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It in well known that all forms of life, with the exception 

of viruses, consist of one or more basic structural units called 

cells • 	These cells are capable of the fundamental processes 

of life such as feeding, growngz&nd reproducing and have, in the 

case of multicellular organisms, a degree of autonomy from their 

nearest neighbours. 	The general structures of cells are 

similar, whatever the organism of origin, consisting of one or 

more nuclei, cytoplasm,and a cell wall, or cell membrane. 

This thesis is concerned with the cell walls of vascular 

plants. 	One of the distinguishing features of plants is 

their possession of cell walls consisting of certain types of 

polysaccharides. 	In the higher plants, cellulose is nearly 

always the main polysaccharide although, in a few specialised 

calls, xylane (la), mannans (2), galactomannans (lb) or pectic 

substances (ic), may be more abundant. 	In most fungi, and 

in some other primitive types, cellulose is replaced by chitin, 

its 2-acetamido 2-deoxy analogue (ld). 	The main components 

of bacterial cell walls are called peptidoglycans or mureins, 

which differ from chitin in that every other N-acetyl glucosamine 

residue is replaced by muramic acid, its 3-0-D-lactyl ether; 

and the polysaccharide chains are cross-linked by oligopeptide 

chains, attached by peptide links to the muramic acid residues (3). 

Although the cell wall may appear to play only a passive 

role in the life of the cell, it is nonetheless of prime importance, 

and its properties need to be a balanced compromise between the 

requirements for different functions. 	Thus, it needs to be 

impermeable enough to maintain the integrity of the cell; and 

yet permeable enough to allow the passage of food, secretions, 
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oxygen, waste, etca 	Similarly, it needs to be flexible 

enough, at least at some times, to allow growthi but strong 

and rigid enough to provide some degree of support to the 

cytoplasm. 

It would obviously be of interest to be able to explain 

the.e properties of cell walls, and, to do this, it will be 

necessary to know not only the chemical (i.e.primary) structures 

of the components, but also their shapes, and their arrangement 

with respect to neighbouring molecules (. their secondary, 

tertiary, and quaternary structures), and also the nature and 

magnitude of interactions within and between them. 

The carbohydrates of the cell walls of vascular plants were 

originally classified on the basis of their solubilities; the 

hot water soluble fraction was called pectin, the hot alkali 

soluble fraction was called hemicellulose and the residue was 

called cellulose. 	It is now possible to give modified, and 

more precise, definitions of these fractions on a structural 

basis. 

The pectic fraction consist. of (a) polysaccharides with a 

main-chain consisting partially or wholly of oe 1 .4 linked 

D-galactopyranuronosyl residues, or their methyl esters and (b) 

galactans and arabans. 

Pectin is regarded as, ideally, a linear chain consisting 

entirely of galacturono.yl residues, partially or wholly methyl-

esterifisd. 	This ideal structure has only been found, however, 

in sunflower seed heads (4). 	In all other cases, various other 

sugars, especially D-galactos., L..arabinou, and L-rhamnose, 

occur as part of the main-chain, or of side-chains • 	The 

solubility of pectin decreases with decreasing esterification, 

and largely uneaterifisd pectins may form insoluble salt. with 
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divalent ions, chiefly calcium. 

The galactans and arabans form groups which are biologically 

associated with pectin, and may be glycosidically linked to it. 

Lupin gaiactan (5) is unbranchad, with B 1-)4 links, but larch 

galactan (6), which is regarded as a b.micellu].ose, is branched, 

with a B 1 --p3 Linked main-chain, and with 1 -'6 linked aide-chains 

of one or more 1-6 linked galactose residues, or 1-3 linked 

L-arabinose residues. 	The commonest general structure for 

arabans appears to be a 5-0-tz-L,-arabinofuranomyl 1- main-chain, 

with some branching at C 3  (lb. 8). 	Arabogalactans are also 

known. 

The gum exudates from species of Acacia and Prungs are 

highly-branched galac tan.. with complex side-chains. 	They 

have main-chains of 5 1--P-3 linked (in 	or 0 1-?6 linked 

(in Prunup) D-galactose residues with side chains containing 

D-glucuronic acid and various neutral sugars (I). 

Tragacanthic acid, the acidic component of gum tragacanth, 

probably has a similar structure, with 1-4 linked D-galacturonosyl 

residues and with side-chains of D-xylose and L-fucose (7a). 

Another group of poly.accharid.s, comprising several plant 

mucilages and gums, in related to pectin, but has a main chain 

consisting of 
-) 
4-O--D-galactopyranuronoaiyl 1-> 2-O-t-L-rhaano-

pyranosyl 1.. residues, with various side-chains • 	This type 

of structure is found in Khaya gum (Th) and mucilages from okra, 

flax, white mustard, cress, quince, Plantggo and slippery elm, 

angst others (7c). 

The h.micelluloses are a group of polysaccharides, which 

usually have a B 1 - 4 linked main chain of D-glucos., D-aannose, 

or D-xylopy 	residues. 	In this, they structurally resemble 

cellulose, but usually differ in having side-chains • 	Some 
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arabans and galactans are also hemic.l1.ulosic. 

The hnicelluloses with xylan main chain are an important 

group, particularly in wood, and in the harder parts of 

monocotyledons, •.g. straw and esparto. 	Coon side-chains 

to the -' 4-0-8-D-xyl.opyranosyl 1- backbone are L-aino- 

furanosyl and 4 -O-t.thyl-D-g lucopyranuronosyl. 	D-mannopyranosyl 

and D-glucopyranuronosyl also occur (9). 

Other hemicelluloses are the glucomannans of softwood (9), 

the galactomannans of the Leguminosa. (lg), which have D.-galactose 

linked 1-,6 to some of theinnose residue., and the amyloid. (lj), 

which have various sugars, especially xylose linked 1 - 6 to a 

cellulose backbone. 

The third fraction of cell wall poly.accharide, cellulose, 

differs from the others in being a single, apparently well-defined 

specie., (- 4-0-8-D-g]ucopyranosyl 1-). 

In addition to these polysaccharide components of the cell 

wall, other components are sometimes important, of which lignin 

is the chief. 	This is a condensation product of coniferyl 

alcohol, 1.-hydroxymethyl 2-(-methoxy--hydroxyph.nyl) ethylene, 

or related compounds. 	Lignin is relatively impermeable to 

solutions, and hence causes the death of the cell when laid down 

in quantity in the cell wall. 	It occurs only in mature cells 

It has been found (1) that lignin can be more easily extracted 

after hernicelluloses have been removed chemically, and 'ice-versa; 

and it has been suggested, from this, that there are covalent links 

between them, but it could well be that this effect in due to 

non-bonded interactions. 

Other substances which occur occasionally are tannin., and 

high molecular weight fatty acids and their esters, as cutin, 

suberin, etc. (1). 



Cellulose normally occurs in the cell wall as idcrofibrils, 

which are threedluke or ribbon-shaped aggregates of molecules 

with a width of 50-.200*, and lengths of up to lOp. 	These 

contain crystalline cellulose, as is shown by the X-ray diffraction 

photographs of cell walls (lii). 

Bicslluloses are intimately associated with the micro-

fibrils o  and say at times be included in them, since cellulose 

is somotimztv difficult to obtain free from sugars other than 

glucose. 	With the possible-exception of ivory-nut aannan, 

the besicelluloses are noncrystalline and non-fibrillar in the 

cell wall (although several can be crystallised after extraction), 

but some show evidence of orientation. 

Pectins occur with the other polysaccharid.. • and are more 

abundant in some tissues, such as collenchyma, and parts of 

fruit and roots, than in other.. 	The highly-branched pectic 

materials must be ancrpous and the Less-branched pectins may 

also be often amorphous, but the birefringence and X-ray diffractior, 

properties of cell walls from which non-pectic materials had 

been removed,, showed that pectin is, at least sometimes, crystalline 

In this condition, it probably occurs as short microfibrils (10). 

When a cell is dividing to produce two daughter cs]3a, the 

first stags in the production of the intervening walls is the 

coalescence of many small particles, known as Golgi vesicles, to 

produce a disc-shaped barrier between the daughter nuclei, known 

as the cell-plate (11). 	Cellulose is rapidly formed on either 

side of the cell-plate and this marks the beginning of the cell 

walls proper • 	The cell-plate remains between the two walls 

as the middle lamella, and contains Largely pectic material. 

The cell wall 	is produced first is known aw the primary 

wall, which eoVands 
as the cell grown. 	Although the 



composition varies, the primary wall is generally characterised 
by a relatively Low cellulose content, and an appreciable pectin 
content. 	When the cell is full-grown, an inner wall is formed, 
which may consist of several layers and is known as the secondary 
wall. 	In this case, too, the composition is variable, but 

it is generally characterised by a high cellulose, and low pectin 

content, and by the presence of lignin. 	The secondary wall 

itself can be sub-divided into three concentric layers, 81, 829 

and 8 3. the latter innermost. 	!aese differ in the orientation 

of the cellulose microfibrils with rpect to the long axis of 

the cell. 	In a,, the microfibril, form two sets of helices, 

in opposite senses, at a large angle to the axis • 	In S 
2' 
 the 

w.ic rofibril. are aligned at a small angle to the axis • 	In 8 39  
there is one not of helices at a large angle to the axis (11). 

The interactions between and within the major polysaccharide 

components of the call wail are obviously likely to have a deter-
minative effect on the properties of the cell wall. 	It would 

be desirable to study these interactions in this system as it 

occurs in vivo, but the presence of cell contents, and the anatomical 

structure of the plant, are likely to ask, chemical and physical 

investigation more difficult, and more likely to give misleading 

results. 	On the other hand, extraction of the components is 

almost certain to change the physical, if not the chemical, iiature 

of the system. 	Fortunately, however, there exist s nwaier of 
mucilage., which are derived from the cell walls of seed-coats, 

and which can be extracted with cold water (7d). 	These, on 

acid hydrolysis, give an insoluble precipitate which proves to 
be a glucanj whilst examination by electron microscope shows 
the presence of microfibrili. 	It, therefore, appears that 
these mucilages are cellulose microfibrtls solti.ilised, in some 
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way, by association with hemicellulOsic or pectic polysaccharide.s 

and it seems probable that these mucilages resemble, chemically 

and physically, the situation which occurs in normal cell walls. 

These mucilages have been reported from the seeds of flax, 

white mustard, cress, and quince (7d). 	This is why this 

thesis is concerned largely with polysaccharides from the seed 

costa of whit. mustard, Sinapis alba.L. 	Two cellulose-containing 

mucilages have been reported from the vegetative parts of plant. i 

noriaaa mucilage (7d) from the roots of Abelmoscbua glutiote 511114. 

and gum tragacanth (12), from specie. of Astraqglua. 

The work described in this thesis aims, first of all, to 

confirm the identification of the microibrila as cellulose, and 

to discover something of the composition of the mucilage. 	The 

cellulose is confirmed from its infrared spectrum and its X-ray 

diff;actiofl pattern, and by ensymolysis. 	The mucilage is 

cxminsd for heterogeneity by means of ultracentrifugatiOn and 

free-solution electrophoresis, and separated into distinct fractions 

for which the cellulose contents and the monosaccharide components 

are estimated. 

Secondly, the nature of the association between cellulose and 

the other polysaccharides is investigated. 	This could be 

either covalent, as g]ycosidic or as ester linksj or non-covalent, 

as hydrogen bonding, as hydrophobic bonding, or as chelation 

or some other form of ionic interaction involving the ions 

associated with uronic acid residues • 	It is possible to 

distinguish between these by their reactions with various reagents. 

Infrared spectroscopy is also used to investigate the inacces-

sibility of hydroxyl groups in cellulose and the mucilage to 

reaction with deuterium oxide vapour, and the orientation of 

hydrogen bonds in c.11ulose. 
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which involves the calculation of inter-residue non-covalent 

interactions. 	The simplest and earliest method of doing this 

was to build models of the molecule from spheres of appropriate 

radii, or rode of appropriate lengths, and to find, by adjustment 

of the parts, the conformation which involves little or no strain 

due to overlap of the atoms- 	The outstanding success of this 

approach was in the elucidation of the double-helical structure 

of DA (13), but it has also been used to justify a modification 

of the Meyer and Misch structure for cellulose (14). 	The 

limitation of this method is its representation A van der Waals 

interactions as equivalent to hard, spherical atoms, which is 

clearly not strictly true; and its failure to give quantitative 

estimates of the total interaction. 	The method which attempts 

to overcome this limitation is the geometrical construction of 

given conformations in a molecule, and the calculation of inter- 

atomic distances, and the corresponding interaction. 	This is 

done by means of a computer, which can perform these calculations 

for every conformation generated by, for example, systematic 

rotations about covalent bonds. 	Most of the work described 

below is concerned with cellulose, but it is intended not only 

to provide information about cellulose, but also to develop methods 

of dealing in this way with po]yaaccharides generally. The use 

of this approach will, it is hoped, provide information regarding 

the conformation of polymers and ale jive some quantitative 

estimate of the importance of the various types of interaction 

within, and hence between, polysaccharide molecules. 
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Purification and isolation of polysaccharidee. 

Dialysis. Solutions were dialysed in cellophane tubes 

against tap-water. 	Chloroform was added as a bacteriostatic 

agent. 

Concentration of solutions. Solutions were concentrated 

uriuer reduced pressure, at about 40°C. using a rotary film 

evaporator.  

Isolation of polysaccharides from solution. Polysaccharides 

were isolated by freeze-drying, or by precipitation from 

aqueous solution with ethanol or acetone. 	In the latter case, 

the precipitate was separated by centrifugation and washed 

with acetone, and the process was repeated until the precipitate 

had a feathery texture, when it was dried overnight in a vacuum 

oven at 50- 0C, in the presence of phosphoric oxide. 

Methods of hydrolysis. 

Monier-Williams degradation (15). The polyuccharide was 

shaken with 72% sulphuric acid until dissolved, and the solution 

was diluted to 1-2 N. It was then treated as for the following 

hydrolysis. 

Dilute sulphuric acid hydrolysis. The polysaccharide was 

dissolved or suspended in 1-2 N sulphuric acid, and heated at 

1000C for 4 hours, or overnight, as required. 	The solution 

was then diluted, neutralised with calcium carbonate, and 

filtered. 	It was then evaporated to the required concentration. 

Formic acid hydrolysis. The polysaccharide was dissolved 

in 903 formic acid, and the solution was diluted with an equal 

volume of water, and heated at 100 0C overnight. It was then 

evaporated almost to dryness, diluted, and re-evaporated, in 
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d 

to a suitable concentration. 

C. Estimation of sugars. 

Phenol/sulphuric acid estimation (for all carbohydrates) (1u). 

Sugar solution (1 ml.) was mixed with 1 ml. of 	w/? aqueous 

phenol solution, and AnalaR concentrated sulphuric acid (5 ml.) 

was added quickly. 	When cool, the optical density was 

easured by means of an EEL colorimeter using Filter b23. 

When necessary, the absolute concentration was obtained from 

a calibration curve. 

Aniline phthalate estimation (for neutral sugar (17). 

o-Phthalic acid (1.6b gm.) and aniline (re-distilled from 

zinc) (0.91 ml.) were dissolved in 48 ml. 1-butanol, 48 ml. 

diethyl ether, and 4 ml. water. 

The unknown sugar mixture was measured on to chromatography 

paper by weans of a microoipette. 	Standard mixtures were 

measured on to the same paper, and the chromatogr&i 	developed. 

The paper was then dipped in the aniline phthalate solution, 

- -dried, then oven-dried at 105 0C for 10 minutes, to develop 

spots. 	The spots were cut out, taking equal areas for 

standard and unknown spots of each sugar, and eluted with 

/N hydrochloric acid in 80% (v/v) ethanol (10 ml.), for one 

ir. 	Optical densities were then measured, using 1 cm. 

As in a Unicam SP600 spectrometer, at 390 mp for hexoses and 

eoxyhexosee, and at 360 mp for pentoses. By reference to 

ibration curves, obtained from the optical densities of the 

ndard sugars, the concentrations of the sugars in the 

'e can be estimated. 

rbazole estimation (for uronic acids) (13). 12 ml. 
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i.to 	x1i 	tubes 	c•] 	to 	r less. 	i -  

(not more than 1 ml.) containing the sample. (standard and 

unknown) were added to these dropuise and the mixtures were 

oled again to 30C. 	They were then immersed in boiling 

water for ten minutes and allowed to cool to room temperature. 

0.15 Ethanolic carbazole solution (1 ml.) was added to each 

tube, and the tubes were shaken and allowed to stand at room 

temperature for 25 minutes. 	The optical densities of the 

solutions was then measured at 520 mi by means of a Unicam 

SP too spectrometer, and the concentrations of the unknown 

solutions were calculated from the calibration curve given by 

the standard solutions. 

