the column 
can readily be observed. The sample was made up to 0.4%wt/vol in water, 
since it is essentially monodispersed and is therefore narrowly distributed 
within the column when eluting. A flow rate of 0.5cm3 per minute was again 
used. The following was noted:

•  Peak broadening in the column; i.e. as the band moves down it gets 
wider: this needs to be minimised by good packing.

•  The volume of eluent collected when the dextran emerges. D extran 
2000 is a large molecule (the molecular weight is of the order of mil
lions); thus its elution volume is equivalent to the excluded volume of 
the column. For agarose separations no fractions need be collected 
before this time because no molecules can elute sooner than  this.

•  Signal amplitude and sign (plus or minus) on the chart recorder: allow 
correct settings for the agarose separations to be applied.

The column plate count and peak resolvability were also calculated; these 
are essentially a measure of how well the gel is packed. Uniformity of gel bead 
size and ratio of gel bead volume to void volume will affect performance (i.e. 
resolution of the column).
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Plate counts N  are found using any peak, numbered from 1 — m  — n, and 
are determined by examining the ratio of retention volume Vr (volume eluted 
a t the tim e peak m  appears) to peak base width Wm (volume eluted for the 
duration of the eluted peak) [90]. All peaks should give the same result, so 
later peaks are therefore wider than  earlier ones.

, V pN  = m  x
W , . .

Theoretical number of peaks [90]:

n = 1 +  0 .2 ^ 2

The calculation is based on diffusion into pores in the gel matrix. Since the 
system is not a t equilibrium during chromatography these results may be 
approximate.

Resolution R  of peaks can also be described according to the following 
formula [90]:

2 (V r i^R2)R  =
W l  +  W2

The plate count, N , was found to be 2,500 units. This is a relatively 
high value, being partly due to the height of the column (nearly a metre) 
and partly  due to the fine bead size employed. Essentially this means th a t 
the column should resolve well: the theoretical highest number of peaks 
resolvable [90] should be eleven. In the present case more peaks than  this 
are being resolved (up to 20), but the quality of resolution is correspondingly 
reduced. To get better separation a longer column would be needed: this 
would multiply the disadvantageous factors.

S am p le  a p p lic a tio n

All samples (volume 2cm3) were made up to 2% (wt/vol) and heated to 
100°C before application, to ensure th a t the solute was completely dissolved. 
Agarose samples had to be separated at tem peratures above 50°C, to prevent 
aggregation from taking place. Hence, the samples were applied directly to  
the surface of the gel column while still hot.

It can be noted th a t the column performed remarkably well given the 
complexity of the mixture (see chromatogram, figure 5.5).

Once the column had been packed one batch run of agarose m ixture gave a 
result much the same as another. A typical output trace is given in figure 5.5.
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. \  ;--------u.—iuo —p.".

Figure 5.5: A GPC trace. Note th a t the shorter, smaller chains are resolved more 
distinctly, and they are the last to emerge from the column.

Peaks in the GPC trace were assigned unambiguously by use of known 
agarose oligomer sizes (measured using Ms; see above). To label the output 
trace extra agarose of known size was added to  the mixture, thus augmenting 
one of the output peaks and perm itting full assignment, since it has been 
shown th a t the oligomers differ in size by one disaccharide unit.

The average batch size of 0.04 grams of hydrolysed agarose produced two 
or three milligrams of each oligomer after chromatography. The fractions 
were pooled after a number of runs and freeze-dried carefully.

5.3.2 Analysis using HPAEC
By this stage it was hoped to have prepared monodispersed samples of each 
oligomer size. Purity  of samples can be analysed using HPAEC by observing 
the size of the expected peaks compared to  the “rogue” peaks. HPAEC is 
extremely sensitive with regard to detection of carbohydrates, so the slightest 
quantity of oligomers of different sizes in a particular sample are readily 
observed.

Most of the samples produced by the GPC column were of a good standard 
of purity, and two examples of HPAEC analysis can be seen in figure 5.6. 
HPAEC showed th a t chains bigger than  Dp.35 could not be separated very 
well due to overlap of their retention times in GPC.
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The data  in figure 5.6 show that, compared to the raw hydrolysed form, 
a considerable degree of monodispersity in the samples of agarose oligomers 
has been achieved. The best separations give a monodisperse excess of about 
60%.

5.4 Solution characteristics of agarose oligomers
Agarose undergoes a reversible coil to helix transition in aqueous solution [15,
91] (see chapter six). At the boiling point of water agarose chains are fully 
dissociated and show a random free coil configuration. During cooling the 
coils begin to wind up into regular helices, reaching a peak rate of molecular 
conformational change at the ordering temperature. The transition is not 
a t all sharp [92]. The ordered helices then aggregate together. Ordering, 
aggregation and remnants of free coil are all thought to play a part in the 
formation of gels.

The aim of the present work is to obtain values for enthalpies and ordering 
tem peratures associated with different sizes of agarose oligosaccharides, when 
cycled through a heating/cooling regime.

There is still debate over whether agarose helices are double helices or 
ju st single ones. Some workers have interpreted x-ray diffraction patterns 
and small angle neutron scattering of agarose as being more consistent with 
single helices [93,94]. This view is however in the minority. Most workers 
accept the double helix model for agarose and it is supported by a variety of 
evidence which, though not conclusive, is consistent with the double helix. 
Examples include x-ray diffraction [26], small angle x-ray scattering [37] and 
differential scanning calorimetry concentration dependencies [92].

If the chain length of agarose is systematically increased the number of 
residues involved in ordering increases, so the ordering tem perature and A H  
per mole of molecules should increase also. This assumes th a t there is a 
certain “stability” per residue for helix formation. Work of this kind has 
not been previously reported, as monodispersed samples have not previously 
been prepared.

5.4.1 Freeze-thaw
A freeze-thaw experiment was conducted on a sample of hydrolysed agarose.
In freeze-thawing the sample is cycled between being frozen at -18°C and 
slowly melted in a refrigerator; here three cycles were executed. The agarose 
solution was 3% by mass.
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Figure 5.6: Examples of monodispersed agarose oligomers. Top: hydrolysed agarose 
mixture; middle: Dp.15 and bottom: Dp.31 from the GPC column.
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The result is a precipitate of opaque material, which re-melts when warmed 
to 100°C. The precipitated m aterial was centrifuged out of the sample, leav
ing ju st the short chain oligomers which did not precipitate. HPAEC analysis 
was done on this solution and the result is given in figure 5.7.

Prom this simple test it can be determined th a t chains shorter than  seven
teen residues cannot be induced to form precipitates, and in order to be sure 
of inducing precipitation the chains must be longer than  nineteen residues. 
This in itself is a valuable guide. The caveat however is th a t freeze - thawing 
forces precipitation of agarose by two methods:

•  the tem perature is reduced

•  the formation of ice crystals forces solute molecules together (freeze- 
concentration).

In addition, we are observing precipitation only, and no information on 
chain ordering is obtained. A more accurate method of observing molecular 
transform ations is differential scanning calorimetry, and this is described 
below.

5.4.2 Differential scanning calorimetry (DSC)
DSC is able to accurately measure enthalpic events. In the experiments pre
sented here, the tem perature is gradually changed and the heat flow between 
a reference and sample cell recorded. If an enthalpic event occurs, such 
as melting in the sample cell, the rate of heat flow changes and a peak is 
recorded. Integrating a peak gives the to tal enthalpy of the event responsi
ble for it (AH). To obtain a value of AH per residue for agarose the length 
of the chains and the exact mass of m aterial used are required. Both of these 
are known in each case.

The small sample size of just a few milligrams of each pure agarose 
oligomer means th a t very sensitive (and costly) instrum ents are needed to 
measure energy changes.

The machine used was a Setaram  Micro DSC il with a nitrogen atmosphere 
and a cold water bath, enabling tem peratures in the range —20 to 100°C to 
be explored. The output was fed to a personal computer for da ta  analysis 
and printing.

The tem perature profile consists of a heat to 90°C, where the tem perature 
was held for five minutes in order th a t the sample should be fully dissolved, 
followed by rapid cooling down to 35°C (no events were observed in this 
period). The sample is then cooled slowly down to 1°C and held there for
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Figure 5.7: Freeze-thawing of hydrolysed agarose. The lower plot shows the full 
range of agarose oligomers before freeze-thawing. The upper plot shows 
the oligomers which remain in solution after freeze-thawing.
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four hours to  perm it full ordering, except for Dp. 15 and 17. In these cases 
cooling had to be continued down to -20°C in order to observe the ordering 
process. The cooling gradient during the period of interest is 0.1°C per 
minute.

The melting process is observed during a 0.5°C per minute heating, and 
finally the sample is cooled to 25°C.

T em p e r a tu r e  g ra d ien t for D S C  e x p e r im e n ts1UU

o
if)
CD
CDO)
CD*D

£
CD
Q .
E
CD

100 5 15 20
T i m e /h o u r s

The sample cells were washed thoroughly with water and acetone, and 
dried using compressed air. All the samples were made up to about 0.8cm3, 
a t 1% concentration of agarose oligomer by weight; the solid was accurately 
weighed to ±2%. U ltra pure de-ionised water was used. The reference cells 
were made up to within 0.001 grams of the sample cells. Both cells were 
allowed to equilibrate inside the machine a t the starting tem perature of 25°C. 
Experiments were not initiated until the heat flow rate had stabilised to 
within O.OlmW (milli-watts).

5.4.3 DSC: results and discussion.
In order to describe the DSC results adequately, typical features of an arbi
trary  DSC cooling curve are shown in figure 5.8. These can be found on all 
of the DSC results given in this work.

Typical ordering peaks are shown in figure 5.9. The im portant features 
are:

•  A sharp leading edge to each peak, and a long tail (not visible in every 
one),

•  Longer chains (higher “Dp.” ) start ordering at a higher tem perature.
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Maximum
slope

Cooling direction
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Figure 5.8: Definitions of peak onset and peak maximum in relation to a typical DSC 
cooling curve. The same features can be seen on heating curves.