D. Paper  Chromatography. 

Paper chromatogram e were developed overnight, on Whatman 

No. 1 or No. 4 paper. 	The solvent systems used were: 

ethyl acetate/pyridine/water in the ratio 10:4:37 

ethyl acetate/acetic acid/formic acid/water in the 

ratio l8:3zl:4j 

1-propanol/ethyl acetate/water in the ratio 7:1:2; 

1-butanol/ethanol/water (upper layer) in the ratio 

4:1:5. 

E. Paoer electroDhoresis. 

Paper electrophor€tograma were run on Whatman No. 1 paper 

using an acetic acid/pyridine buffer with a pH of approximately 

t.2, and a potential gradient of 14 volts/cm. 	Glucose and 

picric acid were used as standards. 	In order to detect 

the sugars, thromatograme and electrophoretograms were sprayed 

with a 3% solution of 2-anisidine  hydrochloride in water 

saturated 1-butanol containing a trace of stannous chloride. 
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After spraying, the chromatograms were heated at about llO"C 

for 1 minute. 

Ultracentrifugation. 

Analytical ultracentrifugation. Samples were placed in 

aluminium sector cells with an optical path of 12 mm., and 

quartz windows. 	These were ultracentrifuged at room tem- 

perature, and observed by Schlieren optics, in Spinco/Beckman 

Model E ultracentrifuges. 

Preparative ultracentrifuiation. 	Samples were placed 

in 20 ml. polythene tubes, and u].tracentrifuged using the three-

bucket angle head of an MSE Superspeed 50, at about 00C. 

After u.tracentrifugation, the solutions were removed from the 

tubes, in the required fractions, by piercing a small hole in 

the bottom of the tube to give a controlled flow. 

Infrared spectrometry. 

General. Infrared spectra were produced by a Perkin-Elmer 

237 double-beam grating instrument. 	Non-aqueous seaples 

were examined between sodium chloride plates: others were 

examined between barium fluoride plates. 	General values of 

group absorption frequencies were obtained from A. D. Cross. 

Introduction to Practical Infrared Spectroscopy (2nd ad.) 

London, 1964. 

Deuteration studies. Samples were enclosed in fairly 

airtight cells, through which a stream of D20-saturated nitrogen 

was passed. 	This was produced by bubbling dry nitrogen from 

a cylinder or, more usually, from a Dewar flask of liquid nitrogen, 

through heavy water. 	The cells, at first, were made of glass 

tubing and microscope cover-slips sealed, where necessary, with 

rubber washers and Apiszon grease. 	All glass in the optical 

path was placed in dilute hydrofluoric acid for about five minutes, 
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were used in the optical path. 
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.ysaccharidea in a vacuum desiccatory either on mercury, 

in producing a free film, or on a treated cover-slip, or, in 

.e spectrometer for this purpose. 	Preparation of samples 

these studies will be described in the main part of the thesis. 

Outi! 

rnputer programs were written in Atlas Autocode, (Edinburgh 

.ity ISO version), on eight-hole paper tape, and run on the 

Electric KDF 9 at the Edinburgh Regional Computing Centre. 

ne simpler calculations were performed on a Facit desk 
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Introduction 
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Se - Ln dc-: 	 e 	traction, 

fractionation and analysis of the seed-coat mucilage of 

Sinapis alba. 	It also covers investigation of the nature 

of the linkage between cellulose and the associated poly-

saccharide, and the conclusive identification of the cellulose 

as such. 	Finally, it reports some comparative studies on 

other cellulose-containing mucilages. 

The precipitate from these mucilages has generally been 

assumed to be cellulose on the basis of (a) the glucose 

content, and (b) the insolubility and fibrous appearance. 

The only rigorous characterisation of this type of glucan 

was performed on the precipitate formed by the action of dilute 

acid on noriasa (Abelmoechus glutiotextilis) mucilage (21). 

This was shown by means of a Monier-Williams degradation, to 

contain only glucose. 	Acetolysis gave a disaccharide 

identified as cellobiose octa-acetate, and the X-ray diffraction 

pattern was almost identical to that of cotton cellulose. 

Indirect indication of the presence in these mucilages 

of cellulose has been provided by Muhiethaler (12). 	He 

has shown the presence of cellulose-like microfibrils in 

several mucilages by means of electron microscopy. 	In one 

species, Cobaea acandens, larger macrofibri].s are found, up to 

5 cm. long, which are visible under the light microscope. 

Cellulose can occur ina number of crystalline forms, which 

are distinguishable by their infrared spectra after deuteration 

and by their X-ray diffraction patterns. 	Cellulose I is the 

name which has been given to most natural celluloses. 	There 

are slight variations in the structure of cellulose I. particularly 

when it is derived from algae (22), and Valonia cellulose is 
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ilinL, wier3 	no:: -.1ul.s• I is .no1inic. 

Bacteria], cellulose, produced extracell.u].arly by Acetobacter 

çylinum. and Valonia cellulose, have been distinguished (.23) 

as cellulose IA on the basis of a small peak at 3242 cm)' in 

the infrared spectrum, which does not occur in that of plant 

cellulose (cellulose [8). 	Cellulose II has been reported in 

the alga Halicystia (24), but is commonest as regenerated 

cellulose, e.g. rayon, etc. 	Other artificial types have been 

reported, but these are the commonest forms, and mucilage 

celluloses are almoit certain to belong to one or other type. 

These forms can be recognised by their infrared spectra 

(20); the main hydroxyl peak in cellulose I is at 3350 cm 

whilst that in cellulose IX is at 3450 cm' 	In addition, the 

pattern of hydroxyl peaks is quite characteristic. 	They may 

also be distinguished by their X-ray powder diffraction patterns; 

cellulose I has the 101 peak at 12°  (25), whilst in cellulose II 

it is at 15 (26). 

There are three possible types of covalent linkage between 

cellulose and the other polysaccharides, viz, ether, ester and 

lycosidic links. 	Ether links can be discounted immediately 

since these would not be acid-labile. 	The other two are both 

ossible on the present experimental evidence. 	One method 

distinguishing between them would be by means of the infrared 

trum; esters have a strong peak at 1735-1750 cut-. 1, due to 

1 stretching, which is not given by a glycoside. 

-covalent links between the polysaccharides are also 

These could be cationic interactior '- rogen 

cnding or hydrophobic bonding. 	Divalent catin , 	interacting 
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might hOlu a pectic polysaccharide, in some way, aroun a 

llulose molecule or microfibril, thus solubilizing it. 

Such an interaction could easily be identified by means of a 

standard ion-exchange method. 	Substitution of hydrogen 

(which would form largely non-ionic uronic acid) • or a mono-

alent cation for the divalent cation would cause the structure 

to collapse, and hence the cellulose would be precipitated. 

Hydrogen-bonding is a unique type of interaction between two 

polar atoms, through a proton covaleritly linked to one of them. 

It has been shown (27) to include electrostatic, delocalisation, 

repulsion and dispersion interactions. 	It is difficult to 

detect chemically, although removal of the proton by ionization 

or substitution should destroy it. 	Infrared spectroscopy 

can provide clear proof of its existence in a system, since 

hydrogen-bonding lowers the hydroxyl stretch frequency from 

its non-hydrogen-bonded value of 3580-3670 cm 	Hydrogen- 

bonding, however, is unlikely to be the sole interaction between 

cellulose and the polysaccharide, since the strength of a water-

alcohol bond is very similar to that of an alcohol-bond, and 

hence, dissolving the mucilage would probably be sufficient to 

Late the poly.accharides, if this were the case. 

drophobic interactions occur when non-polar molecules, 

-polar moieties within molecules, are dissolved in water. 

he non-polar groups (typically hydrocarbon in biological systems) 

A to avoid the solvent by r.ining in contact with one 

ther. 	This is because the water molecules tend to assume 

n ordered structure around Fuch groups, so that, when such 

ape are in contact, they present a nailer total surface to 
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form. 	Thus, the driving-force in this type of interaction 

is not decreased enthalpy, but increased entropy. 	In 

polysaccharides, the c_il groups are non-polar, and might 

exhibit hydrophobic bonding, although the presence of hydroxyl 

groups might. counteract this by maintaining disorder amongst 

the neighbouring water molecules, and by their own hydro- 

philicity. 	Indications that hydrophobic bonding may occur 

in polysaccharides is given by the helices of V amylose (28) 

and K -carrageenan (29), in which the C-H groups are on the 

internal surfaces of the helix. 	V amylose is obtained by 

the formation of ccaip.exes, such an amylose-butanol, amylose- 

cycloh.xane, or amylose-iodine. 	In these complexes the 

amylose is coiled around the other molecule and, in the case 

of butanol and similar predominantly hydrophobic molecules, 

the interaction may well be hydrophobic bonding. 

Hydrophobic interactions may be disrupted by three 

methods: 

(a) Competitive hydrophobic interaction. 	Another hydrophobic 

species is introduced into the system, and disrupts the former 

hydrophobic interactions by forming new ones. 	Thus, if a 

hydrophobic species C is introduced into a solution of a 

hydrophobically-bound complex A:B the result is 

ically bound, addition of a competitive reagent, such as a 

- ergent, should dissociate chem. 

Disruption of the ordered structurij of water. 	Certain 

ical species such asurea, can only fit, geometrically, into 

rod r-- 	' 	- er 	 +1-' 	eriii1 
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ctenti31 	the disordered water, and hence discouraAes the 

formation of ordered regions. 	Bcause of this, there is no 

longer any entropy advantage in the association of hydrophobic 

groups, and dissociation may occur. 	This seems to be the 

mode of action of protein denaturants such as urea (30), though 

in this case, competitive hydrogen-bonding can also occur. 

(c) Production of a superior repulsion between the hydrophobic 

groups • 	For instance, two sugar residues might be parted by 

partial ionization of the hydroxyl groups. 

The only previous structural work which has been performed 

on the seed-coat mucilage of Sinapis alba was done by Bailey 

et a].. (33.. 32) over thirty years ago. 	The mucilage was 

extracted from the seeds with cold water, and could be fractionated 

into two portions by the addition of saturated barium hydroxide 

solution. 	Material which remained in solution contained 7% 

pentosan, 10% 6-deoxyhexosan, 24% uronic acid, 45% hexosan, and 

5% methoxyl, and had an optical rotation [a] D  in water +100. 

L-arabinoae, D-galactose, and an aldobiouronic acid composed of 

L-rhamnos. and D-galacturonic acid, were detected in the hydxolys ate. 

The gel produced by treatment with barium hydroxide was 

shown to contain cellulose, and also L-arabinose, D-galactose. 

J-4alacturonic acid, and D-glucuronic acid. 	Quantitative 

ilysis of this fraction showed the presence of 9% pentosan, 

uronic acid, 72% hexosan and 3.4% methoxyl. 	Acid hydrolysis 

the whole mucilage produced a cellulose precipitate which 

)unted to 43% of the original. 	The acid hydrolysate was a 

:ture of aldobiouronic acids, which probably contained a 

ironic acid-hexose, and a uronic acid-6-.deoxyhexose, in the ratio 
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Of the other cellulose-containing ucilagee, that fcr 

the seeds of cress (Lepidium eativum) is likely to be most 

similar to mustard-seed mcilage, since the two species are 

related. This has recently been investigated (33, 34), 

much more thoroughly than has mustard-seed mucilage. 

Fractional. precipitation (33) of cress-seed mucilage with 

ethanol gave two fractions which differed in the amount of 

cd.luloie which they contained, but were otherwise similar. 

The first fraction to be precipitated contained 9% of cellulose, 

ihilat the second was virtually cellulose-free. 	Both were shown 

by acid hydrolysis and paper chromatography, to contain galact-

uronic acid and 4-0-methyl-glucuronic acid (total uronic acid 

contents 28.4% and 30.9% respectively); galactose, arabinose, 

xyloee and rhamnose in the ratios 1013:70 and lO;12:8s8 

respectively: and traces of glucose. 

When the cellulose-free fraction was methylated, it could 

further fractionated by extracting the neutralised mixture 

om Haworth methylation with chloroform. 	The chloroform 

'er was shown to contain the methyl ether of a xyloaraban 

taminated by an acidic component, which remained in solution 

n the xyloaraban was partially precipitated with petroleum 

:er. 	The aqueous layer contained the methyl ether of an 

polysaccharide. 

e structure of the xyloaraban was elucidated further 

rlysis of the fully-methylated polysaccharide, and 

.ctionation and identification of the products; and by 

cacterieation of oI.igosaccharidee produced by aut)hydrolysis 

the original material. 	From the results, structure I was 

;gested, although the main-chain could also contain 1,4-linked 
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D -Xyla 	D-XY1Q 

I. 

the extraction with chloroform, contained an acidic olysaccharide. 

Hydrolyses were performed (34) on this polysaccharide when fully 

lated, and on the polysaccharide obtained by autohydrolysis 

whole mucilage, and methylation of the residue. 

showed that the structure of the acidic polysaccharide 

essentially represented by ha, with lib as the commonest 

> 	I) 

A 
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1L)OUt One Lhiru of the rhamnose residues are also braLilc 

at position 3. and a few unbranched terminal rhamnose residues 

also occur. 	A few galactose residues are terminal or 

are branched at position 3, or at positions 2 and 3, and could 

occur in the main-chain. 	a-D-Xyl 144 D-Ga12 1- sometinee 

occurs as a side chain instead of lib. 

When the supposed cellulose, obtained by autohydrolysis, 

was subjected to dilute acid hydrolysis, the first hydrolysate 

contained galactose, glucose, mannose, arabinose, rhamnose, 

galacturonic acid, and, r- iinly xylose. 	A further dilute 

acid hydrolysis on the residue gave only mannose, glucose and 

xyloae. 	Graded Monier-Williams degradations on the residue 

gave similar results, with glucose increasing in intensity, 

and xylose decreasing to a trace. 

The mucilage from the seeds of flax (Linurn usitatiesimum) 

also contains cellulose although, in this case, it amounts to 

only 0.5% (32). 

This mucilage has been fractionated by cupric acetate and 

nol (35) or by cetyl-trimathylanunonium bromide ("CetavlonTM) 

In both cages a neutral pentosan fraction, and an 

fraction were obtained. 

,-six of the pntosan fraction (35) showed the presence 

and arabino.e in theproximate molar ratio of 3:1, 

igether with traces of galactose and glucose. 	Methylation 

the pentosan acetate, followed by hydrolysis, indicated 

.4-linked xylose, branched at position 2, and perhaps also at 

sition 3, with 3-linked arabinopyranosyl and arabinofuranosyl 

- its, and a trace of D-galactose end groups. 	Partial 
- 	 S 	 - 	- 	 -. 	 - 	- - 	- 	- 	 - 	-. 	 -- 	-- 	 ''---- c 
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aractriL.. 

B-D-Xyl 	- 	, Uy1,a-D-Xy1 £-4. 	 and (36) 

a-D-Xy12 - D-Xyl. 	These results suggest a structure 

of the t -.
1 

	 2.n III. 

- 	"X Y1,0 	 Xy12 1- 	-Xyla 1- 	b-Xyl 1- 

R 

ctionated, with 7% cupric acetate, into copper-insoluble 

copper-soluble fraction. (36). 	The copper-insoluble 

.raction contained L-rhamnose, L-galactose. and D-galacturonic 

i, in the approximate molar ratios 2:1:2. 	Reduction, 

ylation and hydrolysis, showed that the D-galacturonic acid 

s linked 1,4, whilst the L-rhamnoee was linked 12, with 

branching at position 3. 	L-Galactoee derivatives were 

ant, suggesting that this occurred as side-chains which were 

et during m.thylation. 	Autobydrolysis of the polysaccharide 

we L-galactose first, followed by D.g.lacturonic acid, and 

ally L-rhamnose. 	The., results suggest that this poly- 
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type, with side-chains on every fourth rhamnose re:iue 

containing, on average, two L-galactose residues (IV). 	The 

possibility of other arrangements cannot be excluded, however. 

-4 	D-a 1QA 1 - 	 - 	D-GaloA i-4 .-RhaQ 1- 

1' 
(i- .i1) 

IV. Probable structure of linseed acidic polysaccharide 

The copper-soluble fraction contained L-rhamnose,L-fucose. 

L-galactose and D-galacturonic acid, in the ciolar ratios 

4s1s2;2. 	Reduction, methylation 	l- 1rolysis showed that 

the L-fucoee and L-galactose occurrt largely as end-groups *  

whilst the D-galacturonic acid was linked 1.4 and the L-rhamnose 

was linked at positions 2 and 3, or positions 2, 3 and 4. 

This suggests a structure similar to, but more branched than IV. 

Periodate oxidation results, however, suggest that some of the 

hose may occur in the main-chain. 

but a gum 

'iously hetero- 

neous, since it is only j,axtially soluble in water. 	The 

lated gum can also be separated into an arabinogalactan and 

dic component (tragacanthic acid) by dissolving the sodium 

alt of the latter in water (37). 	Later workers (38) prepared 

agacanthic acid by sedition of ethylene oxide to the water-soluble 
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of the eater as required; and the arabinogalactan by extraction 

from the crude gum with ethanol/water (70), after removal of 

glycosides with hot ethanol. 