•  The size of the peak is proportional to the to tal enthalpy of the tran 
sition, and not simply the size of the chains used. The am ount of 
m aterial is the most significant factor here, as it is equivalent to the 
amount of ordering which takes place.

•  The peak maximum represents the point at which the net conversion 
rate of coils to helices is greatest. The process is an equilibrium, so 
during cooling there will be a particular point a t which the forward 
(coil to helix) reaction is faster than  the reverse reaction by the largest 
margin.

Several aspects of agarose chain behaviour may be probed by analysis 
of features of the DSC data. Presented in figure 5.10 are plots of ordering 
and melting peak onset tem perature values; these are discussed later in this 
section. The ordering peak on the DSC trace is always exothermic, while the 
melting event is endothermic. Values of tem perature were measured to  the 
nearest 0.5 degrees.
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F ig u re  5.9: Double helix ordering for a range of agarose chain sizes. Note th a t the 
graphs are for cooling, so time would progress from right to left.
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F igu re  5.10: Ordering and melting temperatures for a range of agarose oligomers, 
determined by DSC. The points for melting form two approximately 
straight lines intersecting at Dp. 23. The points for ordering display a 
curve which is abruptly cut off below Dp. 17. No oligomers below this 
size could be induced to order.
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Minimum size for double helix formation.

It can be seen from figure 5.10 th a t the tem peratures a t which helices form 
and melt are determined largely by the length of the carbohydrate chains 
present. This fits the notion th a t there is a certain A H  and A S  associated 
with the change from coil to helical conformation of any particular residue 
in the chain. Therefore if the chain is very long the overall process is more 
favourable, so occurs a t a higher tem perature.

From figure 5.10 the shortest possible double helix for agarose can be 
ascertained. The ordering (lower) curve term inates after chains smaller than  
17 sugar rings because the D p.15 oligomer could not be induced to order, 
even when cooling down to —20°C. If the Dp. 15 oligomer was to  order, the 
peak onset point would be around — 10°C with a maximum at about —20°C3. 
It was not observed. In addition, even following several hours a t —20°C to 
allow ordering to occur, no melting peak was observed during heating.

This also indicates th a t a significant portion of the chain a t each end never 
takes part in a helix (the so-called end effect). O ther gelling polysaccharides 
are known to form helices with only a few residues and have much smaller 
end effects. Agarose helices are therefore not particularly stable, although 
aggregation may help to  push the reaction over towards the helix side of the 
equilibrium.

In the limit of polysaccharide length represented by agarose itself the 
ordering transition begins a t about 33 to 36°C and re-melts again a t well 
over 70°C. If the ordering curve in figure 5.10 is extrapolated to 35°C the 
average size of helices would be about 40 to 45 residues. From this the 
average length of a junction zone can even be estimated. Using the helical 
param eters of agarose [26] (height of one helical tu rn  is 18A containing six 
residues) then 40 residues would be about 120A long. These facts have not 
been reported before.

Kinetic and thermodynamic effects.

The observation of hysteresis in the agarose system indicates th a t some part 
of the coil to helix equilibrium is kinetically controlled. So, although the 
system would like to melt into coils when it is warmed, some process with a 
large activation energy is preventing it.

F irstly we have coil to helix ordering, which is accepted as being a re
versible process [95,96], and secondly we have aggregation, which is thought 
to  be kinetically controlled and to have only a small enthalpic contribu
tion [97]. During melting, aggregates mush be disrupted before helices, so

3Ice only forms inside the DSC sample vial (constant volume) at -20°C.
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F igu re  5.11: Melting of aggregated material for Dp.33 agarose oligomers, measured 
by DSC.

aggregation means th a t the entire melting process is kinetically controlled, 
and also since this is the rate determining step the melting peaks are fairly 
symmetrical (helices are disrupted easily) [97]. A melting curve for Dp.33 is 
given in figure 5.11.

The ordering process is therefore responsible for the m ajor part of the 
exotherm seen during cooling. It involves extensive molecular conformational 
change, and is essentially a thermodynamically controlled process.

The cooling curve displays a long “ta il”, region which indicates some resid
ual process taking place for some tim e after the peak maximum has passed. 
Since agarose is thought to form double helices:

COIL +  COIL ^  DOUBLE HELIX.

it is expected th a t the concentration of the sample will affect the rate of 
ordering and the shape of the peaks. This is consistent with the long tail of 
the DSC cooling curve. There is an initial rapid rise in the rate of ordering, 
followed by a long decay as the concentration of free coils in solution is 
reduced. These observations do support the assumption made in this work: 
th a t agarose forms double helices, not single ones. This is the main reason 
for using the same amount of m aterial in each sample, and the same cooling
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rate. For an in-depth analysis several measurements should be done with 
differing sample concentrations, however this work has not been done here.

There are no concentration effects for the melting process, since by this 
stage the tem perature is above the coil to helix equilibrium point. During 
melting aggregates are disrupted, releasing helices which themselves melt into 
coils.

Optical rotation and light scattering characteristics during the cooling of 
the hot solutions are of considerable interest a t this point. O ther workers 
have frequently applied these techniques in their efforts to learn more about 
agarose sol-gel transitions [37,98]. In the present case however insufficient 
m aterial could be prepared for either of these techniques to be applied.

Optical rotation is especially appropriate, since it gives direct information 
on the proportion of residues within the sample which have been rotated  into 
the ordered phase [37]. Light scattering responds to  particles in the solution, 
hence the onset of aggregation could be monitored by this m ethod [90].

Double helix aggregation.

Aggregation of agarose double helices has been seen to be unavoidable and 
very favourable. The extensive hysteresis observed with agaroses longer than  
17 residues is evidence of this. The two plots in figure 5.10 show th a t the 
melting tem perature (of aggregated helices) is always 20 to 40°C higher than  
the setting tem perature (of random coils).

It would be interesting to know if the ordering/aggregation processes can 
be separated in the DSC experiments, but tests where samples were cooled 
to ju st below the ordering onset tem perature, and then re-melted quickly to 
try  and avoid aggregation still displayed hysteresis. It seems therefore th a t 
as soon as molecules order into helices, they immediately form aggregates 
which are then difficult to melt.

The melting peaks are quite broad, covering a range as large as 40°C (see 
figure 5.11). It is likely th a t the internal structure and distribution of sizes 
of aggregate particles is reponsible for this.

The plots of melting points of different lengths of agarose chain (fig
ure 5.10) display two distinct regions; firstly for small chains shorter than  
Dp.23 where the plot gradient is steep, and secondly for chains larger than  
Dp.23 where the gradient is less than half as steep. This observation must 
reflect the ease of melting of aggregate particles. One hypothesis is th a t there 
are two possible modes for packing together of double helices into aggregated 
particles. One mode is favoured by short chains, while the other becomes 
dom inant if long chains are used.



5 L a b o r a t o r y  s u p p o r t  w o r k 1 0 9

It may be th a t helices are allowed to overlap by an amount denoted here 
as “mismatch” . If the helix is shorter than  23 residues, the mismatch is too 
small for extended aggregates to form. If longer ones are used then three 
dimensional aggregates can form (see figure 5.12).

Note th a t this phenomenon can only be observed for monodispersed sam
ples where packing must take place between identical units, as in the present 
case. It is to be expected th a t the number cannot be generalised to any 
agarose sample but may vary by a few residues.

Double Helix
Double Helix Formation 

(ordering) Random Coil

Aggregation of Double Helices 

(to form precipitates)

Minimum size: 
no mismatching, 
and small 
particles. Slight mismatching permitted.

When helices big enough, a three dimensional 
aggregate can form with large overlaps.

Figure 5.12: Agarose double helices form when hot solutions of random coils are 
cooled (top scheme). These double helices then form aggregates. The 
shortest helices must be lined up perfectly in order to form an aggregate, 
with no mismatching. With large helices the mismatch is large enough 
to permit three dimensional particles to form (lower scheme).

Mismatching is the most likely reason for broadness in melting peaks. 
Indeed tests where random-coil samples were cooled to ju s t below the  ordering 
onset tem peratu re  and then re-melted after a time interval of some minutes
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did display narrower peaks, this being evidence th a t only well - matched 
aggregates had been allowed to form. However for long chains (Dp. 25 or 
more) the effect could not be isolated.

5.4.4 Enthalpies from DSC
This part of the analysis deals with enthalpies measured from DSC results. 
It should be noted here th a t there are several errors involved:

•  Errors in weighing samples (0.25%)

•  Unavoidable microscopic fragments of solid or droplets of liquid which 
may become stuck around the top of the DSC sample vial.

•  W ater contained in the dry agarose samples (this can be up to 10% by 
weight).

•  Errors in the analysis of graphs: noisy baselines and problems with 
sample /  reference mass difference.

These errors are all the more significant due to the small sample sizes used. 
Enthalpies are calculated directly from the DSC curves by measuring the area 
under the curve of heat flow versus time. They are in milli-joules (mJ), and 
sample masses are in milli-grams. The results were corrected to the joules 
per unit number of molecules by normalising to the same concentration. The 
values are presented in table 5.3 and figure 5.13.

‘Internal’ and ‘external’ agarose chain residues

The formation of a double helix from two agarose chains is an equilibrium 
process (although perturbed by aggregation). On the one hand there must be 
a source of stabilisation enthalpy to favour the helix forming process, and on 
the other hand there is an entropy which favours free coils. For short chains 
(Dp. 10 and below) the computer modelling work clearly indicates th a t it is 
unlikely th a t enough stabilisation is available (see chapters four and six). In 
addition, Dp. 17 chains are not seen to form helices by DSC; this indicates 
th a t there is an end effect. In an agarose double helix of arbitrary size there 
are “end regions” (external residues) which do not participate in helices, 
and internal residues which do, and which have an associated (exothermic) 
enthalpy of helix formation.
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Figure 5.13: Integrals from ordering and melting curves measured by DSC, for 
agarose chains ranging from 19 to 35 residues in length.
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Dp.
(residues)

O rd e rin g
Total peak Integral adjusted 
integral to conc. 3.4 mM 
(m J/m g) (in m J/m g)

M e ltin g
Total peak Integral adjusted 
integral to conc. 3.4 mM 
(m J/m g) (in m J/m g)

19 0.080 0.080
21 -0.126 -0.140 0.222 0.246
23 -0.159 -0.194 0.206 0.250
25 -0.208 -0.271 0.302 0.394
27 -0.204 -0.305 0.280 0.419
29 -0.198 -0.305 0.261 0.375
31 -0.231 -0.383 0.236 0.393
33 -0.236 -0.418 0.263 0.466
35 -0.210 -0.408 0.206 0.250

Table 5.3: Peak integrals for cooling (ordering) and heating (m elting) curves 
m easured by DSC.

In this instance, we should observe th a t (above a minimum Dp.) the 
enthalpy of ordering increases regularly with chain size as each extra residue 
contributes a small AHres. to the overall helix stability.

External residues;
not stable in helical conformation

Internal residues; 
s '  contribute to helix stability

Helix forming ability for residues in an agarose chain 
(simple model).

A more complex model would introduce a third residue type interm ediate 
between the fully helix forming ones and the end ones. It really depends on 
how cooperative the coil to helix equilibrium is. If fully cooperative then 
residues will “see” each other and the chain will tend to be all coil or all
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helix, since once a helix nucleates it will grow quickly. If the process is not 
cooperative small helical regions could, in principle, form independently a t 
any point on the chain. Unfortunately the plots in figure 5.13 are not really 
accurate or extensive enough to perm it an idea of the relative numbers of 
end, near-end or internal residues to be estimated. The fact th a t small chains 
shorter than  seventeen residues do not form double helices under normal 
conditions quantifies the “end” region as being about eight residues long. In 
other words, only residues which are eight residues along from the end of a 
chain will participate in ordering.

Enthalpy per residue for double helix formation

Although few statem ents can be made about numbers of internal and external 
residues, nevertheless an average figure for the binding energy per residue can 
be derived from the DSC results. The most accurate da ta  are from the two 
largest chains: Dp. 33 and 35. Here, the entire peak can be observed and 
readily integrated.

The data  required for the calculations are:

•  the relative molecular mass of the agarose oligomer under study

•  the exact mass taken for DSC

•  enthalpy of the transform ation for ordering, corrected for different con
centrations

•  and finally an estimate for the number of residues not taking part in 
the double helix (external residues).

Assuming the only two types of residue exist, we can say th a t when the 
chain size is seventeen residues, the external residues balance the internal 
residues exactly, so th a t a stable helix is only just prevented. W hen the chain 
is nineteen residues long the helix can form. In other words only residues 
which have a t least eight additional residues on both sides can initialise 
growth of a stable helix. From these results and discussion, a reasonable 
value for the number of residues not taking part in the helix is 17, per chain.

1. Calculate the relative molecular mass (RMM) for each chain size used:

RMM =  n(306) +  162 +  18 g/m ol

where n  is the number of disaccharide units of mass 306 Daltons, 162 
is the mass of the extra galactose unit, and 18 is the mass of the extra 
water molecule, formed from -H at one end and -OH a t the other end 
of the chain.
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D p. (residues) Conc. (M)
E nthalpy /m J

(Measured 
from DSC results)

E nthalpy /m J
per mol 
of chains

E n thalpy  /J
per mole 

of residues
33 (21 binding) 
RMM: 5076g/Mol

1.77 x 10“* 155 106 6.3

35 (23 binding) 
RMM: 5382g/Mol

1.27 x 10~ 3 139 111 5.9

Table 5.4: Values of enthalpy per mole of residues calculated from DSC results; 
these are for the  ordering transformation. For the  m ethod of calculation, see 
text.

2. Find the number of moles of monodispersed agarose chain used in each 
DSC test using the actual mass taken and the RMM.

3. Find the actual enthalpy change for the ordering transform ation (ran
dom coil to  helix) for each DSC test by integrating the area under the 
DSC peaks observed during cooling.

4. Compute the enthalpy per mole of chains.

5. Compute the enthalpy per binding residue using the number of moles 
of chains present and the estimated number of binding residues per 
chain.

This yields an average value for binding energy per residue of - 6 .1 k J  p e r  
m ol. Since the peak is an exotherm, this value is negative.

T h e  ro le  o f  so lv en t

Solvent molecules (in the current case these are water) play a part in molec
ular dimerisation reactions. In order for random solvated coils to meet, 
solvent must be removed from their surfaces. This involves disruption of 
s o lv e n t : s o lu te  complexes, requiring energy, but there is in addition a 
favourable increase in entropy due to the extra freedom im parted to  released 
solvent.
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SO LV E N T
M O LEC U LE S

The breakdown of to ta l free energy into these specific terms cannot be 
a ttem pted here because the techniques used only give an overall measure
ment. In observing disruption of helices by molecular modelling methods, 
the solvent is om itted due to computational limits. This is likely to favour 
helix disruption since there is no entropic cost in making random coils: they 
have no solvent bound to their surfaces.

5.5 Summary
This chapter has described the hydrolysis of agarose using dilute acid, to  pro
duce all lengths of chain from a few sugar units up to hundreds. The smaller 
chains, which are of most interest in the present work, have been success
fully characterised and separated using mass spectrometry, high performance 
anion exchange chromatography and gel permeation chromatography. These 
techniques show th a t the hydrolysis can produce any size of chain in the form 
(GAL-AnGAL)n-GAL, and th a t there is a limit of chain size below which 
the well known conformational ordering properties of agarose itself are not 
displayed.

DSC has been used to probe the changes in molecular configuration oc
curring when agarose oligomers are cycled through a 1 to 90°C tem perature 
regime.

It is shown th a t the tem perature onset of ordering and of melting is in
deed dependent on molecular size, as expected, and graphs displaying this 
relationship have been constructed.

Some insight into the two processes of ordering and aggregation has been 
obtained: these processes cannot be easily separated. The relationship be
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tween ordering tem perature and chain size (during cooling) displays an abrupt 
cutoff for chains smaller than  seventeen residues. It may therefore be postu
lated th a t only chains longer than  this can ever form stable double helices. 
The relatively large size of this minimum length, compared to  other helix- 
forming biopolymers, indicates a significant “end effect” .

In the melting of ordered agarose oligomers it is noted th a t two different 
packing mechanisms for aggregation of double helices are likely to be in 
operation. For very short helices only small, two dimensional plates can form. 
For large helices extended bundles with internal overlapping of double helix 
units can occur. Scanning electron microscopy may be able to show these 
types of particle. These two modes of packing give rise to a discontinuity in 
the melting tem perature versus chain size plot.

Some values of enthalpies of ordering and aggregation are obtained for the 
oligosaccharides. These confirm the prediction th a t longer chains will have 
larger enthalpies of ordering. From the results a value of binding energy per 
residue was calculated at -6 .1 kJm ol_1.

Possibilities exist for further work to  be done in this area, particularly using 
the techniques of light scattering and optical rotation. The results of these 
tests would improve the present understanding of agarose ordering reactions. 
In addition electron microscopy of agarose aggregated particles, prepared 
from monodispersed samples, would confirm the hypothesis regarding the 
packing of double helices themselves.

In the next chapter the DSC work is studied more closely in the light of 
some modelling work which has been done on the stability of agarose helices.
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6.1 Review of previous chapter
The previous chapter has shown that, on cooling down agarose solutions 
containing molecules in random coil conformations, a distinct transition 
point can be determined with respect to tem perature where molecular re
organisations are taking place. This transition point depends on chain size, 
and has an associated enthalpy change.

In this chapter a theoretical model for random coil to  helical transform a
tions is presented and applied to agarose. In addition the reverse process 
of agarose double helices melting, has been modelled for significantly large 
chain sizes using a supercomputer.

6.2 The Zimm-Bragg model: application to  
agarose.

6.2.1 Background
It has been well known for some years th a t many biopolymers which exist in 
solution as a random coil form at high tem peratures will undergo a confor
mational change to an ordered helical form if the tem perature of the solution 
is reduced [99,100]. A change in the quality of the solvent (for example by 
adding salts or other solutes) can also effect the transformation. For some 
polymers, for instance polybenzyl-L-glutamate, this transition is to tally  re
versible with a specific equilibrium point where 50% of the residues are in a 
helical state  [99].

The ordering process may be followed using various techniques, such as 
ultraviolet absorption [101] and optical rotation [102]. The principle relies 
on a change in some physical property from the value corresponding to  a ll- 
random -coil to th a t for all-helical conformation. This change can then be 
normalised to represent the transition itself. Experiments of this nature 
result in a typical £S’ shaped curve, shown below:
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HELICESCOILS£o
•H•UnJ4Jo

50% of the residues are helical 

at this point (the equilibrium 

temperature)73a;w
•H
i—I(d
6UoE Reducing temperature

This curve is effectively a progress meter which shows how much m aterial 
has ordered as the transition proceeds. For this reason it is usually normalised 
to represent values from 0  to 1 .

Such a molecular transform ation has been firmly established as a property 
of the agarose system. For agarose however ordered helices have a strong 
tendency to aggregate. The formation of ordered helices and their subsequent 
aggregation is thought to be a precursor to the network forming process (i.e. 
gelation). Aggregation should favour the transition from coils to helices, by 
removing the products of the transition. This is the origin of the hysteresis 
between transition points during cooling and heating in agarose.