Tragacanthic acid, after purification on a dhylaminoethyl 

cellulose column, contained uronic acid, xylcse, fucose and 

galactose, in the approximate ratios 8:812s1; and a trace of 

arabinoae 	Acetolysia of tragacanthic acid, followed by 

deacetylation, gave two 	 i.. 	cognised as a-L-Fuc2 

i-2 1)-xyL and 9-D-G512 	 artial hydrolysis of 

:rjtcanthis acid with 	sulphuric acid gave a degraded 

product which, with commercial hemicel].ulase and pectinase, 

gave a disaccharide recognised as ø-.D-Xyifl 1-3 GaLA. 	vlore 

rigorous partial hydrolysis with 0.5N sulphuric acid gave another 

degraded product which, with these enzymes', gave a 1,4-linked 

GaLA oligomers. 	These results, confirmed by inethylation and 

hydrolysis of the reduced polyeaccharide, show that tragacanthic 

acid c 	 cy '.. 

- 

1'• 

.sntial loss of 3rabinose, and a residual branched galactan. 
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.:-6-gaictosy1galactose, and a small amount o.0 1,-iLctQsy1--

galactose. 	M.thylation and hydrolysis showed that the 

main-chain consists mainly of 1,t-linked galactopyranosyl residues, 

with occasional 1,3 links, and some branchin at position 3, 

and perhaps also position 4. 	Methylation and hydrolysis of 

the whole arabinogalactan showed that the arabinoae occurred 

as highly-branched arabinofuranosyl side-chains linked to 

position 3 of galactose residues (see structure VI). Small 

amounts of L-rhamnose and D-galacturonic acid were also present 

in the side-chains. 

RL-Araf or (L_Araf) branched 2 and/or 3 and/or 5. 

VI. Structure of nxn traacanth arabinogalactan. 

rhe water-insoluble fraction of gum-tragacanth can be 

partially dissolved in alkali, and it is found (38) that the alkali- 

ule fraction resembles the tragacanthic arid/arabinogalactan 

;ure in composition. 	The rcsiciue is shown, by dilute acid 

/cirolyais and Monier-Williams degradation to be a glucan con- 

uinated by tragacanthic acid and arabinogalactan. 	A similar 

?aidue is formed when 2-hydroxyethyl tragacanthate is allowed 

stand. 	The alkali-insoluble residue constitutes 21% of 

ie whole, and the residut aoparently solubilised by tragacanthic 

onetitutee another 7.3.4. 

'he mucilage from the seeds of quince (Cydonia vulcraris) 
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probably in the furanose form, and xylose. 	Acid hydrolysis 

gives a mixture of sugars, including one which appears to be 

a mono-O-rnethyl-hexoayluronic acid-xylose. 	This mucilage 

contains about 33% cellulose. 
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Extraction and initial fractionation of aucilae 

Experiment 1.1. 

Crushed mustard-seeds were sieved to give a residue 

consisting very largely of seed coats. 	This residue (201.7 g.) 

was stirred with cold water (2.5 1.) for 4½ hours, after which 

it was removed by straining through muslin, and re-extracted 

tth cold water (2 1.) for 18 hours. 	The process was 

repeated thrice, each time with 2 1. of water. 	The solutions 

were combined and concentrated, and insoluble material was 

removed by centrifugation. 	The solution was further 

concentrated to a final volume of 1.53 1. 	After the 

addition of ethanol (1.98 l. 1 methylated spirit), and 

dilution with water (0.6 1.) precipitation had still not 

occurred. 	Part of the solution (200 ml. was removed, and 

the mucilage was totally precipitated by the addition of excess 

ethanol. 	A 1:1 ethanol/water mixture (7.5 1.) was added to 

the remainder to give a first precipitate, fraction A. 

Subsequent fractions were produced by the addition of further 

quantities of ethanol. 

A sample of each fraction was hydrolysed overnight with 

21 M2SO4 . 	The precipitated cellulose was filtered off, 

hed, dried and weighed and after neutralisation the super- 

ant solutions were examined chromatographically (solvent a). 

i1tz 

ht (gm.) 2.36 4.24 9.69 2.82 0.91 	1.25 

-' 	vol. of 
ano]. 	(1) 

5.70 6.45 7.45 7.95 8.95 	excess 

•J.ulose 27.5 2.9 24.9 33.6* 21.6 	27.6 

is was later shown to be erroneous. The true percentage was 
tween th,e of C and E. 

0 
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uars 

unknown + 	+ 	+ 	+ 	+ 	+ 	+ 

GalA 	++ 	++ 	++ 	++ 	++ 	++ 	++ 

Gal 	+++ 	+++ 	+++ 	+++ 	+++ 	+++ 	+++ 

G 	++ 	++ 	++ 	++ 	++ 	++ 	++ 

Man 	+ 	+ 	+ 	+ 	+ 	+ 	+ 

Ara 	++ 	++ 	++ 	++ 	++ 	++ 	++ 

Xy]. 	+ 	+ 	+ 	+ 	+ 	+ 	+ 

Rha 	+ 	+ 	+ 	+ 	+ 	+ 	+ 

The Nature of the cellulose'lyseccharide liikage 

Experiment 1.2 	Inflared spectroscopy of the mucilage 

A thin film of mucilage, fraction D, cast on a mercury 

surface (see General Methods), was examined between sodium 

chloride plates by infrared spect*oscopy. The hydroxyl stretch 
-1 

peak was broad and flattened, extending from 3580 cm.
-1 
 to 3120 cm. 

indicating hydrogen bonding. 	The carbonyl stretch pea 'was 

centred at lbOO cm7 1  which is characteristic of the carboX 

anion (see Fig. 1.1). A solution 1%) of fraction C wa .jsed 3 

times, for 1 day each, against O.1N HC1, and then 3 times against 

distilled water. A film of this mucilage was cast on a mercury 

surface, and examined as before. The only major difference in the 

ctruni was a peak at 1730 cm due to un-ionized uronic acid; and 

'ual1er peak at 1650 cm:'; due to uronate anion, showing that 

ation-eEchange to give the H form, was probably incomplete. 

'-"riment 1.3 Effects of reagents on mucilage 

'rious reagents were added to solutions of mucilage 

.Dximately 0.25%) and the visible effects, before and after 

ling, were noted. 	The reagents which were used were: 

er-strActure breaking agents; urea, guanidine hydrochloride 
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coizQeti.tive hy&ohoIic bonc-oriers: sdi.uin laur. 

(SLS); 

DNA denaturants (49): lithium thiocyanate and trichioroacetic 

acid; 

cation chelating agents: sodium diaminoethane-tetra--acetate 

(EDTA) and sodium hexametaphoaphate (HMP): 

acids: hydrochloric ar.a formic acids 

bases: sodium tetx: L, r te, ammonium and sodium hdroxides. 

The effects of •O1t 	.m..nations of reagents, and of ultrasonic 

vibrations, were also tested 	Several, reagents produced 

a sharp increase in viscosity, which is listed as 'gel' in the 

table. 

eagent Conditions Effect, cold Effect, hot 

1M cloudy gel Clear gel 

C0(u2 ) 2  7-8M 1ôu.y solution Clear gel 

(CH OH) 10-30 Thicker solution No change 2 
	

2 
 

0.05-0.2M I' Some fibrous ppt. 

50% v/v Thick gel cleavog gel 

1 3COOH 5-5c Thicker solution Gelatinous ppt. 

-5% w/v; 

.9 or 7.5 Ixthick solution Gel or gelatinous 
ppt. 

pH 4.0 H 
H 	 414101 	SI 	 H 

Cloudy gel Clear gel 

cker solution Fibrous ppt. 

.cker solution Thick bubbly gel 

bN Cloudy solution NO change 
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(eagent 	Conditions 	Effect, cold 	 ffect, hot 

NaOH 	 IN 	 Slow formation of 	Fibrous ppt. 
gelatinous ppt. 

2N 	 Immediate formation 	No change 
of fibrous ppt. 

(CH 2OF) 

+ LL.. 	 ;1ir t't 	cLuLiOfl 

SLS 	 0.2M pH 5.0 Thicker solution 	Fibrous ppt. 

ultrasound 	 No change 

Experiment 1.4 Quantitative examination of alkali precipitation 

Portions of mucilage, fractions B and C (250 mg.), were 

dissolved in water (100 ml.) and an equal volume-of 4N NaOH 

was added. The solutions were diluted to 1 1. and filtered 

by suction, through glass paper. 	The cellulose was gashed, 

dried and weighed. 	B. contained 33.4% cellulose, and C 

contained 32.3%. 	This shows that alkali-precipitation giveó 

yields substantially higher than acid hydrolysis. 

)eriment 1.5 Quantitative examination of the effects of EDTA 

solutions of fraction C were made up, containing 2% 

.21% SLS and 2% EDTA + 0.2M SLS, respectively. 	The 

Lutions were adjusted to an approximate pH of 5 and boiled. 

. precipitates were removed by centrifugation, dried and weighed. 

- ults: 	 2% EDTA 	0.2M SLS 	both 

age cellulose 	30.92 	36.38 	38.20 

s, SLS and SLS+EDTA are even more efficient than NaOH 
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to the degradaticn of ceTh2].ose to soluble products by the NaOH. 

Experiment l.6 Re-examination of the effect of urea 

0.1% solutions of mucilage in urea solutions of various 

concentrations were boiled and centrifuged. 	Visual com- 

parisons were made between the various supernatants and pre-

cipitates and the latter were further compared by Monier-Williams 

degradation and paper chromatography (solvent a). 

Resuitsi 	 Hydrolysis products of ppt. 

Conc. of urea ppt. supernatant 	UsiA Gal G Ara 	Xyl 	Rha 

0% slimy cloudy 	- ++ + + 	trace 	trace 

10% - ++ + ce 	- 	- 

+++ •,,, 	- 

30% 1 clearer  

40% fibrous clear 	trace ++4+ + 	- 	trac 

50% N 	.1 U 	 - ++ '+ t--Me 	- 	- 

Experiment 1.7 Examination of cellulose-free mucilage. 

The supernatant from dissociation of the mucilage with NaOH 

was dialysed and concentrated, and hydrolysed by dilute acid. 

The solution was filtered, and solid material was obtained which 

amounted to 0.85% of the original cellulose-containing mucilage. 

This was dark in colour, and appeared to be debris rather than 

cellulose. 	The hydrolysate was examined by paper chromatoraph 

) mnd shown to contain unknown C++) GaLA (++), Gal 

(+1, Man (trace), Ara (++), Xyl (+j. and Rha (+). 

plea of cellulose-free mucilage produced by NaOH 

d by EDTA/SLS dissociation respectively (1% in 

a examined by analytical ultracentrifugation, 

(see Pig. 1.5) and the latter at 
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/i.i x j. 	3otb d ave a single ir;e, 2rOac 	OVl. 

rather more rapidly than component 5 of the whole mucilage 

(see Expt. l.l). 

xperiment 1.8. Attempted recombination of mucilage and 

cellulose. 

A solution of cellulose in Schweizer's reagent was added, 

dropwise, to solutions of wh I.e mucilage (1%) and of cellulose-

free mucilage (1%; prepared by alkaline precipitation of 

cellulose) made approximately O.1N with respect to B 2SO4 . 

Cellulose was precipitated at the first drop7 the presence 

of mucilage therefore did not inhibit the precipitation of 

cellulose. 

i solution of whole mucilage (13) was made 2N with respect 

to NaOH to precipitate the cellulose. 	It was then dialysed, 

but the cellulose did not re-dissolve. 	A sample was homo- 

genized, but the cellulose re-flocculated on standing. 

A sample of this cellulose/pectic mixture was examined by 

infiared spectroscopy during deuteration (see Expt. 1.12). 

It was deuterated more rapidly and more completely than whole 

mucilage, thus indicating that inaccessible rejions occur in 

the pectic polysaccharide, as well as in the cellulose. 

Identification of cellulose 

Experiment 1.9 Monier-Williams degradation 

Samples of cellulose, precipitated by various methods, 

were subjected to Monier-Williams degradations, and examined 

&rrrntoraphically (solvent a). 
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esu1L3; 

Cellulose 	GalA unknown Gal 

Acid-pptd. a 
	

- 	- 

Alkali-pptd. trace trace 	+ 

EDTA/8 LS pp t& ++ 	11 	-H- 

G 	Man 	Ara Xyl 	Rha 

+++ 	trace 	- trace 

+++ 	- 	trace trace? 	trace? 

++++ 	+ 	+ + 

a Fraction Al acid-precipitated celluloses from other fractions 

were not significantly different. 

b Celluloses precipitated l..y BDTA alone, or SLS alone, were not 

significantly different. 

The precipitates produced by urea have already been described 

(Bxpt. 1.6). 

In order to test whether mannose (which would be obscured 

by arabinose in solvent a) occurred in the hydrolysates, 

they were re-examined in solvent b. 	Mannose was not detected. 

The hydrolyaate from the alkali-precipitated cellulose 

was examined by paper electrophoresis, and was shown to contain 

two minor components. 	The slower one has the same mobility 

as glucuronic acid (R picric= 1.03 and is probably galacturonic 

acid. 	The faster one has an Rpicric value of 1.34. 

To investigate how firmly the non-celluji3sic material is 

attached to the cellulose in alkali-precipitated material, 

cellulose was precipitated in the usual way from a solution of 

fraction C (500 mg). 	It was filtered off and washed with 

ter (100 ml.) 3 times. 	A third was removed (sample a) 

further 17 times with water (100 ml.) 

part was kept (sample b), and 
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(u) of about the same size, was produced by washing regenerated 

cellulose (from filter paper) with 2N NH (100 ml.). 	The 

samples were degraded and examined as before. 

Results: 

Sample Ga].A 	unknown Gal G 	Man 	Ara 

a trace 	trace + +++ 	- 	+ 

b H 	 - + +++ 	- 	+ 

C trace + +++ 	trac 	+ 

d - 	 + - +++i 	- 	- 

The hydxolyaatea of an alkali-precipitated sample, and of 

alkali-treated cellulose II, were examined by paper electro-

phoresis. 	The tainor)tghly mobile, component, noticed 

revioualy, occurs in both samples. Hence it must be an 

tefact, probably a saccharinic acid-type artefact, caused 

the action of NaOH on cellulose. 

ertrnent 1.10. 	EIzymo1aia 

p1ee of regenerated cellulose, acid-precipitated 

.:se, and alkali-precipitated cellulose (5 mg.) and 

fraction D (20 mg.) were each suspended in phthalic 

,.um hydroxide buffer (0.5 ml.), with a phthalic acid 

icentration of 0.0514, and a pR of 4.3; and a solution of 

rothecium verrucaria celluldse(kindly supplied by Dr. G. Ralliwell 

Strathclyde University) (0.5 ml.) was added to each. 	Two 

itrol samples were also prepared (i) mucilage fraction D (15 mg.) 

.er (0.5 ml.), and (ii) buffer (0.5 ml.) + 

samples were covered with toluene, as 

.acterioetatic agent, and incubated at 35 0C for one week. 

.. 	 ! 	 • 
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folLowed by filtration. 	The filtrates were concentrated to 

about 0.5 ml., and examined chromatographically (solvent c). 

Results z 

Sample 	unknown 	unknown cellobiose unknown G 	Ara 

regenerated 	- 	- 	trace 	 - 	++ 	- 

acid-pptd. 	- 	- 	trace 	 - 	++ 	- 

alkali-pptd. 	- 	- 	trace 	 - +++ trace 

mucilage + 

enzyme 	 + 	+ 	trace 	trace 	+ 	+ 

The controls gave blank chromatograms. 

These results indicated that the cel].ulaae preparation 

might also contain an arabanase. 	This possibility was tested 

using, as substrates, pectin from the cotyledons of ungerminated 

mustard seeds (UP), mucilage fraction D, and the cellulose-free 

polysaccharide obtained from the mucilage by means of alkali (AP). 

Results* 

Sample 	unknown unknown cellobiose 	G Ara unknown unknown 

Ui3+enzyme 	trace? 	+ 	 - 	trace +++ 	++ 	+ 

UP-enzyme 	trace 	 - 	trace tce 	- 	- 

	

- 	trace 	++ 	 - 

	

'Is - 	trace? 	+ tM Ce -  

-ray powder diffraction patterns of acid-precipitated 

iloee (a mixture of the precipitates from every fraction), 

au-precipitated cellulose (from fractionC), and mucilage 
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diffractometer, with a filament current of 20 mA, accelerating 

potential 40 kV, a copper target, and a nickel filter. 	These 

were compared with patterns from authentic cellulose I (dispersed 

filter-paper) and cellulose II [cellulose regenerated from 

tetramminocupric hydroxide (Schweizer's reagent)J (see Fig. 1.2). 

Positions and relative intensities (giving the peak at 20-23 °  

an intensity of 100) of the peaks were: 

Cellulose I Cellulose II Acid 

2.2 (at 9.50
) -. 0.85 

2.2 (12,  

52.7  

-pptd. Alkali-pptd. Mucilage 

	

(90 ) 	 - 

	

0 	 0 (15  

- 	100 u.Lj 	- 	 - 	 - 

100 122. 8  0 	
- 	100 (21.3 ° j 	100 (210) 	100 (21.50 ) 

- 	2.4 (28.3° ) 	- 	 - 	 - 

11 (34.5° ) 	10.2 (35.80 ) 4.3 (35° ) 7.1 (36.5 ° ) 	5.4 (35 ° ) 

1.1 (46.5, 	- 	 1'•) 	 - 	 - 

Experiment 1.12 Infrared spectroscopy 

Thin filing were prepared on glass cover-slips, ofmucilage, 

and of celluloses prepared by acid, alkali- and EDTA/SLS 

precipitation. 	The samples were then deuterated (see General 

Methods). 	All showed resistance to complete deuteration, 

indicating crystallinity, and gave, after tle initial rapid 

deuteration, a hydroxyl stretch peak at 3350 cin), with shoulders 

at 3410 cm. 1  and 3300 cm. 1 	If high local concentrations 

of alkali were allowed during precipitation, however, it gave 

jo suchclear peaks. 	This pattern is characte:. tic of the 

'e B spectrum of Marrinan and iia 	(see Fig. l.3). 
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('it 	 1: 	.L'ec 	ir 	i..rr''  

re-preciitated th dilute acetic arid. 	The 	ecipitated 

material gave the very distinctive cellulose II specruri, with 

hydroxyl peaks at 3500 cm7 1  and 3450 cm) and with shoulders 

at 3300 ci. 1  and 3200 cm7 1  

A sample of cellulose-free polysaccharide isolated after 

precipitation of cellulose by alkali, was also deu:erated. 

This appeared to be completely accessible to deuteration, and 

gave no sign of containing cellulose I, 

Experiment 1.13 	E1ec.rori 14icro9coj2y 

Droplets of mustard-seed mucilage, cress-seed mucilage, 

and gum tragacanth solutions (0.o3?), containing 0.005-0.05% 

bovine serum albumin (to give good spreading conditions), were 

placed on a collodion membrane on a copper grid of the type used 

for electron microscopy, and allowed to stand for 2-3 minutes 

(41). 	After this time, superfluous solution was removed by 

means of filter-paper, and a drop of potassium phosphotungstate 

solution (BDH; 2; pH 7, prepared immediately before use by 

combining solutions of pH 6 and 8) is acded. 	After a few 

seconds, the grid is blotted again, and allowed to dry. 

The grids are then examined by means of an AEI EM6 electron 

microscoos with the help of Messrs. Tulett and Wilson. 

Despite the use of bovine serum albunin, later specimens did 

not wet the collodion well. 	In all cases, however, cellulose- 

like Laicrofibrils could be seen. 	The diameter of mustard-seed 

mucilage were measured from the photograph, and found to be about 

37 Ri 	those in cress3eed mucilage, and in gum tragacanth, 
were, at least quantitatively, similar (see Fig. 1.4). 
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Fractionation of the mucila;e 

Experiment 1.14 Gel filtration 

A column of agar gel was made for chromatography (42), 

consisting of equal proportions of 2%, 4%, 6 0/6 and 8% agar-gel 

particles which would pass through a 40-mesh screen. 

Commercial 'lonagar No. 2' was used to produce che gels. The 

column was equilibrated with 0.1514 Nl solution, and a 1% 

solution of mucilage (25 ml.) in 0.15M NaCl solution was layered 

on to the top of the column, and eluted with 0.15H NaCl solution. 

Measurement of the concentrations of eluate fractions by the 

phenol sulphuric acid method, and comparison of two of the 

fractions by analytical ultracentrifugation, suggested that 

little, if any, fractionation had occurred. 

Experiment 1.15. Tiselius electrophoresis 

Solutions of fractiori. A, C and E (0.7%) in 0.0514 borate 

buffer (pH 9.2), 'were examined by means of a Spinco Model H 

Electrophoresis-Diffusion instrument, using a field-strength 

of 6.5 volts/cm. 	Each fraction had a major component with 

high electrophoretic mobility, and three minor slow components. 

Repetitic: in phosphate buffer (14/30 salti pH 6.05) gave 

similar, but less well-defined results. 

ixperiment 1.16. Analytical ultracentrifugation 

1% solutions of fractions A, C and E in 0.1514 NaCl solution 

were ultracentrifuged at 50,740 rpm (112,000 x g), and 

photographed at intervals up to an hour after commencement. 

These showed that an initial component was sedimented within 

the first 2 minutes. 	Accordingly, a 0.5% solution of A, in 

the same solvent, was ultracentrifuged at 20,410 rpm (18,150 x g), 

From the photographs of these runs, (see Fig. 1.5) it was possible 

to distinguish the following components: 
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cnt 1: The major peak; very sharp; verj pily 

sedimented at 50,740 rpm. 

Component 2: Minor peak; broad; almost sedimented after 

15 minutes at 50,740rpm. 

Component 3: Minor peak, very sharp; just slower than 2. 

Component 4: Minor peak; broad; about 73 of the distance 

down the cell after one hour at 50,740 rpm. 

Component 5: Minor peak; broad; just behind 4. 

Experiment 1.17 	High-speed centrifugation 

A solution (1%) of fraction B (375 ml.) was centrifuged 

for 1 hour at 31,440 x g # 	The supernatant and pellet were 

treated with ethanol, and -,lie precipitated polysaccharide was 

dried and weighed. 	Al1'wing for the loss of a small portion 

of supernatant, the proportions of the two fractions were: 

supernatant 34.2%;gel, b5.8% 

Samples of each fraction were treated with 2N NaOH and 

the precipitated cellulose was removed, dried and weighed. 

Cellulose contents were: supernatant 15.2%; gel 51.2%. 

Experiment 1.18 Preparative ultracentrifugation 

Attempts were made to fractionate mucilage solution 

(1%, 0.5 ml.) by layering it on to a urea solution decreasing 

linearly in concentration from 40% at the base to 10% at the 

surface (19 ml.), in 20 ml. tubes. 	These were ultracentri- 

fuged for 30 minutes at 12,000 rpm (15,750 x g), or for 1 hour 

at 25,000 rpm (9,000 xg). 	The tubes were pierced at the 

-.tom, and the contents were separated into 1 ml. fractions. 

both cases, phenol sulphuric acid estimations showed no 

istinct peaks. 	Indeed there was an almost linear increase 

rciri(9e cnnr tio - 	 ttri t' 	'-. 	ThE' 
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following more crude approach seemed more successful: 

A solution of the whole mucilage (8 ml.; 1% in 10% urea 

solution) was layered on to a 40% urea solution (12m1.) in 

20 ml. tubes, and ultracentrifuged for three hours at 20,000 

rpm. (44,000 x g). 	The samples were then divided into 

'light' (top 10 ml. in tube), 'heavy' (bottom 10 ml.), and 

'pellet' fractions. 	The solutions were dialysed for two da ys. 

The pellet consisted of granular, undissolved material, and a 

clear genatinous upper layer. 	The latter was scraped off, 

re-dissolved in 40% urea solution, and centrifuged to remove 

any remaining debris. 	It was then dialysed, to provide 

a third fraction ('very heavy'). 	The three fractions were freeze- 

dried and weighed. 

Results: 

Weight of starting material 2.21 g. 

light fraction o.52 g. 23.5% 

heavy fraction 0.40 g. 13.1% 

very 1vy ftion 0.07 g. 2.95% 

Total yield 	0.99 g. (44.. 

Small samples of each were hydrolysec .CAI At 

the hydrolysates were examined by chromatography (solvent a). 

Results: 

Sample 	unknown galA Gal 	Man Ara Xyl 	Rha 

v. heavy 	- 	trace + trace - 	+ 	trace trace 

heavy 	- 	+ 	++ ++ trace ++ 	+ 	to 

light 	++ 	++ +++ ++ 	+ ++ 	+ 	++ 

In view of the si:.iL.:ity of the 'heavy' and 'very heavy' 
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11tra ::tri 	 c 	_Li:;s 	± 

'heavy' (0.3%) and 'light' (1%) in 10% urea, at 24,00 ruip 

(26,430 x g), showed no apparent 'light' contaminant in the 

'heavy' fraction, although there was still 'heavy' material 

in the 'light'fraction. 

Samples of the two fractions were analysed quantitatively. 

Cellulose was precipitated by boiling a 1% solution with 40% 

urea, filtered off, and weighed. 	Uronic acid was estimated 

by the carbazole method (see General Methods). 

Results, 

Fraction 	Cellulose c:ntent 
light 	 25 .2 3% 

heavy 	 43.17% 

Uronic acid content 
22 . 73A . i_I 

27.46% 

The quantities of neutral sugars in the 'heavy' fraction, 

and in whole mucilage, were compared by quantitative paper 

chromatography (see aniline ?hthalate estimations in Genera] 

Methods) 

Results: 

Fraction 	 Approximate molar ratios 

Ga1+6' 	Axa+Man 	xyl 	tha 

whole 	17 

heavy 	18 	 a 	 1 	 2 

The rhartnose figure is a minimum one, since some rhamnose 

will be preae. as galacturonosyl. 1-2 rhamnose, or corresponding 

oligos acchar ides. 

Comparison, with cress-seed uucilaçe and gum traçjacaiith. 

The foil iij  experiments were done with the help of 

fr. D. WrigLiC. 	1.ucilagee were obtained from the seeds of 

cress (Le;iciium aativum) by 	:- a method as was used for 

L1LC1C. 	 rie 

these were 'plain' and 'curled' cress. 
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Gum tragacanth was the same sample as used in the classical 

structural work of Aspinall and Baillie (38,39). 

Comparison of the seed-coat mucilages of mustard and 

curled cress by analytical ultracentrifugation at 20,140 rpm 

(0.5% solutions in 10% urea) showed that the heavy component 

of cress mucilage sedimented approximately twice as rapidly 

as that of mustard mucilage (see Fig. 1.5). 	Hence, this 

component was isolated by preparative ultracentrifugation as 

in Expt. 1.18, except that it was ultracentrifuged for only 

l31.hours, and a 0.75% solution was used, instead of a 1% ' 

solution, because of the greater viscosity. 

Gum tragacanth, as was mentioned in the Introduction to 

iIS Section, is only partially soluble. 	The whole gum 

3 dispersed in water, and the precipitate, later found to 

cellulose-rich was obtained by centrifugation. 

ent 1.20. 	Chromatographic comparisons of mucilages. 

aples of mustard-seed mucilage (whole and heavy fraction), 

cress-seed mucilage (whole), curled cress-seed mucilage 

hole and heavy fraction), nd gum tragacanth (supernatant, 

acipitate, and whole) were hydrolysed by formic acid (see 

'rieral Methods), and examined by chromatography (solvent a). 

3ultst 

raple 	 GalA Gal 	G 	Ara Fuc Xyl Eha 

tard (whole) + ++ 	- + + 

(heavy) ++ -i-i-i- + 4-,- 	- ++ + 

ain cress +++ ++ trace +++ 	- +++ ++ 

(whole) +++ ++ of +++ +++ ++ 
+++ trace 

hole ++ + + +++ 	++ ++ - 

Apernatant) ++ + - +++ 	++ ++ - 
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Fibrous precipitat.es formed during hydrolysis of the 

heavy fraction of cress-seed mucilage suggested that this was 

also the cellulose-rich fraction.. 

Experiment 121 Determination of cellulose contents 

Solutions of mustard-seed, plain and curled cresal-seed 

mucilages and gum tragacanth (all whole; 10A), were mixed with 

equal volumes of 4N NaOH, and the cellulose was filtered off, 

dried and weighed. 

Results: 	 Cellulose contents 

mustard 	 37.1% 

cress (plain) 	 11.0% 

cress (curled) 	14.2% 

gum tragacanth 	 3.1% 

Experiment 1.22 Cotnparisonof plain and curled cress mucilages 

Since the two cress-eeed mucilages appeared to be slightly 

different in cellulose content, they were compared by analytical 

ultracentrifugation (0.3% solutions in 10% urea), at 20,410 rpm, 

increasinj to 50,740 rpm. 	This showed that the heaviest 

peal in 'curled' mucilage was rather larger and faster than that 

in 'plain'mucilage. 	Apart from the heavy peak, both samples 

contained only one light component, which had sedimented only 

one-tenth of the length of the cell after 1 hour at 20,410 rpm, 

es 

n films of curled mucilage (cellulose-rich fraction) 

tragacanth (whole), dried on to silver chloride strips. 

:e observed by means of infrared spectroscopy during deuteration. 

ss-seed muci1age,partia11y resistant to deuteration, and gave 

1 
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appeared to be completely accesib1e c deuteration, and gave 

no cellulose spectrum. 

Samples of cellulose, prepared from gum tragaca1 .' 

precipitation with 2N NaOH and 40% urea respectively, 

examined. 	These were partially resistant to deuteratiorL, 

and gave an ill-defined peak at 330 cm thus reselir 

cellulose 

Experiment l.4 Effects of reagents on 

Cress-seed mucilage and gum tragacanth were 

same reagents as mustard-seed mucilage (see Expt. 1.3) and gave 

comparable results. 	They were also tested with anions 

the so-called chaotropic series (40). 	Solutions of curlel' 

cress-seed mucilage (0.3%) and gum tragacanth (0.5%) wet: 

4M with respect to: sodium trichioroacetate, potassium 

cyanate, sodium iodii sodium acetate, potassium bromic 

sodium chloride an. 1.. ;ith respect to sodium perchiorat. 

The effectiveness of these anions (which with DNA, follows 

order Cl, Br, CH 3COO f CIO  CNS ccl 3  COO ) was observt?ci, 

firstly in the cold, and then after boiling for 30 minutes. 

Results: 
Cress 	 Gum tragacanth 

cold hot 	 cold 

precipitate slight 	 gel separates 
prect itate 

precipitate 

slight ppt. 

slight 
thickening 

alight 
thickening 

CC1 3COONa 

KCNS 

NaC 104  

Nal 

CH3COONa 

KBr 

NaCl 

'I 	 It 	 II 

some ppt 
	

I, 

thickening 
	II 
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The experiments descried in this section have confiraied, 

first of all, that the insoluble glucan found in these mucilages 

is, indeed, cellulose. 	It has also been shown by its 

infrared spectrum (Bxpt. 1.12), and its X-ray diffraction pattern 

(Expt. 1.11) that it is present in the crystalline form that is 

normal in higher plants, that is, cellulose IB; and occurs in 

microfibrils similar to those found in the plant cell-wall. 

There is no conclusive proof that anomalous linkages or branch-

points do not occur, but it is safe to conclude, from the enzymoly-

Si. (Expt. 1.10) and electron microscopy (Bxpt. 1.13), that such 

abnormalities are uncommon, if they occur at al].. 	In the 

former case, the result of anomalies would be the presence of 

di- and oligoaaccharides other than cellobiose inthe products 

of enzymolysial in the latter case, it is unlikely that regular 

microfibri].s would be produced. 	One anomaly that has been 

suggested previously (33) on the basis of hydrolysis products, 

is the presence of a small amount of manriose in an otherwise 

typical cellulose. 	Mannose has been recorded in acid- 

precipitated cellulose (Expt. 1.9)7 however, this could be 

due to a mannose-containi'tg hemicellulose cortex rather than to a 

mannose-containing 'cellulose". 

Structural studies of cellulose-containing mucilages (see 

Introduction to Eection) have established that these are a mixture 

of two or more polysaccharides in addition to cellulose. 	These 

fall into two groups, both of which are pectic. 	Firstly, there 

are the branched acidic polysaccharides of the galacturonari or 

galacturonorhamnan ty?e;  secondly, there are the branched 

neutral polyeaccharides, frequently pentosans. 	The analyses 

reported in this section are not detailed enough to prove that 



46 

U  Liey re 

certainly amenable to this interpretation. 	There is, 

however, from these experiments, no unmistakable evidence 

of chemical heterogeneity in mustard-seed mucilage, other 

than in cellulose content. 	The hydrolyses reported in 

Expt. 1.1 indicated that the cellulose-rich fraction contained 

less galacturonic acid and rhainnose, but this seeas to be 

disproved by the sugar estimations reported in the same 

experiment. 	The work of Dailey in 1932 (:1,32) is relevant 

to this question. 	The analytical figures given for his cellulose- 

rich fraction, obtained by barium hydroxide precipitation, are 

very similar to those reported, for a corresponding fraction, in 

this section, if the cellulose is included in the hexosan 

figure (Table I). 

uronic anhydride 

hexos an 

pentosan 

b-deoxyhexos an 

cellulose-rich 
fraction.,, present 

worn 
15.6 

70.8 

10.8* 

2.5 

cellulose-rich 

fraction, Dailey 

15 

72 

9 

cellulose-poor 
fraction, Bailey 

24 

45 

7 

10 

*This will include traces of marmose 

Table I. 	Percentage composition of mucilage fractions. 