Many people have contributed ideas for a model to describe coil to  helix re
versible transformations, but there have been differences according to  which 
system was used for the development. The main principles were brought to 
gether by B.H.Zimm & J.K. Bragg [39], and models for various different sys
tems are excellently presented in a volume by D.Poland & H.A.Scheraga [95].

The Zimm-Bragg theory does not account for aggregation and the results 
will be discussed with this in mind.

6.2.2 Theory
The theory is an application of statistical mechanics [103]. Some general 
points are given first, followed by the development specific to short double 
helices (20 to 40 residues in length). Agarose oligomers such as these were 
studied in chapter five.
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Statistical aspects of coil to helix transformations

In the context of coil to helix transformations, a polymer chain can be con
sidered to  be made up of two different types of residue1:

•  helical residues h (of the conformation found in the perfect helix)

•  non-helical residues c (any other conformation)

The likelihood of a particular residue being in the coil state or the helical 
state  is determined by what state neighbouring residues are in, and by the 
tem perature of the system.

Before a model can be developed, the partition function for the chain must 
be w ritten down. To do this, all possible chains are considered. Each chain 
can be thought of as sequences of /i’s and c’s such as

• • • ccchhhcchhhhccchhhhhcc

Using the free energy of any particular chain G , the partition function 
Z{N ) is

—G{h, c}
R T

(6 .1)Z (N )  =  ^  exp
{h,c}

where G{h, c} is the free energy of the chain sequence {h, c}, and N  is the 
chain length in residues.

The probability of one particular sequence {h, c} is:

exp[—G{h, c}/RT]
Probability of {h, c} =

Z (N )

In order to make any real progress in evaluating the probability of occur
rence of particular chain shapes it is necessary to assume th a t neighbouring 
sequences (of /i’s or c’s) in a chain are independent; th a t is, their free en
ergies are unaffected by each other2. The free energy of a particular chain 
then depends only upon the sum of free energies of the constituent sequences, 
which in tu rn  are related to how many h or c residues are present in each 
sequence. This is really all th a t is required. The main problem is to compute 
the sum in equation 6 .1 , and it is here th a t differences between the various 
biomolecular coil to helix systems manifest themselves.

1In the most general case there are a multitude of states for each residue.
2Note that residues within sequences are not independent.
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Since a coil sequence can only be followed by a helical sequence, the entire 
chain can be expressed as a series of [helix-coil] sequence pairs. Representing 
U{ as the statistical weight of a sequence of i coil type residues, and Vj as 
the weight of j  helical residues, we now arrive a t the partition function for a 
chain of N  residues:

W  =  E I l ¥ f -  (6 -2 )
i,3

This is a product of partition functions over all sequence pairs.

Relation to Zimm-Bragg parameters

Zimm and Bragg [39] used the so-called s, a notation to define their helix-coil 
transformations; this has now become the standard. Its main application was 
in o-helix models, which have specific hydrogen bonding between residues i 
and i + 4 in helical sequences. Its relation to  the u , v and w (Lifson and 
Roig) notation is as follows.

Coil state u /u  =  1

Helical state w /u  = s
Helical state; no hydrogen bond v /u  =  cr1/ 2

Physically, this means th a t if s is decreased, for example by raising the 
tem perature, then the chain as a whole becomes less helix-like and more 
coil-like.

Another complication arises when helical sequences are forming. How long 
do we expect a helical sequence to be? On the one hand, helical sequences 
will want to be as long as possible in order to maximise the stability of the 
sequence. On the other hand if helical sequences are short, they can be placed 
in many different ways in the chain and there is an entropy gain. This leads 
to  the proposition th a t for chains of limited length where a helical sequence 
cannot be placed in many ways, the one-sequence ( “all or nothing”) rule will 
apply. T ha t is, a t high tem perature we have one coil sequence only, and at 
low tem peratures we have one helical sequence.
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Application to agarose

The agarose oligomers studied in chapter five may be described as short 
chains, and so it will be assumed th a t there is one (double) helical sequence 
per chain pair (the “all or nothing” case). Another name given to the model 
is the staggering zipper model [1 0 1 ], due to the obvious parallel with a zipper.

The definition of h and c states is the same as before. Finally, in agarose, 
we have the possibility of imperfect matching during unwinding of a double 
helix, which increases the number of ways to select the residues from each 
chain for helical sequences (see below).

The prim ary aim of the theory is to estimate the fraction of residues bound 
into a double helix. This can be done by computing the products of all 
factors for residues in the bound helical state, and presenting it as a fraction 
of possible number of bound residues. This is given the symbol 9:

Im perfect matching during unwinding of a helix

2

(6.3)

where
N

E = £ (J V -n  + l ) V (6.4)

and
N

£ ' =  2 > ( N - n  +  l)V (6.5)
n = 1
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Term (1) in equation 6.3 is the fraction molecules existing in double stranded 
pairs, as opposed to isolated coils, while term  (2 ) is the fraction of residues 
in the ordered (double) helical form. The symbol 7  is used to make the final 
relation simpler to  follow. It is

Z e x t (C2)C0 
7 ~  ZextACy

The term s in C  arise from consideration of the equilibrium between isolated 
coils and double stranded helices:

c + c ^ c 2
where C  is a single coil and C2 is the associated species. Co is the to ta l con
centration of C, and Zext  is the partition function for the external degrees 
of freedom of the species.

Modelling the helix to coil transition of agarose

A FORTRAN program (see Appendix A) was used to  evaluate the coil/helix 
model. The fraction of paired molecules and fraction of ordered residues are 
w ritten out to  a file against tem perature.

6.2.3 F itting to experim ental data for agarose
From chapter five we have sets of data for some chain lengths which represent 
rate  of ordering with tem perature. This is simply the DSC data  for cooling 
(ordering transition). We do not have data  pertaining to the extent o f or
dering3, which is what is really required. The following reasoning, however, 
leads to  an interpretation of the data which can be used for this purpose.

Relation of ordering theory to experimental DSC data

Consider the entire DSC peak measured during cooling of a solution of 
agarose oligomers. At the s tart (high tem perature) the predominant form 
for a residue is the coil state; at the end it is the helix, and the to ta l change 
in enthalpy is the area of the DSC peak. In between are points where the 
fraction of ordered residues is increasing and a heat flow is recorded. In fact, 
the DSC enthalpy peak can be considered as a record of extent of ordering 
with tem perature, provided th a t aggregation does not contribute to the en
thalpy4, and th a t the system is in equilibrium during cooling. The scheme

3The extent of ordering is equivalent to the fraction of residues in helical form.
4This is the reason that optical rotation results are preferable.
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below illustrates this reasoning (Tm is the tem perature a t the transition mid
point):

Peak rhaximum

DSC Cooling 
curve

Peak 
/ onset

Temperature

100%

Extent of ordering 
curve M aximum  

/  slope50%

0%.

Temperature /"~l/  
Tm

Graphs of extent of ordering with tem perature were therefore produced 
from the DSC data, and are given in figure 6 .1 .

The transition tem perature T m for the helix to coil transform ation in the 
Zimm-Bragg theory is defined as the point a t which 50% of the residues have 
ordered (see figure 6.1), and AG is zero. This is equivalent to the point of 
maximum slope on the accumulated DSC integral plots in figure 6.1, and 
these are plotted in figure 6 .2 .

The model

The model used is more or less th a t given in section 6.2.2, ( “all or nothing” , 
w ith imperfect matching during unwinding) but it has been slightly adjusted 
to  give more physical meaning.
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E xten t o f  ord erin g  with tem p era tu re: D S C  resu lts .
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Figure 6.1: Normalised, accumulated DSC integral data for some agarose chain 
lengths. As the solutions are cooled (right to left) the extent of ordering
increases. The transition temperature is defined as the point where 50%
of residues are ordered (see arrows).

The physical interpretation of the param eter gamma (7 ) in this model is 
as a ‘concentration param eter’ [1 0 1 ], of the form

7  = pc

where (5 is an association factor independent of the length of the chain,
and c is the to ta l molar concentration of chains including double helices. /3
therefore gives an indication of the tendency of chains to  pair up. It has 
units of 1/mole.

The Zimm-Bragg param eter s (see equations 6.4 and 6.5) is redefined in 
term s of thermodynamic parameters [1 0 1 ]:

A S  A H
1 n s  =  — ---------- -R  R T

A S  and A H  are the enthalpy and entropy per residue for the coil -  helix 
molecular re-organisation.

The param eters which can be varied (and are read in by the model) are:

•  the size of chains. N
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2 0 -

1 5 -

1 0 -

2 0  2 2  2 4  2 6  2 8  3 0  3 2  3 4  3 6

Dp. (residues)

Figure 6.2: The transition temperatures (Tm, black squares) corresponding to 50% 
ordered material, for a range of agarose oligomers determined by experi
ment.
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•  an estimation of the enthalpy and entropy of the transition, in kcal per 
mole of residues (AH, A S).

•  the param eter 7

The size of the chains was varied between 11 and 35; these are the same 
sizes which were studied in chapter five. A value of -1.5kcal per mole of 
residue pairs was taken from chapter five as a starting value for the enthalpy. 
The error in this value is ±0.5kcal.

The param eter 7  and the entropy A S  are unknown. Therefore the model 
is used to fit the experimental data  from chapter five and find values for 
them.

The first approach is to reproduce the transition tem peratures Tm for each 
chain size. These were found by experiment (chapter five) and are accurate 
to within a few degrees.

The value of A H  calculated by experiment is much lower than  th a t typi
cally expected for these types of transitions [101,104]. Therefore the experi
mental error was taken into account and the largest possible value of -2 .0 kcal 
used.

At the transition tem perature it should be noted th a t

this gives a guideline for choosing an initial value of A S . A S  and 7  were then 
adjusted in order to fit the experimental data curves as closely as possible. 
The results shown in figure 6.3 are the best fit to the experimental data.

The value of A S  which best fits all the experimentally determined Tm’s is 
-6 .2 calK - 1  per mole of residues. The best value of gamma is equivalent to 
(3 = 8  x 1 0 - 5Anol-1 .

D iscu ssio n

It was found th a t an intrinsic property of the model is a trade off between 
7  and A S . On the one hand Tm can be fitted very well, but then the onset 
of ordering is too high. On the other hand if a poor fit to Tm is accepted, 
the transition is predicted to occur over a range of about 25°C, as observed 
by experiment. The experimentally determined T m is accurate to w ithin a 
degree or so, therefore the model had to reproduce this as well as possible. 
The value of enthalpy and shape of the order/disorder curve for DSC mea
surements are less precise, so these were allowed some flexibility. Overall a
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Thermodynamic model for agarose helix-coil equilibria
1

0.9

0.8

290.7

0.6

0.5

0.4

0.3

0.2

0.1

0
■20 0 20 40 60 80 1 0 0■40

Temperature / Centigrade

Figure 6.3: The fraction of residues in the ordered (helical) conformation, calculated 
using the Zimm-Bragg based model for a staggered zipper (see text). 
The numbers next to the lines indicate the size of chain, in residues.
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reasonable fit was obtained, but it is clear th a t the model is not correct for 
the experimental data. There may be two reasons for this.

Firstly, aggregation may disturb the equilibrium; this is not accounted for 
by the model, and may move the transition tem perature.

Secondly, aggregation may trap  species which are not of the “all helix” 
conformation, again meaning th a t the model is not appropriate. In addition, 
residues trapped in the coil state will not be able to contribute to  the enthalpy 
measured by DSC, so the estimated value used above might be too small.

The model predicts a small value of (3: 8  x 10- 5 £/mol. This indicates th a t 
agarose strands do not pair up readily, and therefore need to  be quite long 
before helices form.

In summary, the model does not reproduce DSC data  for the agarose coil to 
helix transition. This is likely to  be due to aggregation and non-cooperativity 
in the agarose system. (In other words, residues are not encouraged to  be 
in the helical state  by neighbouring helical residues.) In DNA type systems 
such as those studied by Applequist et al. [101], residues in paired chains 
are specifically bonded and short chains are cooperative. In agarose there is 
probably never a 1 0 0 % fraction of helical residues, and so coil-like regions of 
chain may be more im portant than  has been hitherto assumed.

6.3 M odelling of agarose using supercom put
ers

6.3.1 Introduction
It would be of interest to model agarose chains of varying length using molec
ular modelling techniques, to see if any of the above points could be repro
duced. A start on this task was made in chapter four, where very short 
agarose chains (five or six residues) were modelled in and out of water. We 
know however th a t chains of this size do not form stable helices, bu t unfor
tunately the computer workstations available in the laboratory are unable to  
perform simulations on larger molecules.

100 processing hours was therefore obtained on the DEC supercom puter 
Columbus at the Rutherford Appleton Laboratories for this purpose, and this 
was all used.
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6.3.2 Chain conformation and helix stability
Agarose chain conformations for chain lengths of 13,17 and 19 residues were 
studied.

In real aqueous systems, the winding up of two coils to form a double 
helix takes far longer than is possible to simulate. Even unwinding (melting) 
is still impossible to  observe in full; except for extremely short chains, the 
process simply takes too long.

Therefore the only strategy is to  design molecular conformations which 
may exist a t various stages along the helix to coil reaction pathway, and 
then perform calculations on these. This is illustrated in figure 6.4, which 
shows the conformations used for the 13 and 19 residue chains.

Simulation conditions

The A mber forcefield was used for modelling the carbohydrates, which is 
the same forcefield used previously. The general method for simulation using 
the Columbus x-term inal interface is as follows:

1. Build sugar residues. For agarose we require four residues:

•  galactose

• anhydrogalactose

• galactose with a terminal -OH group

• galactose with a starting HO- group.

Set the potential types and partial charges for each atom.

2. Use the local workstation to prepare the desired chain conformation, 
then transfer this to the supercomputer.

3. Create a command file for the dynamics simulation.

4. P u t the calculation on a batch queue.

All the starting  conformations were relaxed to relieve strained regions be
fore dynamics calculations.

The conditions used for dynamics calculations were (1 iteration =  lfs):
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Figure 6.4: Starting conformations for molecular dynamics. The top three pictures 
are respectively perfect helix, partial helix and fully random coil forms of 
a 13 residue chain. The lower two pictures are for the 19 residue chain, 
showing a perfect helix and two isolated random coils.
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d ie le c t r ic  = 80
i n i t i a l  T = OK
running T = 300K
c u to ff  = 10A
no. i te r a t io n s  = 50000 or more
data stored  = every 500 ite r a t io n s

A tem perature of 300K was used in order to be in the equilibrium region 
for agarose chains of the sizes chosen.

6.3.3 Results and discussion  
E n e rg y  d ifferen ce  b e tw ee n  coils a n d  helices

The results in figure 6.5 give the to tal energy of fully helical, partially he
lical and fully extended conformations of agarose chain pairs calculated for 
dynamics simulations. Three sizes of chain were studied.

In each case there is an induction period of about 30 picoseconds during 
which the system settles down to a stable energy after heating from OK. This 
period is ignored when energies are being discussed.

Total (average) energies of the coil compared to the helix for each chain 
size are:

C h a in  size
C oil - h e lix  en e rg y  
d ifference  (kcal/mol)

E n e rg y  p e r  
re s id u e

13 -31 -1 .2

17 -31 -0.9
19 -107 -2 .8

The differences reflect insufficient exploration of different random coil con
formations. If enough computer time was available repeat experiments would 
be done in order to produce statistically reliable results. Qualitatively, it is 
clear th a t the to ta l energy of two random coils is indeed higher than  the to ta l 
energy of the corresponding double helix on the 50 picosecond time-scale. A 
very rough estimate of the helix binding energy per residue is -1 .6  kcal/m ol 
of residues from the table above. This agrees very well with the value used 
earlier for the Zimm-Bragg model (2  kcal/mol).

The source of this stabilisation energy is the Van der Waals energy term  
(see figure 6.7). Therefore the orientation of the surfaces of the two molecules 
when pairing up will be of importance in determining the probability of 
ordering.
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T o ta l  e n e r g y  fo r  1 3  r e s id u e  c h a in s
1 4 5 0

R a n d o m  c o ils  in  c lo s e  p ro x im ity

1 4 0 0

1 3 5 0

H e lic a l c e n t r e  w ith  co il-lik e  e n d s
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1 2 5 0
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Figure 6.5: Total energy of two strands (lengths indicated on graph titles) for various 
initial conformations of agarose molecules.
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Helix dynamics

Snapshots for the 13 and 19 residue chains, beginning as double helices, are 
given in figure 6 .6 . Although the helices relax and bend during the simulation 
they do not unwind at all. The Zimm-Bragg model applied earlier is based 
on this kind of system ( “all or nothing”). In the discussion in chapter five we 
assumed th a t as many as 17 residues did not take part in the double helix; 
the current simulations seem to dispute this. Again however, the effect of 
aggregation has not been taken into account here.

Figure 6 .6 : Dynamics calculations on agarose double helices: sizes 13 (above) and 
19 (below). From left to right the snapshots correspond to 1, 20 and 
50 picoseconds respectively. These images can be compared with the 
relevant points on the energy graphs in figure 6.5.

These images show th a t the helices actually relax during the simulation, 
and the partially helical conformation also evolved towards a similar struc
ture (results not shown). Initially, x-ray conformations were specified for the 
helical sequences. These do not appear to be stable during dynamics calcu
lations, as can be seen from the following table of helix param eters (a ‘tu rn ’ 
means one complete revolution about the helix axis):
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S ta r t E n d  (50ps)
No. residues Height of No. residues Height of

Chain size per turn. one turn  (A) per turn. one tu rn  (A)

13 6  19 8 27
19 6  19 7 24

Detailed conformational analysis would help to throw light onto this5. The 
relaxed helices may be an intermediate stage in the complete dissociation of 
the two strands, or they might be a more stable helix than the initial one. 
The simulations here are not long enough to provide an answer, bu t what 
is certain is th a t the relaxed helix has a lower energy than  the x-ray helix. 
This difference in energy arises from the dihedral energy term  (see figure 6.7. 
Note th a t these results are only for the 19 residue chain, which displays the 
biggest difference.).

As was shown in chapter four, a small change in the dihedral angles a t each 
glycosidic linkage can result in large changes in energy and conformation over 
the chain as a whole.

6.3.4 Solvent
Two simulations, each modelling two 19-residue agarose chains, were done on 
the supercomputer using explicit aqueous solvent; the all-helix conformation 
and the all-coil conformation.

The agarose strands were prepared for simulation using the alignA xes, 
solvateBox and saveamberparm commands within the xleap interface. This 
sequence creates a periodic box aligned with the molecular axis, builds the 
solvent around the solute and sets the A mber potentials. The walls of the 
periodic box were set to be no closer than 5A from any part of the solute, 
generating 4000 water molecules.

Results and discussion

The results of both simulations are shown visually in figure 6 .8 . The all
helix model relaxed in a similar way to the same model in implicit water (see 
figure 6 .6 ). Again, the two strands do not unwind. The average height of 
one tu rn  in the relaxed helix is 27A (compare to 19A in the x-ray helix and

5Unfortunately the software on the supercomputer does not permit dihedral angles to 
be analysed, and the output files could not be read into the Insightll analysis package.
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Figure 6.7: Comparison between coil and helix for 19 residue chains: specific energy 
terms for dihedral angles, electrostatic and Van der Waals interactions.
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Figure 6.8: Dynamics simulation of 19 residue chains with the inclusion of specific 
water molecules (to keep this figure simple, these are not shown). Top: 
the all-helix simulation. Bottom: the all-coil simulation. The right hand 
images give the result after 50 picoseconds.
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24A in the implicit water simulation) and there are about 7 to 8 residues per 
turn.