His cellulose-poor fraction was richer in uronic acid and 

t-deoxyhexoaan and thus supports the qualitative findings of 

Expt. 1.18. 	It should be noted, however, that Bailey recorded 

jiucuronic acid in his samples. 	There has been no sign of 

this in the present work, and it could be that Bailey's mucilage 
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was CO1mirLec, •. 	SOLC ter vaj LiS Li. 

mucilage used by us. 	Further work is needed on this, but 

it does seem possible that there are chemically distinct pectic 

components in mustard-seed mucilage. 	Analytical ultra- 

centrifugation and Tiselius electrophoresis certainly showed 

that physically, the mucilage was markedly heterogeneous, but 

this could be explained by different cellulose contents. 

It is of itite!est to see, at this stage, how far these 

results show a relationship to the normal cell-wall pectins from 

mustard. 	A study of the pectic polysaccharides in mustard 

cotyleC S 	) showed that they are of two types, represented 

by atru 	VII and VIII. 

> 	 :1 4_ l 

/1 1' 

VII. Possible structure for mustard araban. 

z 

1 

4 

- 	 - 	
I .,, 	1 	-Tthai 	1- 

4¼ 

Z = Xylp or a highly-branched araban chain, probably like VII 

VIII. Representative structure for mustard acidic polysaccharide. 
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cress-seed mucilage (see Introduction to Section) and would 

fit the analytical data for mustard-seed mucilage fairly well, 

except that they contain no galactose. 	Further support 

for this type of structure is given by Bailey's identification 

of a galacturor i :':hwnnose in the hydrolysates of 

uatard mucilage. 	alow 'unknown', recorded in the 

chromatograms of several of the hydrolysatea reported in this 

Section, 'taa a mobility similar to that of galacturonosyl l—'2 

rhamnose. 

Cellulose appears to be no more intimately associated with 

one component than another, in the mucilages which are definitely 

heterogeneous. 	In gum tragacanth (3), both components 

occur in association with cellulose. 	There are signs, 

however, that it shows a slight preference for a ne.ral sugar-

rich component in cress (33) and mustard (ref. 32 and Expt. 1.18). 

The results of Monier-Williams degradation of cress-seed cellulose 

definitely show that there is a minor component, a xylan or 

xyloglucan, closely associated with the cellulose. 	Traces 

of mannose (ref. 33 and Expt. 1.9) may be similarly explained, 

aid perhaps also the galactose (Expt. 1.6) which persists with-  

the cellulose after urea dissociation. 	This fits in with an 

earlier suggestion (22) that the cellulose microfibril in plant 

cell-walls consist of a crystalline glucan core, surrounded by 

a paracrystalline cortex of probably henticellulosic materials. 

In higher plants, this may contain sugars such as mannose, 

xyloae and galactose. 

Investigation of the nature of the cellulose-pectic linkage 

,' t 	1.. ) 	rtrated 	carl 	tt the 1i' - 1. rQ not 
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cr:valerit, since reagents such as ura etc. woi1 flave o effect 

on possible covalent bonds. 	Tlier• is apparently some 

indication that hydrophobic interactions play a dominant part 

in this linkage because of the effects of urea etc. 

Hydrogen-bonding is present (Expts. 1.2 and 1.12) and the size 

of the 1) 20-resistant peak (Expt. 1.8) suggests that some 

inaccessible areas occur in the polysaccharides other than 

cellulose. 	On the other hand, there is no sign of regular 

hydrogen-bonding other than in the cellulose, and it is 

unlikely, as suggested in the Introduction, that hydrogen-bonding 

makes a major contribution to the linkage. 	The main 

remaining uncertainty is whether cations have any role in 

maintaining the structure of the mucilage. 	EDTA and HMP, 

chelating agents, do, it is true, cause cellulose precipitation. 

This, however, might be due purely to thechaotropie effect (40) 

of the anions. 	The fact that no precipitate was noticed 

in the preparation of the 	form of the mucilage (Expt. 1.2), 

or in the presence of reagents with exchangable cations, such as 

NH4OH or Na2B4O7 . suggests that electrostatic interactions with 

cations are not of major importance. 

The electron microjraphs (Kxpt. 1.13) show the pectic 

polysaccharides tending to aggregate around the cellulose 

microfibrils. 	The possibility that this also occurs in 

solution is suggested by the results of the ensymolysis 

(Bxpt. 1.10). 	Although the cellulose was present in a 

highly dispersed form, its degradation was significantly 

retarded; and this despite the presence of a mucilage-degrading 

impurity in the enzyme. 

In eunary: cellulose-containing mucilages and gums contain 

cellulose ID, in microfibrils surrounded, at least in some cases, 

by a heinicellulosic sheath, to which are aggregated, more loosely, 
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:.uci1 e, 	rticularly, 

The forces which hold 

together might include 

some extent, hydrogen-bonding 

the ;e: 	.1ysaccharidea of the 

perhaps, - the neutral components. 

these polysacchie associations 

hydrophobic interactions, and, to 

and chelation of cations. 
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i . 	Qq.UCtjO 

The work described in this section aims to investigate 

the structures of polysaccbarides by means of infrared 

spectroscopy. 	It attempts to find the spectral features 

characteristic of different types of polysaccfiaridee and, in 

particular, it explores the uses of deuteration and beam 

polarisation in the investigation of crystallinity and group 

orientation. 

Detailed analyses of monosaccharide and glycoside spectra 

and earlier work on poly.accliaride., have recently been 

reviewed by Spedding (44). 	These have established 

differences in detail, due to anomeric configuration, and to 

the configurations of the secondary hydroxyl groups. 

Substituent groups also give such differences. 	It is hoped 

that the different types of polysaccharide may show comparable 

differences in ft shape and positions of spectral peaks, 

either when deuterated or when undeuterated. 

The use of deuteration to give spectra of the hydroxyl 

groups in crystalline regions was described in the previous 

chapter (Expt. 1.12). 	It has also been used (20) to estimate 

the crystallinity of cellulose L. from the infrared spectrum. 

This method is based on the fact that the amorphous regions of 

cellulose are completely cleuterated before the crystalline 

regions are significantly affectedy this being shown by the 

virtual absence of crystalline OD peak when the cellulose is 

back-exchanged after brief exposure to D 20. 	Since thts is so, 

a comparison of the sizes of the OH and OD peak. will jive an 

estimate of the crystallinity, or more correctly, the accessibility 
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to deuteration. 	The Laituert-Beer law expresses the 

optical density log 10 (bo/I)s in terms of concentration, c, 

and thickness of sample d, by the expression log 	(10/I)'.kcd,
10  

where k is a constant, te extinction coefficient, for a given 

chromophore. 	Hence, for the OH and OD peaks, 

log 10 (10/I)OD kODSCOD 

10410 (10/I)OH k.COH 

and the crystallinity i5 given by 	COH x 100% 
OH+C0D 

The beam intensities are measured at wavelengths where they 

are independent of any accidental polarisation. In the 

particular case of cellulose II, these are at 33O cm7 l  for 

OH, md at 2530 cm for OD. The ratio kOD/kOR is found to 

be 1.11. 	Lor other polyeaccharides, the wavelengths and 

ratio will probably be different. 

Prolonged exposure of cellulose II to D20 deuterates a 

small fraction of the crystalline material.; this is shown by 

the presence of crystalline peaks in the OD region after back-

exchanging (20). 	It is also found that crystaltinities 

measured by infrared spectroscopy are smaller than those measured 

by X-ray diffraction. 	Mann (45) cxplained these features of 

cellulose II by poatulatirj the existence of four types of 

material, viz: 

Material .xysta1line to X-ray and infrared, and inaccessible 

to deuteration; 

Material crystalline to X-ray and infrared, but accessible to 

deuteration; 

Material crysta1lir. 

acco s i. e toe :rai 	; 
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accessible to deuteration. 

These are not regarded as distinct species, but as definable 

points on a continum between (a) and (d). 

It seem, therefore, that the infrared measurements are of 

'accessibility' rather than 'crystallinity' and that there is 

no sharp boundary between accessible and inaccessible regions. 

Nonetheless, it is a rL:ly close approximation to assume that 

such a boundary exists, since the rate constants of the  

deuterations of 'amorphous' and 'crystalline' in giona are 

very different, and intermediate regions seem to be of minor 

impoitince. 	In view of this, it is possible to use a 

differeflt method for calculating crystallinity in polysaccharides 

by means of infrared spectroscopy. 

The interaction between polysaccharides and D 2 
 0 can be 

represented by 

IH+ D 
2 
 0 = ID + DOH 

The rate of disappearance of 1H is given by the equation 

.-d [IH}/dt 	kLL)HJ [D2o] 	(i) 

In the cells used for infrared spect*oecopy. the D20 vapour is 

continuously being replenished, so that [D20] is castant. 

Hence, puttirg [1H] = c, we can write (i) as .-dc/dt Kc ... (ii) 

If =0 when t=O, this equation becomes c'c0 .expt(-.t) ..... (iii) 

If the fractional crystallinity of the sample is n, and the 

crya.line and amorphous parameters are denoted by subscripts 

x and a respectively, then the total concentration of 

ROfl,C=c0(n.exp(-Kt) + (1n).expt(-Kat)) 	•.... (iv). 

If we assume that radiation attenuation due to scattering and 

'1-rTio )1fl 	a)r'rton 

 

are additive, then the rrttc1 density 
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in given by log 10(I4) = ( s+ A.C.)d., where S is the scattering 

factor, and d is the sample thickness. 

If we further assume that S is not altered by a small 

change of wavelength, we can measure its magnitude in a non-

chromophoric region, and 1og 10 (10/1 5 ) 5  Sd.  

1.0(1o/Is) s  = A.C.d 	A' (n.exp(-Kt) 

+ 

Equation (v)contains four unknown quantities; thus four 

sets of corresponding values of I and t are needed, in 

addition to the values of I and (I/I), in order to calculate 

these quantities. 	Direct solution of (v) is impossible, due 

to its form; in practice, an iterative process is used, first 

calculating approximatevalues for A',n, and Kx  from experimental 

values measured during deuteration of the crystalline region, 

then using these to calculate approximate amorphous parameters, 

using the latter to improve the crystalline pozameters, and so 

on, by successive approximations. 

There is also a simpler method for testing whether or not a 

saple is crystalli. 	Since c = c0 .exp(-Kt) (eqn. iii), ln(c0/c) 

= Kt. 	The time, i' s,, required to i 	the size of the OH peak 

by one criarter is obtaircO from in, 	c 0 ) = I<T. 	Thus, the 
ratio 	T= log( 3 .og(2);1og(4) = 1:: 	 the 

samp1 	cjerieous. 	If there are large relatively 

inaccessible regions in the sample, then the ratios 

T½ tc 	:111 be much larger. 	On the other hand, 

inaccessible regions (say 5%) would probably not affect these 

ratios, so that the choice of fractional times would need to be 
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Polarised infrarei sctroecoj has also ecr ,  uec to 

provide information about the structure of polysaccharides, 

notably in cellulca9s (46,4748) and 8-1,4 xylane (49). 	In 

this method of investigation, rriented samples films or fibres, 

are used. 	An infrared chromophore absorbs radiation most 

strongly when the electric vector of the radiation As parallel 

to the transition moment of the vibration. 	Thus, it is 

possible, by means of polarised radiation, to find the orientation 

of the transition moment causing a given peak, relative to 

the fibre, or macromolecule, axis. 	When the origin of the peak 

is known, it is then possible to assign an orientation to the 

chromophore with respect to the fibre axis. 	Conversely, 

if the general configuration of the molecule is assumed, peaks 

can be assigned to chromophorca on the basis of their orientations. 

In practice, both methods are generally used. 	Above about 

1500 cm.-1  the chromophores are generally widely spaced and 

easily assigned, so that this region is mostly used to find 

chromophore orientation. 	Below this wavelength, however, 

the peaks tend to be crowded, and the main use of polarised 

radiation in this region is the assignment of peaks to 

chrornophores. 

Although polarised infrared spectroscopy can thus be 

cul over the whole range of the spectrophotometer, its chief 

is in the investigation of the orientations of hydrogen 

da in the polymers. 	These may be inferred from the 

ay and infrared data for homologous o].igomers, but they 

be directly investigated only by the use of polarised 

red spectroscopy. 

our distinct methods have been used to prepare oriented 
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Pressing aligned fibres into a sheet; Ramie fibres 

(cellulose Ia) (46). 

Stretching a wet film of polyBaccharide; bacterial 

cellulose (cellulose (IA) (47). 

Spreading a viscc'is solution of polysaccharide on a smooth 

surface and allowing it to dry; cellulose II (47) and xylana (49). 

Spreading a suspension of insoluble crystallites, and 

allowing it to dry; Ramie crystallites (48). 

In addition, the oriented film produced in the latter 

cases may be modified by reagents. 	Thus, cellulose II is 

produced by saponification of cellulose acetate film, produced 

as in (c) (47), and cellulose liii in produced by the action 

of liquid ammonia or ethylamine on oriented bacterial eellulose 

(47). 	It is generally necessary, too, to deuterate the 

sample before investigation of the hydroxyl peaks. 

The ratio of the optical intensities (I1,Ir)  of a peak when 

the electric vector of the radiation is parallel and perpendicular 

respectively to the molecular axis, is termed the dichroic 

ratio R. 	This has been related (50) to the angle, a between 

the transition-moment and the axis, and to the disorder, by 

considering the sample as containing a perfectly rrered 

fraction, f, and a perfectly disordered fractic' , i-f. 

The relationship is 

R -f.cos2a + (1-f) 
f.sin 2a + (1-f) 	

(vi) 

It is instructive to see how R varies with a, over the whole 

range of order from f-O (perfect disorder) to fl (perfect order). 
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aO° 	 1+2f 	Range 1 too 
1-f 

	

5-45° 	R-2(2+f) 	Rang* lto2 
4.-f 

	

a - 5444 	tan 	('2);Rr1 

	

a-900 	R-2(1-f) 	Range ltoo 
2+f 

Hence, a chromophore with a transition moment parallel, 

or nearly parallel, to the axis, will have a large value of 11 

and a small value of Ir r if the transition moment is 

approximately perpendicular to the axis, the converge will be 

trues and if it is at an angle of about 55, 11 and 'r will be 

equal. 	Thus, for a given sample (so that f is constant), 

some relative estimate of the azimuthal angles of chromophorea 

can be made. 

The relationship between the optical density, I, and the 

angle Q between the axis and tI electric vector is sinusoidal. 

Using subscripts 1, r to represent parallel and perpendicular 

parameters respectively, the electric vector at any angle 0 is 
Lver1by 	

2 	22 	2 	2 E -E1. sin Q+B. coo 9 

Sinc 	. this becomes 

I - I1.9jn2e + I• Cos 2Q 
This can be rearranged, to give the relationship 

I - 	+ 'r + ½(1 1-4)cos29 	(vii) 

The extreme of this curve occur when dI/d9 O,i.e at 9 - 0 0 0  

	

O ijo etc 	Hence, the Positions of the exrea are 90 	

-1 

extrema are not 
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Experiment 2.1 	;ererl characteristics c 

The spectra of several polysaccharides, examined as films 

on glass slips, were recorded during deuteration (see General 

Methods). The polysaccharides which were used were: 

(i), Cellulose II. 	This was presented by the acidification 

of a solution of filter paper in Schweizer's reagent. 

(ii, :lginic acids. 	These were prepared by acidification of 

sodium alginate solutions. 	A guluronic acid-rich sample from 

Laminaria hyperborea and a mannuronic acid-rich samp'e from 

L. digitata, were provided by Al4nate Industries Ltd. 

2-Flydroxyethyl alginate. 	This was prepared by the 

action of ethylene oxide on mannuronic acid-rich alginic acid. 

Gum tragacanth. 	The same material was used as previously 

(Expt. 1.19, et seq.) 

Citrus pectin. 	This was kindly supplied y Mr. Ian Cottrell. 

Pectic (acidic) polysaccharide from mustard-seed cotyledons. 

This was extracted from the cotyledons of (a) ungerminated, and 

(b) germinatr 	•' 	 o1utic 	5l), after 

.val of lipids with 	;ou: 	ci aid acecone. 	After 

dialysis, protein was removed from the crude extract with 

phenol, and the polysaccharide was isolated by freeze-drying. 