The result for the random coil simulation in explicit water parallels the 
earlier result in implicit water, with the two carbohydrate molecules meeting 
up and forming a paired double strand. No helix was formed.

The energy of the simulation cannot be analysed as was done for the results 
with implicit water, due to the overwhelming contribution from the solvent 
molecules which masks the carbohydrate itself. To indicate the complexity 
of the system, a colour snapshot of two random coils surrounded by water 
molecules is given in figure 6.9.

6.4 Agarose coil interacting with double he
lices

So far no mention has been made in this chapter of what happens to  double 
helices after they have formed. We know from the previous chapter th a t the 
formation of microcrystalline aggregates is a favourable process.

In agar gels the equivalent of the aggregate is the double helix bundle. 
Various workers have looked at the dimensions of these helix bundles, and 
have estim ated their thickness [27,38,90,98]. The results indicate th a t the 
bundles probably contain six to eight double helices. It seems likely th a t 
bundles will be linked by coil-like chains, either as part of helices w ithin 
bundles or bound to bundle surfaces.

A hypothetical agarose junction zone containing six double helices was 
created and packed using a hexagonal cell. The length of side of the cell 
(a and b sides) determines the size of the voids between junction zones: see 
figure 6.10 and 6.9. For simulations the free coil (length 14 residues) was 
then placed into a void in the cell.

For the simulations the actual unit cell used was:

a = b = 56.8A.
c =  55A.
a = p =  90°; 7 =  60°

Calculations were done on a Silicon Graphics workstation and all double 
helices were kept fixed; only the coil was allowed to move. The free coil 
was energy-minimised, then warmed up in steps of 25 kelvin every 400 iter
ations. Dynamics were executed for 100 picoseconds a t four tem peratures. 
The initial assembly is shown in figure 6.9.



6 A g a r o s e  c o i l  t o  h e l i x  e q u i l i b r i a 1 3 9

Figure 6.9: Images representing two simulations involving large assemblies of atoms 
(photographed from computer screen). Top: agarose fully solvated in 
water; bottom: agarose random coils positioned in between bundles each 
comprising six double helices.
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MM

Figure 6.10: Unit cells of different side length, shown as black lines. The grey 
hexagons represent bundles of six double helices.

6.4.1 Results
During the simulation, tem perature and to tal energy were monitored to con
firm th a t they remained stable:

Temperature during 100 ps of Dynamics. Total Energy during 100 ps of Dynamics.

|  200
H

100
Time, picoseconds Time, picoseconds

These graphs were very similar in form for all three cases.

In the descriptions below, “binding” means th a t the molecules concerned 
are in contact with regard to the Van der Waals surfaces, and th a t hydrogen 
bonding is able to occur between the participating residues’ -O H  groups. In 
addition a residue was not considered to be bound unless it remained in one 
position for several picoseconds.
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T e m p e ra tu re O b se rv a tio n s

300K After 16 picoseconds there was an interaction with one bundle. 
The coil had only drifted about 30A before this. After 60 
picoseconds six residues were firmly bound and this did 
not change much thereafter. The chain shape was th a t of 
a floppy loop (not fully extended).

325K The coil was again binding after about 17 picoseconds and was 
firmly bound at about the same stage as in the above case. 
About five residues were bound. This did not change further.

350K The free chain was binding with one bundle after 17 
picoseconds: this occurred very suddenly within 2  picoseconds. 
Then between 26 and 30 picoseconds it was observed to  unbind 
and drift away. After 50 picoseconds had passed 
the coil became bound to two bundles ( 2 0  A apart) and in 
to tal six residues were bound.

375K After 21 picoseconds the free coil was linking two 
bundles, binding with residues 1 and 2  on one and 8  and 
1 0  on another about 2 0 A away. This arrangement persisted 
until the end, with only slight
movements of a few A when the binding position was adjusted.

6.4.2 Discussion
There were only minor observable differences between the three cases given 
here. Although we are dealing with a short coil here (14 residues), which 
should melt out into solution a t about 300K, it must be remembered th a t

•  there are frozen molecules present which can help to trap  the free coil

•  the simulations were only 1 0 0  picoseconds long.

Chain extension became steady after binding, and showed no discernable 
pattern  with respect to tem perature. Binding to the frozen helices greatly 
reduces the freedom of the chain.
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C h a in  e x te n s io n  a t th r ee  tem p e r a tu r es .
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Dihedral angles visited are a good indication of the flexibility of a chain, as 
dem onstrated earlier (see chapter four). However binding reduces freedom 
and can favour unusual conformations to some degree. This is illustrated 
below in figure 6 .1 1 .
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Figure 6.11: Two dihedral angles monitored for the simulation at 325K. The left hand 
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tha t between residues 4 and 5. The conformations show little variation 
after binding has been established.
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6.5 Summary
A helix-coil theory originally developed for double stranded DNA with mis
matching was applied to the agarose system and compared with experimental 
DSC data. It was assumed th a t the DSC observed 100% ordering and th a t 
equilibrium was established; the comparison indicated th a t this may not be 
valid. However some agreement was found. AS was found to  be -6 .2 calK - 1  

per mole of residues; (3 was 8  x 1 0 ~5£mol-1 . This indicates th a t agarose 
chains need to  be long in order to pair up. This agrees with the minimum 
size for ordering measured by DSC (17 residues).

Modelling of long agarose chains (in and out of water) using a supercom
puter showed th a t the double helix has a stabilisation energy with respect 
to random coils of about -2 kcal/mol residues. The main source of this is 
the favourable Van der Waals interactions between closely aligned strands. 
It was also found th a t double helices calculated from fibre x-ray diffraction 
relaxed to an extended version with a repeat distance of 25A. The reason 
here is a reduction in dihedral angle energy.

Finally it has been demonstrated th a t agarose coils can link helical bundles 
together by binding to their surfaces, and can bridge 20 or 30A of space in 
this manner.

The modelling indicates th a t helices in fibres are not realistic when solu
tions are being discussed, and single random coils may more im portant than  
hitherto suspected in the gel structure.
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7.1 Outline summary
The main outcome of this thesis has been to show quite vividly th a t the 
structure of agarose, a simple polymer of two sugar units, is very complex 
particularly when its solution in water is considered. A hint of this was 
given first of all in the introductory chapter when a brief review of other 
work done on related gelling biopolymers was presented. In order to learn 
more about these types of molecules, every possible technique available to 
the chemist needs to be employed. This thesis has looked mainly a t the 
application of computer modelling to the task, with some support also from 
bench analytical techniques which studied ‘the real th ing’.

Chapters 3,4,5 & 6  cover the m ajor research topics, and the results from 
these are summarised below.

7.2 Achievements
Firstly the various structures of agarose and carrageenans which have previ
ously been elucidated were reviewed, using the relevant literature. To enable 
sulphated carbohydrates to be modelled, forcefield param eters were located, 
also in the literature.

Energy maps which characterise the glycosidic linkages found in the dif
ferent carbohydrates were calculated. This revealed th a t the x-ray derived 
configurations corresponding to molecular helices were not quite the same as 
the configurations of lowest energy. Thus some other factors, not represented 
by simple energy calculations, were operating. We saw th a t there are several 
energy minima accessible at room tem perature with only a slight energy cost, 
and maybe in ‘crystal field packing’ such as found in dried gels these could 
be accessed.

Some model helices were built in readiness for simulation. At this stage 
it was noted th a t a chain would need to be very long in order to  favour, in 
solution, a deviation from the ideal minimum energy conformation seen in 
energy maps.

The first simulation was a comparison between the two techniques of sol
vent representation, namely implicit and explicit. Dynamics calculations on 
six ring double agarose helices were used to investigate favoured conforma
tions a t glycosidic linkages and these were compared to minimum energy 
positions. Correlation plots showed th a t in explicit water the chains were 
stiffer. Diffusion rates were also greatly reduced.

However it was also seen th a t the actual conformations favoured by explicit 
and implicit simulation were similar to within a few degrees. Therefore in
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the long term  the use of the (economical) implicit technique seems to be 
vindicated.

An obvious result from this work was also th a t a six-ring agarose chain 
is not going to  be stable in the double helix conformation! It was not even 
close to  being stable: both molecules separated very quickly.

Chapter five contained exclusively experimental work, on real life agarose 
molecules. Agarose itself is too complex to analyse; the molecules are too 
big and the structure cannot be probed by current techniques. By using 
monodispersed samples of short chains (oligomers) one process could be ob
served, namely helix to  coil ordering, which was touched upon in previous 
chapters.

DSC showed w ithout doubt th a t as agarose chains become longer the 
tem perature (during cooling) at which helices form becomes higher. If the 
chains are shorter than  17 residues no helix will form in a 1% solution. The 
melting of the ordered phase showed a similar trend: as the chains become 
longer the melting of the ordered phase occurs a t higher tem perature. By 
extrapolation to the gelation tem perature of agarose itself, an estim ate of 
the average size of (helical) junction zones in agarose gels was set a t about 
40 residues, or 120A.

By using DSC to study the tem perature dependent phase transition, it 
was shown th a t a t least two processes are observed: ordering and aggrega
tion. These could not be separated by DSC even when special routines such 
as fast cooling and cooling to just below the transition tem perature were 
employed. The cooling curve showed th a t following ordering, which gives a 
large measured enthalpy, there is long period of aggregation. The heating 
curve dem onstrated th a t melting occurs a t a higher tem perature than  order
ing; thus melting is kinetically controlled (by aggregation), ju st as it is in the 
agarose polymer itself.

Unlike for agarose however, the enthalpy per residue for the conforma
tional coil to  helix equilibrium could be estimated, because the chain sizes 
were known. It is not clear exactly how much of the measured enthalpy is 
due to ordering itself. It is generally thought th a t aggregation only accounts 
for a small part. An estimate of the enthalpy of ordering per residue was 
thus found to  be — 1.5kcal/mol (these units were used so as to  be consistent 
with other workers).

The experimental work gave valuable insight into the properties of agarose 
oligomers, and helped to put the modelling work into context. W ith theo
retical results only, it would be easy to get carried away and begin to  assume 
th a t all the problems had been solved and features correctly represented. 
The DSC results serve to remind one th a t we are dealing with a real and
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complex system whose internal structures are still not fully understood.

The experimental work on agarose of known chain size raises the natural 
question “can the helix-coil equilibrium tem perature be predicted using a 
theoretical model?” . Work has already been published in this area, and was 
applied specifically to  agarose for the final chapter in this thesis. Several 
models exist; the most appropriate one for agarose is for mismatched double 
helices. Using an iterative procedure appropriate values for the variables in 
the model were found which fitted the experimental transition tem peratures. 
Hence, a value of —6.2calK_1  per mole of residues was found for the entropy of 
the coil to helix transformation. The model was unable to predict a minimum 
size for helix formation, but this is not surprising given th a t it ignores end- 
effects. The model indicated th a t agarose chains do not readily associate 
into pairs; a pre-requisite for double helix formation and confirmation th a t 
agarose chains need to be large before association occurs.

The helix-coil equilibrium model is based on statistical mechanics. How
ever using supercomputers and molecular modelling it is also possible to 
study the solution behaviour of any particular oligomer directly, taking into 
account each atom individually. Therefore agarose chains with sizes ranging 
from 13 to 19 residues in length were simulated on such a computer, and 
this formed the second m ajor molecular modelling investigation. The double 
helices were found to be stable on the 1 0 0  picosecond time-scale with respect 
to the same molecules in a random coil configuration. In fact there was a sta
bilisation energy of about —1.5kcal/mol of residues. However the modelling 
work also predicted th a t the agarose dried-fibre x-ray type configurations 
(height per tu rn  19A) used as starting points for the calculation would re
lax into more extended helices with a height per tu rn  of 25 to 30A. These 
longer, thinner helices were more stable and more flexible than  the starting 
configuration. Even when explicit solvent was used the same behaviour was 
observed. Therefore, in solution, the helical conformation of agarose seems 
to  be different to th a t observed in a dried fibre.

7.3 Future and related work
The work summarised above only touches on one aspect of a complete de
scription of agarose. Agarose has many applications, and there are other 
ways of probing its structure. Some related topics and possible avenues for 
future work will now be briefly mentioned.
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Optical rotation

It has already been stated th a t optical rotation measurements taken during 
the cooling of agarose random coils would be of great interest, since the 
conformational changes (ordering) could then be entirely separated from the 
aggregation event. Thus, a better estimate of the coil to helix equilibrium 
tem perature and its dependence on chain size could be obtained. Optical 
rotation measurements could be used to characterise the effect of aggregation 
on the enthalpic transition measured by DSC, and to  see how cooperative 
the coil to helix transform ation is.

Computational models

Opportunities exist for more computational models to be applied to  agarose. 
The concept of a random, statistical, “paperclip” chain to represent polymer 
chains is not new. Modules exist in molecular modelling packages (for ex
ample in the MSI Cerius^ software) which perm it dihedral angles in a long 
polymer chain to be varied while the monomers themselves remain rigid. This 
results in a saving of computer time, allowing large chains to be simulated. 
Such calculations on agarose would increase the scope of modelling studies, 
and could be done in the future.

Gel electrophoresis

Agarose, the pure form of agar, is used not only in medical and food appli
cations as described elsewhere in this thesis, but also in analytical chemistry 
where its porous properties, in gel form, perm it it to be used for chromato
graphic separation techniques. In this context, its internal structure becomes 
extremely im portant.

In gel electrophoresis, particles are separated on the basis of the size of 
their charge, by inducing them  to move through a fixed medium (the gel) 
under an applied electric field [105]. The essential characteristic is th a t the 
fluid medium is held in one place, allowing ions to diffuse according to their 
charge1. The gel medium must not adsorb the ions of interest (these may 
be proteins, nucleic acids or rare earth metals), and must be inert. Agarose 
proves to be ideal for many applications [105].

W hat is interesting is th a t many aspects of this subject are unexplored, or 
only accounted for by various “coefficients” in electrophoresis theory [105].

1This is different from gel permeation chromatography, where the stationary phase is 
in the form of beads.
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As an example, the friction coefficient (experienced by particles migrating 
through the gel network) is well known but not fully characterised. Possi
bilities exist here for molecular modelling. Using the estimates for junction 
zone size for example, molecular dynamics of a hypothetical gel network with 
charged particles migrating through could be done. The network itself need 
not be moved. Similarly molecular sieve effects could be explored.

Nuclear magnetic resonance

Nuclear magnetic resonance, a physical technique of great im portance in the 
study of biopolymers, has not been used in this thesis. However many groups 
have done work on carbohydrates using this m ethod [106,107].

Although gels do not remain stable in the NMR sample tube, there is no 
reason why double helices formed from short agarose chains should not be 
perfectly able to withstand tumbling motions. Useful structural information 
about these helices could be extracted from such a study. Removal of the 
labile hydroxy-hydrogens by deuterated water would greatly clean up proton 
spectra from such samples.

Infra-red spectroscopy

Another possible way to study the internal structure of agarose double helices 
is to use infra-red spectroscopy. It may well be possible to monitor the extent 
of hydrogen bonding between agarose chains during helix to coil transitions. 
The experiments would have to be done in a non-hydrogen bonding solvent 
such as CCI4, meaning th a t any hydrogen bonding observed must be due to 
carbohy dr a t e-carbohydrate interactions.

The -OH stretching frequency is broad if hydrogen bonding is able to oc
cur due to  the variation in O-H  bond strength [51]. Therefore if hydrogen 
bonding does exist within double helices two -OH frequencies should be visi
ble: a sharp one due to external -OH groups and a broad one due to internal 
hydrogen bonded groups.

The main problem would be th a t agarose coil to helix transform ations 
are essentially an aqueous phenomenon, and so would probably not occur 
in CCI4, but instead the molecules would simply precipitate. Nevertheless if 
any hydrogen bonding could be measured it would be of use.

Carrageenans

The huge area of agarose-related polyelectrolytic polysaccharides has not 
been covered in this thesis to any significant degree. Many (such as iota 
carrageenan) have very good gel-forming properties, and helices have been
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characterised by x-ray diffraction. Here, there is a big potential for the study 
of different ions and functionality possible on the carbohydrate chain, and 
NMR can be used to follow the locations of some ions [73,108].

Finally the study of carrageenan and protein reactions (not seen with 
agarose) merits attention [109].

7.4 Conclusion
Molecular modelling and sensitive laboratory techniques have allowed the 
examination of one small part of the agarose gelling system; a picture of the 
full gel network still remains elusive.

As molecular modelling software becomes more sophisticated, computers 
become more powerful, and laboratory imaging techniques constantly im
prove, we can expect th a t more and more interesting details concerning the 
intim ate processes a t work behind apparently simple bio-molecular interac
tions will be revealed. W ith the advent of faster personal computers and the 
growth of operating systems such as LINUX, huge assemblies of atoms such 
as a bundle of agarose helices no longer have to be studied in the laboratory, 
but can now be observed at home. Meanwhile laboratories will continue 
to reveal an even more detailed picture of the internal structure of these 
bio-molecules.



A ppendix A  

Com puter codes and forcefield 
data

This appendix contains the DISCOVER macro command file which calcu
lates a two dimensional map of energy for glycosidic linkages, and two short 
FORTRAN codes used for calculations in the thesis. The first FORTRAN program 
was originally written by Charles R.Heald [110] in 1993 to obtain correlation 
functions for various angles in a polymer chain. It was adapted to  deal specif
ically with the dihedral angle pairs found in carbohydrates, for which data  
was obtained from the Insight modelling package.

The second code predicts the percentage of residues in an agarose chain 
which will be in a helical conformation at any specified tem perature. This is 
the Zimm-Bragg relation adapted for short double helices [101]. The code was 
originally composed by Professor A.H.Clark (at UNILEVER), and adapted 
slightly for its present application (see chapter 6 ).

DISCOVER macro for analysing glycosidic linkages

! INPUT FILE FOR DISCOVER GENERATED BY INSIGHT 
! AND ADAPTED BY N .M .W .HAGGETT 1996 
!

overlap = 0.01 
cutoff = 15.000000 
cutdis = 14.000000 
swtdis = 1.5

begin simulation
* add-automatic bond torsion valence out-of-plane 
reduce

151
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set dielectric = 80.000000
I
! DEFINE THE TORSION ANGLES 
!

!

Assign the torsion name cam to
* residue ALGA 1 atom 0
* residue ALGA 1 atom Cl
* residue ALGA 1 atom 01
* residue BDGA IB atom C3

Assign the torsion name oxo to
* residue ALGA 1 atom Cl
* residue ALGA 1 atom 01
* residue BDGA IB atom C3
* residue BDGA IB atom C4

BEGIN INCREMENTATION OF ANGLES AND 
EVALUATION OF MOLECULE ENERGY

loopO = 1 
angleO = -180.00 
if num. = 1

!

!

LO force cam in ALGA 1 to angleO using 1000.000000
loopl = 1 
anglel = -180.00

!

!

LI force oxo in ALGA 1 to anglel using 1000.000000
!
!

Minimize
* no cross terms
* no morse
* for 100 iterations
* using steep descents
* until the maximum derivative is less than 10.000000000 kcal/A

Minimize
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* no cross terms
* no morse
* for 900 iterations
* using conjugate gradients
* until the maximum derivative is less than 0.1000000000 kcal/A

I
!

archive as file number ifnum 
ifnum = ifnum + 1

!