Mustard seed-coat mucilage Fraction B (Expt. 1.1.) 

Resuith: 

Polys acch aride 

(i) 

(Bee Fig. 2.1) 

0-H stretch 

undeuterated; 
fairly broad 
peak centred 
on sharp perk 
at 3440 cm. 
deuterated; 
peak still 
large, fine 
features 
apparent. 

C-H stretch 
Sharp peak 
centred at 
2900 cm-. 1  

O-D stretch 

deuterated peak 
relatively narrow, 
centred at 2530 cm 
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C-B stretch 
peak sharp 
to almost 
swamped by 
0-H peak; 
centred at 
2920-2930 cm 

.irly sharp 
k centred 

. 2930 c&fl 

O-kI stretch 

undeuterated; 
peak broad or 
very broad 
centred at 
33t.-34Q cme1  

deuterated; 
peak still 
present; no 
fine features 
in (ii); sharper 
peak at 3300 
cm7l in (vi a). 

undeiaterat.. 
fairly bro 
peak centrc 
at 

£ 
33C0-3440 

cm.  

deuterated; 
peak absent. 

0-fl stretch 

undeuterated; 
unassigned peak 
centred at 
2500-230 cm-.l 
not always 
visible, but 
shown by 
initial decrease  
around 2500-
20O cm durinc 
deuteration. 
deuteated; 
peak not always 
clearly visible 
centred at 
2500-2540 cm. 

deuterated peak 
fairly broad 
centred at 
2500-2530 cm. 

Polysacct ide 

(ii), (vi, a) 

(see Fig. 2.1) 

(iii;, (iv), (v) 
(VI ;  5) 

(see Fig. 24.) 

(vii) 

(see Fig. 1.3) 

undeuterated; 
rather narrew 
peak centred 
at 3345 cm 

deuterated; 
peak still 
large, features 
like cellulose 
I .  

Fairly sharp 
peak, truncated 
or slightly 
split, apices 
at 2915, 295 
cm 

Deuterated pea) 
rather narrow 
centred 
2510 cm 

Experiment 2.2. 	Investigation of the.pectic peak at 3300 

The peak at 3300 cm 1  in gennated cotyledon pectin was 

suspected to be due to the N-H stretch of protein contaminants, 

since the N-H peak of proteins, like the pectin peak (a) occurs 
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at 3300 cm.-11 (b) is narrow, than amorphous 0.-li peaks; and 

(c) is less accessible to proton exchange. 	That it was, 

in fact, due to this, was (nifirmed by the following teats: 

Crude rttustard.-aeed protein, isolated from phenol extract, 

was examined by infrared. 	It gave a similar peak at 3300 cm 

A sample of polysaccharide, on a silver chloride slip, was 

wetted with methanoj.ic lid (0.5%). 	After being dried, it 

was examined by infrared during deuteration. This showed the 

3300 cm peak almost disappeared, a new peak at 3090 cm and 

a narrow peak appearing, after some time, at 2470 crn7]. It is 

suggested that these changes are due to the following reactions: 

+ 
N-H + HCI 4 NI 

(peak at 3303l) 

> 

(2470 %n - ' 

9eriment 2.3 Investigation of the pectic peak at 2500 cal. 1  

This peak was suspected to be due to chelated water or 

secondary hydroxyl groups, which would give a peak in this 

region. Further evidence for this was obtained by the 

following tests: 

A sample with a large peak at 2500 cm was dried overnight, 

in a high vacuum at about 400C, over phosphoric oxide. 	when the 

sample was re-examined, the peak was absent. 

Samples of calcium methyl 8-D-glutopyranosiduronate (film; 

see Fig. 2.2.) and BL2 .2H20 (Nujol mull) were examined by 

infrared. 	These had peaks at 2680 cm 1  and at 2720 and 2660 cm 
res e:t vei'. 
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for cr8ta1iirAic' 

Series of spectra, run at noted times during deuteration, 

were produced for the samples used in £xpt. 2.1. 	From these, 

	

e of 	.'-droxvl groups were 

ga 

Section). 

Result 

Po1ys 	 4 	 ConcLUsion 
cal 

lz41:4.32) 

o./, 5.0, v 
C •talline -  

(mannuronic) 	10,240, very 

(ui 1  2,4,9.5 
:2:4 • 75 Non-crystalline 

 2.25, 	5.0, 	ico Non-crystalline 
=l2.22:4.45 

 0.5, .1.25. 	2.5 Non-crystalline 
-1:2.5:5.0 

(vi() C. 	', 	 1.f, .. 	 .. -.ysta1line 

i: 2 .  '.~ 5 t S. 2 5  

 •.5, 	1.0, 	4.5 crystalline* 

1:2:9 

 7.5, 	100 very larqe Crystalline 
"1:13.3: - 

*See Expt. ;..2 
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cjc.riitien 	.. Calculations of rate constants and crystal inity 

The rate constants and crystallinitiee were calculated, 

from equation (v) (see Introduction to Section), by the method 

outlined in the introduction for the following polyaaccharidees 

Cellulose II 

°Cloutonii' alginic acid 

Gum tragacanth 

Mustard seed mucilage, fraction B. 

Bee Expt. 2.1 for details of samples (i)-(iv). 

Ultracentrifuge precipitate from the mucilage 

Ultracentrifuge supernatant from the mucilage 

(v) and (vi) were prepared by ultracentrifugation of a mucilage 

solution for one hour at 20,410 rpm (see Expt. 1.16). 

Acid-precipitated cellulose I (see Expt. 1.1). 

Very heavy fraction isolated with the preparative 

ultracentrifuge 

Heavy fraction isolated as (viii) 

Light fraction isolated as (viii). 

For samples (viii)-(x) see Expt. l.lo. 

The scatterini correction was ca1ci1ated from the 

transmittances of the cell, with and without the sample at 

4000 	 The hydroxyl transmittances were all measured at 

3360 cm. 	The calculations were made by computer, using five 

iterative cycles to compute accurate values. 	In the case of 

cellulose II, the 	 - 	 printed after each 

cycle, and showed 't 	 - 	b 	 values are 

virtually unaltere., 	 to e unnecessary. 
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Results 

Sample '(hr 1 ) K 	(hr) n 	() x 

i 0.22.: 11.3599 19.b7 

ii 0.0231 5.2495 23.11 

1.0737 19.318c 15.9 

iv 0.1507 7.344b 57.21 

v 0.0529 43.9579 60.71 

vi 0.2414 17.2416 18.15 
vii 0.4178 27.9473 47.39 

viii 0.1506 17b.4587 51.91 

ix 0.1512 34.8739 65.65 

x 0.1739 36.1719 58.90 

Exarjment 2.6 Polarised spectrosco py of Fortisan fibres. 

The method used for the examination of fibres was an 

adaptation of that used by Cumberbirch ard Spedding (52). 

The fibres were wound around a small metal plate with bevelled 

edges (to avoid cutting them), and teased into a continuous 

thin layer. 	They were held in place with a piece of 

sellotape on one aide, and wetted, aflci covered with a single 

layer of aluminium foil. 	The sample was then placed in a 

KBr-disc press, and left overnight under a pressure of about 

25 tona/sq.in. 	This produced an oriented sample generally 

stuck to the foil, from which it could be removed when dry. 

The sample was deuterated for about 24 hours, then immersed in 

carbon tetrachloride or hexachlorobutadjene to reduce the 

scattering. 	If carbon tetrachloride was used, it needed 

to be replenished frequently during infrared examination, to 

replace evaporation losses. 	The spectrometer was held at a 
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ThL 	 ::L r, JdflCC : 

was recorded for a series of angles of polarisation. 	This 

enabled a graph to be drawn up of the variation of transmittance 

with polarisation angle. 	This method was used, rather than 

single measurements of maximum and minimum transmittances in 

order to give more accurate values of the maximum and minimum. 

Results (see also Fig.2.2)! 

Peak 	Assignment 

3500 OH (8) 

3450 OH  

3300 OH (e) 

3200 011 (s 

2930 CH  (as) 

2900 CH (a) 

2880 CH  (as) 

2500 OD (a) 

130 COIl  

Dichroic ratio Orientation ref. 47 

O.L 

- 

-. 

- 

a = stretch; as antisyinmetric stretch; as - ayaetric stretch; 

= in-plane bond 

Experiment 2.7 Polarised spectroscopy of the mustard-seed mucilage 

A thick solution (2 or 3%) of riucilage was placed between 

barium fluoride plates. 	These were then slid apart under 

acetone, and left there for 30 seconds. 	This process gives two 

oriented films, on plates which can be placed, with the oriented 

films parallel and facing inwards, to observe the polarised spectrum 

of the mucilage during deuteration. 	The transmittances for 

various angles of polarisation were recorded as in the previous 

experiment. 
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e6u1ts 

Peak 
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DISCUSSION 



Experiments 2.1 to 2.3 have shown that infrared spectro-

scopy yields some useful information regarding the structures 

of polysaccharides. 	The shape and position of the hydroxyl 

peak appears to be quite unrelated to the nature of the poly- 

saccharide, but the changes in it which occur during deuteration 

give some information regarding its state of aggregation. 

It seems legitimate to distinguish three types of aggregation 

on this basis, viz: 

Amorphous (polysaccharides iii, iv, v, vib). 	The hydroxyl 

groups are completely and readily accessible to deuteration, 

and no fine features appear in the spectrum at any stage. 

This type of aggregation occurs in well-branched polyaaccharidea, 

and also in 2-hydroxyethyl alginate. 	In branched polysac- 

charides, the packing of monosaccharide residues must be fairly 

random, and there is no chaz4c2 &f extensive areas of ordered 

packing, with strong hydrogen-bonds, such as occur in cellulose. 

2-Hydroxyethyl alginate is a linear ester, but it presumably 

occurs in a disordered state, due to (i) the presence of bulky 

2-hydroxyathyl groups, and (ii) the attachment of these at two 

distinct configurations, depending on whether the uronic acid 

residue is mannuronic or guluronic. 

Occluded (polysaccharide ii). 	The hydroxyl groups are 

not completely accessible to deuteration, but no fine features 

are visible in the hydroxyl peak. 	This type of aggregation 

is shown by the alginic acids, which are linear 1,4-linked 

polymers of Diiannuronic and L-guluronic acids. 	Because of 

their linearity, these are capable of closer and more orderly 

packing than are branched polysaccharides, and am probably not 

truly amorphous. 	Nonetheless, they do not appear to be 
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crystalline, at lea--  i.: the samples use in Ext. 1.. 

This is presumably due to the disorder within the chain 

caused by the presence of two types of residue. 

(c) Crystalline (polysaccharide i). 	The hydroxyl groups 

are not completely accessible, and fine features occur in the 

hydroxyl peak, at least after partial deut.ration. 	This 

type of aggregation is shown by cellulose. 	The fine 

features are caused by the presence of large numbers of 

hydroxyl groups having the same strength. 	Since this 

strength is both distance and angle-dependent, it follows that 

there must be a considerable degree of three-dimensional order, 

i.e. crystallinity, in order for them to occur. 

These states of aggregation will be definable points on a 

continuum rather than three distinct species. 

Another feature which is of interest is the hydroxy]. peak 
- at about 2500 cm. 1  in the spectrum of germinated cotyledon 

pectin. 	Thip is due to the presence of hydrated calcium 

ions, or to chelated hydroxyl groups or water molecules. 

The fact that the peak disappeared after rigorous dehydration 

(.Expt. 2.3 (i)] suggests that it is due to water. 	This 

evidence is not conclusive, howevery removal of water might 

merely have caused the collapse of a hydroxyl-chelated 

structure. 	Whatever the exact cause, it is likely to be 

biologically significant. 	Certainly it is sensitive to 

minor changes in structure for, although the compositions of 

ungerminated and germinated pectins are similar (51), only the 

latter gives this peak. 	Further investigation shows that 

germinated pectin contains a component which is insoluble in 

water, but soluble in EDTA. 	It is this fraction which is 
-1 

responsible for the peak at 2500 cm. 
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The cause of the hydroxyl absorption as low as 250( cm. in 

alginic acids is not clears it could be due to the presence of 

residual hydrated or chelated metal ions. 	More probably, 

however, it is caused by weak hydrogen bonds, which are rapidly 

deuterated, or to water, which becomes deuterated, or vapourised 

by the heat of the infrared beam. 

It appears, from the results of Expt. 2.1 that cellulose has 

its main C-U absorption at 2900 cm, whereas the acidic poly-

saccharides have theirs at 2920-2930 cm, but its relation 

to structure is not known. 	It is impossible to may whether 

this is truly related to their structures, or is merely 

accidental. 

Of the quantitative methods of analysis of deuteration 

rates, the simpler method (Expt. 2.4) based on the ratios of 

the quarter-, half-, and three quarter-times of deuteration, 

seems to be very successful. 	It clearly differentiates 

between amorphous polysaccharides and occluded or crystalline 

ones. 	The second method, however, Bxpt. 2.5, the calculation 

of rate constants and crystalltnitiee, does not appear to have 

been very successful. 	Samples (iv) to (vi) and (viii) to (x), 

for example, are all mucilage fractions, and should all have 

closely similar crystalline rate constants. 	They are, in fact, 

fairly similar (mean - 0.1565, standard deviation - 0.059 

(35.76%), but still show appreciable variation. 	The 

crystallinity values, too, are often unrealistic. It is to be 

expected that the amorphous rate constant will be variable, 

since it is likely to be affected by minor changes in the 

preparation of thc. sample. 	On the other hand, the crystalline 

rate constant should be fairly constant in a given type of 
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polysaccharide. 	There are two possible reasoas for this 

failure. 	Firstly, the assumption that [D 20] is constant, 

made in the deviation of c - c0 .exp("rKt) (eqn. iii) may be 

faulty. 	It will be faulty if the rate of flow of D 2  0 vapour 

is too slow, so that it is not always in excess. It is also 

likely to be faulty if two different deuteration.e are compared, 

since the 	 back-exchanges readily back-exchanes with atmospheric IiO, and 

hence may • effectively diluted in some runs • The second 

possible reason for this failure lies in the assumptions made 

in the deviation of eqn. (v) in order to allow for scattering. 

The orientations of transition moments of chromophores 

in Fortisan (cellulose III Zxpt. 2.6) show a gueral resemblance 

to those of corresponding chromophoree in Ramie (cellulose I 

refs. 46,47). 	One interesting feature, which does not 

appear to have been noted previously, is the orientation of the 

'amorphous' OD groups, perpendicular to the fibre. 	This 

is, ho1ever,a  reasonable result. 	The 'amorphous' OD groups 

which are rapidly formed during deuteration, will be weakly 

hydrogen bonded, and would therefore, be expected to be long-range 

intermolecular bonds, since irAtralnolecular bonds would tend to be 

shorter, and therefore stronger. 	It is noticeable that the 

dichroic ratio (0.84) is higher (i.e. there is probably less orienta-

tion) than for any other perpendicular chromophore. 

Only two peaks, viz, those due to hydroxyl and carboxyl 

stretches, were investigated in the mucilage (Expt. 2.7). The 
- 

3350 cm.
l 
 peak, due to cellulose I, waN parallel to the 

orientation, a finding which agrees with that of Tsithoi (40). 

The carboxylate ion is found to be perpendicularly orientated. 

It follows from this result that the acidic component of the 

mucilage is oriented by the experimental method used, though it 
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is irnpossi1e to Bay whether or not this is due to close 

association with the aligned microfibrils. 
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Introduction 

X-ray crystallography has shown (53) that pyranoses and 

their derivatives normally occur in the Cl conformation, and 

it can be assumed that this is the case in polysaccharides. 

Theconformationa, i.e. the relative spatial positions o 

adjacent residues in a polyaaccharide chain ar., therefore, 

dependent only on the various types of non-bonded interaction 

between the residues, and on similar interactions with neigh-

bourinj molecules • 	If the sizes of these interactions are 

known, then th mast stable conforr.ation can easily be predicted. 

The simplest method, of repreaetiting one type of interaction, 

the van der Waal.a, is by assigning each atom a definite radius, 

the van der Waals radius. 	If two atoms approach to within 

a distance lees than the sum of their van der Waalà radii, the 

interatomic interactions cause strong repulsion. 	Thus, this 

ethod represents stoma as hard spheres of definite radii. 	This 

approach can be applied most simply by the construction of molecular 

models and the measurement of interatomic distances. 

Permissible conformations will have no non-bonded atoms closer 

than the sum of their van der Waale radii. 	Hermane (14) 

used this method to predict the bent-chain' structure for 

cellulose as long ago as 1943. 	It was later used by Pauling 

and his co-workers (54) to predict the a-helix of proteins and 

polypeptides, and was important (13) in the elucidation of the 

structure of DNA. 	It is dbvious. tb.retore that the 

estimation of non-bonded intexactions, oven by this 5implest 
method, is capable of yielding valuable information about the 

conformation of macromolecules. 