I
R0 loopl = loopl + 1

anglel = anglel + 12.00 
if loopl .le. 31 then LI 
loopO = loopO + 1 
angleO = angleO + 12.00 
if loopO .le. 31 then L0

!

!

end

Program to calculate the time - correlation functions for glycosidic link
ages

PROGRAM C0RR
C
C —  PROGRAM TO OBTAIN THE N0N-N0RMALISED CORRELATION COEFFICIENT
C OF VARIOUS ANGLES IN THE BACKBONE OF A POLYMER CHAIN
C
C —  CREATED: 5 DEC 1993, CHARLES R HEALD
C —  Edited July 1997 to work with different data, N M W Haggett
C

PARAMETER(JAM0UNT=2500,JC0R=2)
DIMENSION TORS (JAMOUNT,JCOR),norm(jamount)
REAL COREL(JAMOUNT),time(jamount)
CHARACTER*1 CREPLY

C
C —  READ IN DATA FILE AND PUT DATA INTO PROCESSING ARRAY
C
10 CONTINUE
C

OPEN(UNIT^jFILE^dihedral.dat’ ̂ t a t u ^ ^ c M ’ ,ERR=10)
JTIME=0
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20

100

C

C —  

C

202
200
C

C —  

C

2 0 5

C

C —  

C

210
220

C

C —

C

C

c

c

c

c 2 4 0

c 2 3 0

C

2 5 0

C

CONTINUE 
JTIME=JTIME + 1
READ(1, *,END=100)(T0RS(JTIME,J),J=l,JCOR),time(jtime)
WRITE(*,*) TORS(JTIME,1)
GOTO 20 
CONTINUE 
CLOSE(1)

COSINE ALL ANGLES

DO 200 J = 1,JTIME 
DO 202 J1 = 1,JCOR

TORS(J,Jl)=COS(TORS(J,Jl)*(3.14159/180))
CONTINUE

CONTINUE

PROCESS THE DATA TO GET THE NON-NORMALISED CORRELATION FUNCTION

CONTINUE
JC0R1=1
JC0R2=2

CLEAR OUTPUT ARRAY

DO 210 J = 1,JTIME 
COREL(J) = 0 

CONTINUE 
CONTINUE
OPEN(UNIT=2,FILE=,dihedral.res ’,status=Junknown3 ,ERR=220)

LOOP OVER ALL STRUCTURES SO AS TO OBTAIN AN AVERAGED ENSEMBLE 
OF RESULTS

DO 230 J = 1,JTIME - 1 
DO 240 Jl = J + 1,JTIME

COREL(Jl) = COREL(Jl) + TORS(J,JC0R1)*TORS(1,JC0R2) 
CONTINUE 

CONTINUE

DO 250 J = JTIME,2,-1 
COREL(J) = COREL(J)/J 

CONTINUE
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do 270 j = l,jtime 
suma = suma+tors(j,jcorl) 
suma2 = suma2+tors(j,jcorl)**2 
sumb = sumb+tors(j,jcor2) 
sumb2 = sumb2+tors(j,jcor2)**2

sqm = (suma/j)**2 
msq = suma2/j 
sqmb = (sumb/j)**2 
msqb = sumb2/j 
roota = sqrt(msq-sqm) 
rootb = sqrt(msqb-sqmb) 
norm(j) = roota*rootb 

270 continue
c

do 280 j=l,jtime
corel(j)=((tors(j,jcorl) - corel(j))*(tors(l,jcor2)-/norm(j) 

280 continue
DO 260 J = 1,JTIME-1

WRITE(2,*) time(j),COREL(J)
260 CONTINUE 

CLOSE(2)
C

WRITE(*,*)’DO YOU WANT ANOTHER GO (Y/N)»
READ(*, ’ (1A)’)CREPLY
IF (CREPLY .EQ. »Y» .OR. CREPLY .EQ. ’y’) GOTO 205

C
END

Program, to calculate the percentage of helical residues in an agarose double 
helix as a function of temperature.

C PROGRAM TO MODEL DOUBLE HELIX FORMATION
C USING SHORT-CHAIN APPROXIMATION OF
C POLAND AND SCHERAGA - MISMATCHED CHAIN
C FORM (this version writes the results to a file)
C

IMPLICIT DOUBLE PRECISION (A-H)
IMPLICIT DOUBLE PRECISION (0-Z)
DIMENSION TEMP(1000),THETT(1000),DERIV(1000)
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1 FORMAT(515)
2 FORMAT(10F10.5)
3 FORMAT(10E12.4)
4 FORMAT(1H0,’GIVE A VALUE FOR THE NUMBER OF CHAIN RESIDUES’)
5 FORMAT(1HO,’GIVE A VALUE FOR THE PARAMETER GAMMA’)
6 FORMAT(1HO,’GIVE VALUES FOR DELH DELS IN KCAL/MOLE RES’)

WRITE(6,4)
READ(5,*)N
PN=N
WRITE(6,5)
READ(5,*)GAMMA 
WRITE(6,6)
READ(5,*)DELHO,DELS0 
T=240.16 
JJ=0 

1000 CONTINUE 
JJ=JJ+1
DELGO=DELHO-T*DELSO 
SS=-DELGO/(0.00198*T)
S=DEXP(SS)

C BEGIN SUMMATIONS
SUM1=0.0 
SUM2=0.0 
D0100I=1,N 
PI=I
SUM1=SUM1+(PN-PI+1.OD+OO)*(PN-PI+1.OD+OO)*(S**PI) 
SUM2=SUM2+PI*(PN-PI+1.OD+OO)*(PN-PI+1.OD+OO)*(S**PI)

100 CONTINUE
C BEGIN CALCULATION OF DEGREE OF ORDERING

TERM1=1.OD+OO+1.OD+OO/(4.0D+00*GAMMA*SUM1)
TERM1=TERM1*TERM1-1.OD+OO 
TERM1=DSQRT(TERM1)
TERM2=1.OD+OO+1.OD+OO/(4.0D+00*GAMMA*SUM1)
TERM3=TERM2-TERM1
TERM3=DSQRT(TERM3)
IF(SUM1.EQ.0.OD+OO)TERM4=1.OD+OO/PN 
IF(SUM1.EQ.0.OD+OO)G0T0101 
TERM4=SUM2/(PN*SUM1)

101 CONTINUE 
110 CONTINUE

OPEN(UNIT=2,FILE=’cl2hx.res’,status=’unknown’,ERR=110)
THET=TERM3*TERM4
TT=T-273.16D+00
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C Write out fs’, the temperature, degree of ordering and 
C degree of association

WRITE(2,*)S,TT,TERM3,THET
TEMP(JJ)=TT
THETT(JJ)=THET
KK=JJ-1
IF(KK.EQ.0)KK=1
DERIV(JJ)=THETT(JJ)-THETT(KK)
T=T+1.0D+00
IF(T.LT.473.16D+00)G0T01000 
D0300I=1,JJ 

300 CONTINUE 
STOP 
END



A ppendix B

High performance anion 
exchange chromatography 
(HPAEC)

Overview

The HPAEC apparatus used in the present work was made by DION EX. The 
aim of the technique, which combines liquid chromatography with a novel 
m ethod for electrolytic detection of -OH groups, is to separate molecules 
which are similar in chemical makeup but differing in size.

HPAEC: main parts

The DION EX HPAEC apparatus [111] (see figure B .l for a scheme show
ing the main parts) consists of eluent reservoirs connected via a sparge and 
pressurise unit (using helium) to a pump consisting of a gradient mixer and 
piston unit. The sample is injected from a 25\il tubing loop and is carried 
along a 4 x 250mm DIONEX CarboPac PA-100 pellicular anion exchange resin 
column by the eluent. Detection of organic molecules in the output is by 
pulsed amperometric detection (PAD) using a triple pulse scanning sequence 
and gold electrodes. The shape of the scanning pulse can be altered [1 1 1 —
113]; a suitable shape already exists for use with agarose and other neutral 
carbohydrates.

Programming of the pulse sequences in the detector and of the mixing in 
the pump module can be carried out using a supplied control panel or using 
the Windows interface on a personal computer.
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HELIUM

Carbo-pac
Column

Computer

PAD
Eluent A Eluent B

Waste or collection
Inject Sample

Figure  B .l :  Main parts of the HPAEC apparatus.

Anion exchange chromatography and pulsed amperometric detec
tion (PAD)

PAD is sensitive enough to detect carbohydrates a t the picomolar level in the 
output from an HPAEC column [112,114,115]. This makes it ideal for the 
analysis of carbohydrate mixtures, especially since other detection m ethods 
(such as UV) are much less sensitive. The detection device consists of gold 
electrodes (for resistance to  oxidation) to which are fed rapidly repeating 
sequences of pulses. Essentially the ease of oxidation of carbohydrates in 
solution is measured.

Operation

The two eluents used for agarose oligomers are described in chapter five. They 
are prepared using de-ionised, de-gassed water and analytical purity chemi
cals. To make a solution 500mM in sodium acetate and lOOmM in sodium 
hydroxide, 68.04g of sodium acetate and 8.5m£ of 50% sodium hydroxide is 
used. The solutions must be filtered through 0.45/im Millipore filters and 
sparged (de-gassed) with helium for five minutes before use. During use the 
reservoirs are kept pressurised with helium.

The HPAEC machine is started up using a specific cleaning routine, which
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gradually increases the flow rate of eluent to the operating level, and cleans 
the column. After this the sample can be injected, and the elution gradient 
(see chapter five) initialised.

The column separates carbohydrates out according to pK values (these 
range from 12 to 14, necessitating highly alkaline eluents), chain length and 
conformation; and the PAD reports on the contents of the emerging solu
tion. The column is always cleaned with a sodium acetate eluent after each 
analytical run, to remove residual solutes. The results are down-loaded to a 
personal computer for later analysis.
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