One disadvantage of this method is that commercially 

available models have standard and invariable bond-lengths and 
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angles. 	Pauling (4) surmounted the first di±ficulty by 

using models based on the structures of peptides as obtained 

from X-ray diffraction studies. 	An alternative solution is 

to represent the atoms by Cartesian co-ordinates, which can 

be obtained from X-ray work, or constructed from the standard 

bond-lengths and angles. 	The conformation can then be 

altered by standard mathematical operations. 	Theedvantages 

of this method are the increased accuracy of the interatomic 

measurements, and the ease with which bond-lengths and bond- 

angles can be changed. 	It is also more amenable to syste- 

matic investigation of all possible conformations. 	This 

nethod has been used to investigate peptides (55), cellulose 

-1,4 xylan (57), and carrageenan (29). 

The main limitation of the hard sphere method is that it 

does not give a quantitative estimate of the interactions; it 

suggests either an infinite repulsion, or no interaction at all. 

In practice, it is made semi-quantitative by using two radii 

instead of one to represent repu.sion. 	Two atoms separated 

by a distance greater than, or equal to, the sum of their outer 

radii do not repel at all. 	There is eligi t repulsion if 

the distance lies between the sums of the outer and inner 

radii; and at distances less than the sum of the inner radii 

there is strong repulsion. 	The outer radius is generally 

termed the fully-allowed' radius; the inner radius is the 

'marginally-allowed' or 'outer limit' radius.  

Quantitative estimates of the total interaction between 

different residues in a polymer chain can be made if the potential 

equations are known. 	The earliest work in this direction was 

performed on synthetic hydrocarbon polymers and peptides by 

Brant and Flory (5k) and Liguori and co-workers (59). 	These 
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calculations require the use of an electronic computer, and 

have been mostly concerned with synthetic polymers and poi 

peptides, though studies of aniylo8e (to) and its trtacette 

(61) have been made. 

Attention has centred ainly on van der Waals 

in these studies, largely because of the large repulsion forces 

which they cause at small interatomic distances. 	Unfortunately 

the equations representing van der bJaale interactions remain 

semi-empirical, and most of the groups of workers in this field 

have produced their own versions • 	The preferred form of 

equation is the Buckingham type V—A/r 6  + B.exp.(-pr), thouh 

some workers use the Lennard-Jones type, V=A/r 6  + B/r 12 , or 

some other form. 	The maximum attractive van der Waal.s 

potential between two atoms, at about 3 to 4 Ingetroma, 

fraction of a kilocalorie per 	ut reu1tn toiIs 

can be thousands of kcal./mole. 

Next to van der Weals interactions, dipolar i teractiors 

and hydrogen bonding are most important. 	Dipolar interactions 

can be treated accurately, since there are theoretically derived 

functions to represent them. 	In practice, however, most 

workers have adopted the simplifying expedient of regarding each 

atom as a monopole, and calculating the potential between point 

charges. 	The dipolar potentials between two atoms a few 

apart will be up to a few kcal./mole, and will be attractive or 

repulsive, depending on the signs of the atomic monopoles. 

No equation, soundly based on theory, exists which represents 

the potential energy of hydrogen bonding. 	Several semi- 

empiricaleivationa are known, however. 	The maximum attractive 

potential due to hydrogen bonding in about five or six kcal./mole. 
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At iii I cratuaic istances, the poteritial Is iro 

repulsive. 

The least important of the non,'bonded interaction, is the 

torsional potential. 	Unlike the other non-bonded interactions 

torsional potenti& cannot cause large repulsive forces. 	It 

ranges in size from zero to about three kcal./mole, and is 

always repulsive. 

Because of the approximations involved, bud the semi-empirical 

nature of the potential functions, this method is not yet as 

accurate as experiment for macromolecul3a, although it is 

claimed to be so for small hydrocarbons (62). 	For macro- 

molecules, a difference of no more than about 100 between the 

experimental and theoretical conformations is regarded as fair 

agreement. 

The work described in this section is aimed at applying 

the methods of macromolecu].ar conformational analysis to poly-

saccharides. 	The purpose of this is, firstly, to discover 

the relative importance of the various types of non-bonded 

interaction in determining the properties of polyeaccharidea; 

secondly, to provide theoretical confirmation of the known 

conformations of some well-known polysaccharidee: and thirdly, 

to develop potential functions, mathematical methods, and com-

puter programs, with which to predict the conformations of 

other polysaccharides. 	The work is concerned very largely 

with cellulose 'and cellobiose • 	There are several reasons 

for this. 	Firstly, cellulose is chemically well-characterised 

and simple; it is a linear molecule with only one type of link- 

age. 	Secondly, it is an extended molecule. 	It does not 

curve back on itself so that remote residues come into contact. 

This means that it is sufficient to consider interactions 

between neighbouring molecules. 	Thirdly, cellobiose wa 
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only disaccharide obtained ro a c;1ysacchaxi, whose 

structure had been accurately determined by X-ray crystallography, 

at the conmencoment of this work. 	Fourthly, some preliminary 

results of conformational analysis already exist for cellulose 

(55,56), which are useful as checks. 	Fifthly, it is, of 

course, of great biological and industrial importance. 

The first part of the work is concerned with the derivation 

of atomic co-ordinates and conformations from experimental 

data. 	The hard-sphere appr.ach, and van der Waalz inter- 

actions are then considered, followed by dipolar and torsional 

potentials and hydrogen-bonding. 	A new van der Waals function 

for oxygen interactions is derived, and the total potential, 

resulting from the sum of all types of non-bonded interaction, 

is calculated. 	Finally, a beginning is made on the treat- 

ment of polysaccharides which, unlike cellulose, can curve back 

on themselves. 
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I 	i1L 	 t.iOfl 

In the earliest conformational studies of polysaccharides, 

atomic co-ordinates were derived by assuming standard bond-lengths 

and tetrahedral bond-angles. 	Settineri (57) calculated the 

co-ordinates mathetuatically7 Jones (56) and Anderson (29) con-

structed models, and obtained the atomic co-ordinates from the 

shadows cast by a parallel light source. 	It is now known, 

however, that some bond-lengths and anjies differ appreciably 

from standard values (53,63), so that these treatments are 

inevitabIj approximate. 	Ramachandran etal.(55), realizing 

this, compared the co-ordinates of various pyranose structures 

which had been accurately determined by X-ray crystallography. 

The survey showed that bond-lengths and angles are fairly 

constant within this group. 	A standard residue was therefore 

constructed by averaging the co-ordinates of the various 

structures. 	This standard residue included co-ordinates from 

sugars such as L-arabinopyranose. 	In order to include these 

co-ordinates, it is necessary to (a) alter the chirality of the 

co-ordinate axes; and (b) modify the lengths of bonds C 5-H5  (eq.) 

(to correspond to C 5-'C), and C4-04  and C4-H4  (to invert the 

configuration at C4 ). 	The latter operation is likely to 

introduce some minor errors into the co-ordinates. 	Thus, 

Ramachandran's method still contains approximations, althoujh 

it is a great improvement on the earlier studies. 

The glucose residues in cellodextrins are likely to be a 

good approximation to those in cellulose, and it might be possible 

to obtain atomic co-ordinates from these. 	So far, no 

accurately determined structures have been published, and a 
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3ri1:ary re -)ort on the structure 	celtotGtr30sU 	4) 8uggess 

that it may be difficult, if not impossible, to obtain 

sufficiently accurate structures. 	The best compromise 

structure, therefore, would appear to be that of cellobiose, 

which has been accurately determined (5,66,e7). 

In the present work four sets of co-ordinates have been 

used: 

the aamachandran co-ordinates (55), which include co-ordinates 

from Brown's cellobiose work (bb) 

Brown's cellobiose co-ordinates (66), 

Chu and Jeffrey's cellobiose co-ordinates (67); 

a set of co-ordinate., derived from Chu and Jeffrey's (0), 

which are intended to represent the situation in cellulose 

more accurately. 

Ramachandran did not give co-ordinates for the hydrogen., and 

these were calculated as in his subsequent work on amylose (60), 

using the bond-angles given there. 

The studies of Jones and Settineri used variable bridge 

angles. 	Anderson gave the bridge angle the tetrahedral 

value. 	Rarnachandran, on the basis of X-ray determinations 

of disaccharide structure, used a bridge angle of 117.50 
. 

Different workers have also based their approaches on different 

principles. 	Jones and Settineri were interested only in 

conformations compatible with the experimental data; their 

rotations were about the line 01_04.  and were thus expressed in 

terms of only one variable angle (see Fig. 3.1). 	aamachandrari 

expressed conformations in terms of two angles, representing 

rotations of the residues about their bonds to the bridge oxygen, 

as did Anderson. 	Their axes, however, were defined differently. 

Anderson defined the origin as the bridge oxygen, with the x-axis 
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the non reducing residue, and H 1  and HI lying in the xz planes 

at the zero conformation. 	For the co-ordinates which he 

published, Ramachandran defined the origin as C 3, the x-axis 

as along C 3 ...C 5 , and C 1  in the xy plane, thus giving left-

handed axes (Ramachandran says that they are right-handed, but 

has since pointed out that, on this basis, the co-ordinates 

refer to L-glucose). 	!t is not clear whether Ramachandran 

used these axes in his calculations, but, in the work on 

amylose (60), he used axes very simi1a to those of Anderson. 

Ramachandran's zero conformation is taken to be that it which 

C 
4  C  1 

 OC4Cj are coplanart very similar, thogh not identical, 

to that of Anderson. 	The Anderson axes require the simplest 

rotation matrices possible, and can themselves be related 

by a simple rotation matrix. 	Accordingly, the present 

work also uses these axes. 	Previous definitions of zero 

conformation are ambiguous, in that they describe either 

or Ø=31s1800, where 0 and 36 are the rotations about 

the bonds to the non reducing and reducing residues respectively. 

In view of this, it is worthwhile to define unambiiucusly the 

axes and rotations used in the present work on celio 	ire. 

Origin at the bridge oxygen for both residues. 	 sets 

of axes are right-handed. 

Reducing residue x-axis along O-C, in that sense. 	HI in 

the xz plane, and pointing in the same sense as the apex of the 

angle C 1-O--C when in the zero conformation. 	A positive 

rotation, 36, abou: the x-axis, is seen as an anticlockwise 

rotation of the atoms of the reducing residue, when viewed 

along C,-O. 
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i'or reuuciif residue. x-axis the extrao1aticj oC 	ii that 

sense. ill in the xz plane, and pointing in the opposite sense 

to the apex of the angle C 1 -0-4-4 when in the zero conformation. 

A positive rotation, 0, about the x-axis, is seen as a clock-

wise rotation of the atoms of the non reducing residue, when 

viewed along C 1-0 (Bee Fig. 3.1). 

In order to relate the results of conformational analysis 

to X-ray diffraction data for cellulose and xylan, it is 

necessary to obtain relationships between 0 and 11 and the repeat 
distance and screw axis. Ramachandran appears to we used 

an approximation, namely that C 1 . 010C 4' and 04  are coplanar, 

in order to derive the relationships. 	Miyazawa (68) derives 

more general relationships for polymers with one to six distinct 

atoms in the repeating unit, all of which are joined by bonds 

which a11o: free rotation. 	Cellulose and xylan, on this 

basis, are eat regarded as polymers of the type (I4 1 M2 -I4 3-). 

where m1=0 1g J2 !C 1  and N3 C4 . 

X-ray studies of celluloses (28) have established that 

the repeat distance is 10.30-10.34 R . 	They have also been 

generally interpreted as evidence of a 2-fold screw-axis, but 

it has been pointed out (69) that this is not necessarily so. 

Hence, to comply with the experimental evidence, preferred 

conformations should (a) give a repeat distance of 10.30-10.34 

and (h) possibly have a 2-fold screw axis. 

The xylan study (57) shows that this has a repeat distance 

of 14.84 R, and a 3-fold or 6-fold screw-axis. 	Conformational 
analysis by the same author suggests that the screw-axis is left-

handed, and 3-fold. 

In the analysea of Jones and Settineri, only two variables 

were studied at any one time, namely the rotation about 01_04s 

and one other, e.g. interatomic distance or bridge angle. 	The 

results could therefore be represented as a two-dimensional graph. 



In the studies y aachandran and Anderson, ho;ever, thre 

were three variables, namely, 0,, it and interatomic distance. 

Hence, these results were not represented by a graph but by a 

map, the third variable being ø1tted  as a contr. 

The Ramachandran work on cellulose had the disadvantage of 

not considering all relevant interatomic interactions. 	In 

particular,, H 1  and HI were omitted. 	Jonas considered the 

distance, and Settineri considered both this and 

02 ...fl, but their studies were restricted to the limits 

imposed by the experimental data, whilst that of Ramachandran 

looked at the whole area around the most probable conformation. 

The work described in this chapter aims to provide accurate 

atomic co-ordinates from available crystallographic data, and 

also accurate bridge angle and 0 and 31 values from the cellobiose 
data. 	Approximate and accurate maps of the variation of 

repeat distance and screw-axis are obtained, and the Ramachandran 

work is repeated, on axes as defined above, in order to link the 

two studies. 	Finally, a complete hard-sphere map for 

cellulose is obtained. 

Derivation of a rotation matrix 

A rotation matrix which is often used in the following work 

is one which rotates the axes so that the x-axis becomes parallel 

to a line originally having direction cosines l,m,n. 	This 

r. tri_-- ra - 	e terivec1 as fol Lows 

Oz

I  

[o  
- - -d-._ 

d 
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r:tate about 02 	o ft Ox coici2.e 	with 0P'7 

rotate about Oy so that 0:: coincides with OP. 

[. 

[ [ / J [ 
R- 1"adj(R)/det(R. where adj(R) is the determinant of R. 



EXPERIMENTAL 
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calculation 3.1. 	iodification of Ramachandran co-ordinates 

A set of atoiic co-ordinates was derived, using the 

Rancdrar i;ures (55) except that only the figures relating 

-CO -i-jlucose re1.uues (5 sets) were used. 	This was done in 

txe following stages: 

averaging of the 5 sets of co-ordinates; 

transference of the origin to the bridge oxygen. 	If 

the co-ordinates of the bridge oxygen are given by 2SO  the new 

co-orci;tes are jiven by x'=x-, (x etc. underlined denotes 

the 	uu vec tr x y Z3 )I 

rotation of the Ox axis, using the R matrix (eqn. viii), 

to coincide with one of the a-C jonds. 

Since these co-ordinates did not include hydrogen atoms, 

these were calculated, using a C-H bond length of 1.1 R , and 
the angles given by Ramachandran in his study of amylose (60). 

The direction cosines of the other three bonds from a carbon 

atom can be calculated from the atomic co-ordinates. 	Then, 

if l,m,n are the direction cosines of the C-H bond, lj,mj,n j  

(i=l to 3) are the direction cosines of the other bonds, and 

Cj is the cosine of the angle between C-H and bond i s  we have 

three equations of the type lii + Imuj + nni = cis or Ll z2 C, 

where L is the 3 x 3 matrix of the other direction cosines. 

Therefore, 1 = L- 
I 

 C. 	The co-ordinates of each hydrogen, x, 

were then calculated from x = 	+ l.d, where 	is the position 

of the carbon atom, and d is the bond length. 

Finally, the sets of co-ordinates were rotated about Ox so 

that the appropriate hydrogen lay in the xz plane. If y.z 

are co-ordinates of the hydrogen, the rotation is an angle of 
- tan 1.  (y/z). 

For results (set A co-ordinates) sea Table 3.1. 
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Table 3.1. 	Set A' 	Co-ordinates 

Non-reducing Reducing 

x y z x y z 
C 1  -1.390 0.000 0.000 3.820 0.147 -1.401 

C2  -1.890 -1.251 0.687 3.470 -1.147 -0.759 

C 3  -3.400 -1.229 0.756 1.980 -1.246 -0.598 

C4  -3.910 0.067 1.269 1.420 01000 0.000 

C5  -3.260 1.289 0.633 1.930 1.285 -0.592 

C 6  -3.610 2.60b 1.265 1.530 2,561 0.096 

01 0.000 0.000 0.000 5.200 C.25t -1.492 

02 -1.440 -2.418 0.090 3.960 -2.263 -1.429 

03  -3.850 -2.349 1.459 1.660 -2.410 0.053 

04  -5.320 0.174 1.165 0.000 01000 01000 

0 -1.850 1.139 0.637 3.330 1.243 -0.702 

-1.740 01000 -1.030 3.400 0.157 -2.422 

-1.500 -1.241 1.717 3.920 -1.148 -0.231 

H3  -3.760 -1.288 -0.273 1.560 -1.285 -1.618 

H4  -3.650 0.096 2.348 1.750 0.000 1.070 

H5  -3.580 1.309 -0.406 1.520 1.335 -1.623 
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Calculation 3.2. 	Derivation o_' co-ordiriales fron the irown and 

Jeffrey studies. 

tomic co-ordinate, were derived from the crystal data of 

Brown (66) and Chu and Jeffrey (67) in the following stages: 

transformation from crystal co-ordinates to rectangular 

co-ordinates on an Rngstrom scale. 	In cellobiose, B is 

fractionally over 900. 	If a.b.c are the unit cell dimensions, 

the new co-ordinates are given by 

= a.x -c.zsin(B-90) 

y 0  =b.y 

= c.z.cos(B-90) 

transference of the originto the bridge oxygen, and 

rotation of Ox to coincide with one of the C-O bonds, as in 

stages (ii) and (iii) of Caic. 3.1.7 

rotation about Ox so that the appropriate hydrogen lies 

in the xz plane, as in Caic. 3.1. 

Thi, procedure was then repeated, except that in stage (ii), 

Ox was made to coincide with the other 0-C bond. 

For results (sets B and C co-ordinates) see Table 3.2. 

Calculation 3.3. 	Derivation of standard co-ordinates 

The co-ordinates of atoms close to the glycosidic link in 

cellobiose are likely to be similar to thosein cellulose. 

At the reducing and non-reducing extremities of the molecule, 

however, they may well be different. 	Accordingly, a 'standard 

residue" was constructed from the two residues of the Jeffrey 

determination as follows: The origins of both sets of co-ordinates 

were transferred to C 3 . 	Oy was rotated to lie along C 3 ...C 5 , 

and C 2  was made to lie in the xy plane. 	Co-ordinates were 

then combined as follows (see Pig. 3.1): 



Em 

Set 'i' 	Co-oA.inate 

Non-reducini Reducing 

x y z x y z 

C 1  -1.373 0.000 0.000 3.718 0.150 -1748 

C 2  -1.894 -1.177 0.782 3.476 -1.162 -0.988 

C 3  -3.370 -1.161 0.796 1.967 -1.140 -0.€94 

C4  -3.867 0.130 1.407 1.40 0.000 0.000 

C 5  -3.137 1.359 0.74u 1.903 1.315 -0.700 

C 6  -3.463 2.663 -1.566 1.652 2.530 0.126 

0   01000 0.000 01000 5.086 0.273 -1.960 

02 -1.375 -2.372 0.159 3.731 -2.262 -1.880 

0 3  -3.968 -2.283 1.439 1.760 -2.435 0.037 

04  -5.267 0.252 1.252 0.000 0.000 01000 

05  -1.791 1.195 0.721 3.314 1.237 -0.874 

H1  -1.760 01000 -1.009 3.173 0.171 -2.680 

H2  -1.523 -1.129 1.795 4.069 -1224 -0.087 

H 3  -3.698 -1.172 -0.234 1.397 -1.331 -1.622 

H4  -3.633 0.129 2.462 1.826 0.000 1.019 

H5  -3.557 1.478 -0.260 1.414 1.408 -1.658 



Table 3.2 set "C' 	Co-ordinates 

Non-reducing Reducing 

x y z x y z 
C 1  -1.397 0.000 0.000 3.701 0.207 -1.763 

C2  -1.894 .-1.193 0.811 3.422 -1.070 -1.153 

C 3  -3.414 -1.179 0.796 1.946 -1.196 -0.315 

C4  -3.919 0.157 1.356 1.446 0.000 01000 

C5  -3.254 1.336 0.642 1.77 1.335 -0.606 

C0  -3.532 2.b. 1.372 1.618 2.511 0.29 

01 0.000 04000 01000 5.055 0.44d -1.970 

02 -1.332 -3.391 0.3O Ei 3.710 -2.106 -2.085 

03  -3.966 -2.286 1.507 1.777 -2.419 -0.136 

04  -5.323 0.216 1.157 0.000 01000 0.000 

05  -1.825 1.193 0.651 3.293 1.312 -0.844 

111 -1.776 0.000 -.0.934 -3.297 0.290 -2.799 

H3  -1.511 -1.146 1.767 3980 -1.16 -0.291 

1L -3.578 -1.234 -0.157 1.321 -1.264 -1.673 

H4  -3.729 0.127 2.388 1.773 01000 .0.940 

H5  -3.567 1.397 -0.314 1.315 1.390 -1.503 
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e2t: C 1 ,U 	 (uride) 

Averaged: C2 ,C 3 ,C 51 C 6,H21 H 3 , H59 029 0 3 ,05  frcmboth residues 

}jecteds C4S H4I C 1Ij  iIj,oj,  

Finally, the new .et of standard co-ordinates was transferred 

back to the former axes, as in Caic. 3.1. 

Obviously, only the co-ordinates of relatively rigidly-held 

atoms could be treated in thJs way, since the positions of 

those which are free to rotate would be different in the two 

reaiduesp but in any case, these are not yet needed. 

For results (set D co-ordinates) see Table 3.3. 

Calculatiori3.4. Calculation cf some important parameters for 

cellobiose and lactose. 

Cellobiose parameters which are of interest in the present 

work are: the O.-O5  distan..e, acrosa which an intramolecular 

hydrogen-bond can form: the bridge angle, S and 0 and . 

The 0_05  distance and 8 are given in all the published work, 

but it and jI need to be calculated. 	In Caic. 3.2., atomic 

co-ordinates were calculated for the entire molecule for 

each not of axes. 0 and jl could easily be calculated from 

these since 0 for instance, is the dihedral angle between 

and O-C. 	On the UØ  axes, C 1-H1  Lies in the xz plane, so 

that the dihedral angle is simple tan
-1 
 (y/z), where y,z are 

co-ordinates of C, . 

0 and it were also calculated from the data of Lipscomb 

et al. (65), although a complete set of co-ordinates was not 

calculated. 

C. A. Beevers and H. N. Hansen have obtained preliminary 

crystallographic data for a-lactose (4-0-13-D-galactopyranosyl 

D-glucose) monohydrate, which has the same configuration as 
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Table 3.3. 	Set D" Co-ordinates 

Non-r.dud. ng R.ducinq 

x y z x y a 
C 1  -1.397 0.000 0.000 3.619 0.263 -1.860 

C2  -1.894 -1.193 0.810 3.421 -1.067 -1.138 

C -.3.413 -1.168 0.795 1.945 -1.200 -0.800 
3 

C4  -3.955 0.168 1.296 1.446 0.000 01000 

C 5  -3.254 1.356 0.640 1.879 1.327 .0.621 

C 6  -3.557 2.663 1.325 1.656 2.501 0.297 

01 0.000 0.000 0.000 4.970 0.409 -2.182 

02 -1.332 -2.392 0.308 3.930 -2.128 -1.925 

03  -3.916 -2.273 1.539 1.720 -2.435 -0.129 

04  -5.353 0.273 0.946 0.000 0.000 0.000 

05  -1.826 1.192 0.651 3.274 1.314 -0.963 

-1.776 0.000 -0.934 3.025 0.336 -2.672 

-1.511 -1.146 1.786 4.024 -1.100 -0.281 

H3  -3.704 -1.277 -0.165 1.439 -1.219 -1.673 

H4  -3.853 0.290 2.280 1.773 0.000 0.940 

H5  -3.577 1.360 -0.341 1.328 1.417 -1.490 



az 
celloiiose at all a,'.cnetric centres e:<cen L., 11'iu C . - 	 1 
Hydrogen atoms have not yet been fixed, but a rough estimate 

of Of and It can be made by a comparison of the dihedral angles 

of 0 1 -C and C 1-C 2  (for 0) and C 1-01  and C4-C; (for 11) in 

cellobiose and lactose. 	This comparison was kindly made by 

Dr. D. A. Rees. 

Results: 
0...05 () B 0 It 

cellobiose (65)  2.80 117.5 -56.88 168.25 
II 	 U 	(66) 2.772 116.7 -44.44 168.18 

of 	to 	(67) 2.767 11t.1 -42.33 162.13 

lactose 2.84 118.5 -31 155 

Calculation 3.5. 	Derivation of the Ramachandran ma 

A hard-sphere map was produced, using not A co-ordinates 

and measuring the same interatomic distances as did Ramachandran, 

namely C 1 ...c, C 1 ..-C, C, ... 05 , and C...C 2 . 	Van der Waals 

radii were as Galc. 3.8, and the bridge angle was 117.5. 

it was given an initial value, and 0 was varied over the 
whole 3600  range, at 100  intervals. 	At each value of 0, 
the interatomic distances were measured. 	When 0 had covered 
the whole range, I was increased by 100,  and the process was 

repeated. 	Thus, a comprehensive map was produced, covering 

a 360' ranje for both 0 and 16. 
The atomic co-ordinates in the reducing residue, 	icspect 

to the "'$ axes, at a rotation 0: 0, 	' iven y 

IS t? v3itio1 at 	C, arcl  

-, 	ii 

:;i;ri1ar1y, the co-ordinates in the Ron-reducinJ riiJue, with 

respect to the "00 axes, are given by x' Px, where 



To ae the a:es 

to allow for the 

bridge angle, th 

an angle a. 

reducini residue 

equivalent, a turther io &tio 	USL e 

bridge angle. 	If a is the supplement of the 

axes must be rotated clockwise through 

Thus, the atomic co-ox ii - c 	the nc.- 

become -0 	Px, w]-r :r: 	 - 

ow tsat the axes are equivalent, the distance between ai1y twc 

atoms can be calculated by the three-dimensional Pythagoras 

formula. 	This was done for all the required contacts • If 

any interatomic distance was less than the sum of the outer-limit 

van der Waala radii, the conformation was disallowed. If any 

interatomic distance was greater than this, but still less than 

the sum of the fully allowed radii, the conformation was marginally 

allowed. 	If all interatomic distances were greater than this, 

the conformation was fully allowed. 

A .oraputer program was written to give a conformational map, 

by printing a different symbol according to whether the con-

formation was disallowed, margirally, or fully, allowed (see 

Fig. 3.2). 	The resultant map (see Fig..2) was similar to 

Ramachandran's (55) except that an additional marginally allowed 

area was found, outside of the area that he investigated, and 

the signs of our 11 and Ramachandran's 0' were opposite, due to 
the fact that he used L-glucose co-ordinates (see Introduction to 

Chapter). 
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Calculation 3.. 	ua1itative teat for hydro.en oondin4. 

In order to form stron4 hydrogen-bonds, two oxygen atoms 

need to be between 2.5 and 2.8 R apart. 	At distances greater 
than this, weak hydrogen bonds may still form. Intramolecular 

hydrogen bonding in cellulose, betwe.n 05  and O, can be 

qualitatively assessed by measuring the distance at various 

conformations. 

A conformational map was produced by the same principle., 

as those used in Caic. 3.5, except that the 	distance 

was calculated at each conformation and printed. 	The 2.5 

and 2.8 9 contours were added to the hard-sphere map, as in 
Ramachandran's work, with which the results were closely 

comparable. 	See Fig. 3.2. 

Calculation 3.7. Approximate repeat distances and screw 

axes, and the experimental conformation. 

Approximate expressions for repeat-distanc* and screw-axis 

multiplicity can be obtained by assuming that C 1-01  and 

arepirallel. 	The rotations 0 J/ and a can be replaced by a 

single rotation, Q, of the non reducing residue, about a new x- 

axis. 	Suppose that the new axis has direction cosines, 

1, in, n with respect to the old axes, and that the new origin 

is at X,Y,Z. 	Five stages are necessary in order to represent 

on the old axes a single rotation of 0 about the new axis, viz: 

displacement of the origin to X,Y,Z; 

rotation of Ox to lie along l,m,n 

anticlockwise rotation 9; 

reciprocal rotation of (ii); 

displacement of origin to old origin. 

Considering steps (i) and (v) first, and representing the 



operations (ii) to (iv) by a matrix ;i step (1) is given A)7 

steps (ii) to (iv) are given by x'' 

and step (v) is given by x' 	M(x-X) -X', where ' : s the 

position of the old origin. 	But this was -2.  a.Lte,. step (i), 

and ,t(-X) after steps (ii)-(iv). 	Therefore, x'' = M(2E7X)+NX-1Ix. 

Thus the double translation of origin has no effect on the result, 

and the operation can be regarded as purely rotational, steps 

(ii) to (iv). 	Step (ii) is represented by matrix R (eqn. 

viii), and step (iv) is repr.ented by R. 	TLerc 

entire 	eratcr is rcreaented y  1.1 1TR where T F 	1 

L '--• 

L-C)+nS 	m2 (1_c)*c 	mri(l-C)-1 

10-xns 	rnn( 1-C )+1S 	2 (J-L,; 

ut a 	co.½9, b - sin½ft, c 	m.b:I , 

)eCOmeB 

2 
--c -C 

2(bc+ad) 

L 
-d 2  

2(cd+ab) 

2(cd--t 
222 a.. -b -c 

This is similar to the matrix derived by Ramakrishnan k72), but 

differs in that Ramakrishnan worked on the basis of rotating axes, 

rather than of rotating atoms. 

This matrix, then, represents a rotation 9 of the non 

reducing residue, whilst the reducing residue remains stationary. 

In terms of 0 11 and a, this is S AP, since we are now holding 

the reducing residue stationary, i.e. , instead of rotating the 
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reducing residue an angle about C 4-04 , we are rotatinj 

the non reducing residue an angle 4 about that bond. 
This matrix is 

[ 

	

/• 	 .; 	'.c ; 	ainØ.sinjl + cosa.CO80.CL 
(xi) 	 - 

(;i are equivalent, the corresponding elements of 

each are equivalent, and hence Q can be related to 0, f and a by 

equating suitable elements. 

An n-fold screw-axis is defined as one along which successive 

corresponding entities (molecules or parts of molecules) are 

related by a rotation of 360/n0  about that axis. 	Thus, in 

the present case, Q 360/n. 	Also a - coe½Q - cosl8O/n = 
•%/i 23  m32 ) 4ii 1-m13 )/(m12+m21 ), where mi j  is the matrix element 

row i, column J. 

Us 5i thc ntrix elements of (xi), this simplifies to 

a - c ½ /V. . /½(l + cosa). 	Therefore, the two solutions, 

± 

11-0 	360-2cos[cos( 180/n) .4/2/(l + C0S) 

The projected residue length is calculated, rather than the 

repeat distance, since the latter is the product of the projected 

residue length and the screw-axis multiplicity, and hence a 

combination of two variable., which are more comprehensible if kept 

separate. 

The projected residue length, D, is given by the projection 

on to l,m,n of the distance between equivalent atoms in adjacent 

residues. 	The direction ratios of the line joining the 

two atoms are x - 1x • where N is matrix (xi), and x ,x are 
—nr 	 r —nr 
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the positiois of corresponding atoms in the redu 

non reducing re1uu. 	::TL\r. 	;eLce, b 	- Mx 
-nr 

(xiii) where L =[i 	 d ir,  the true :ice between 

the atoms, the direction cosines of their join are l/d (x - 14x ), 
-r -nr 

the cosine of the angle, Y, between this and the axis is 

L" 	r - nr • 	Therefore, the projected distance, 
)dcos- L(x -Mx ). 

-r 	-nr 
Since the relationship between it and 0 is linear for a 

given n, a acre-•• axis map was produced bi calculation of 

2coa1[180/n. / '(1 + cos] for variousn, and drawing the 

corresponding t..xight lines (see Fig. 3.4. 

The formula for D is more complex, and it was evaluated 

by a computer at various conformations, to give a residue-length 

map (Fig. 3.2). 	Results were similar to those of Rimachandran 

(55). 

The experimental conformation of cellulose was calculated 

by assuming a two-fold screw-axis. 	The residue length is then 

5.15 - 5.17 A. Using set A co-ordinates and bridge angle, 

this gives two results compatible with the experimental data, 

namely: 

-320. f - 148 

0- 19°,j1-l99°  

Similarly, the xylem results (n 3, projected residue length 

4.93) are compatible with 

-handed 
J1 	24 0= 
1=1c ) 

ight-hu c 
0 	t5, 	 - 174 
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Calculation 3. _omplete hard-sphere aap for cellulo:e. 

A hard-sphere conformational map was calculated for cellulose 

as in Calc. 3.5, except that all relevant interatomic distances 

were considered (see Fig. 3.3). 	The van der Waals radii which 

were used were: 

atom pair 	 fully allowed 	marginally allowed 

C...0 	 3.2 	 3.0 

C...O 	 2.8 	 2.7 

C...H 	 2.4 	 2.2 

0 ...0 	 2.8 	 2.7 

	

2.4 	 2.2 

H. ..ft 	 2.0 	 1.9 

HS..CH2OH 	 2.42 	 2.42 

O ... CH2OH 	 2.90 	 2.90 

C ... CH20fl 	 3.20 	 3.20 

The X ... CH2OR distances were calculated as the minimum 

trr 	0F 	rov- to a trethylene Jrou3, 	o'r for TI. ..CHOF: 

H 

I 

20= 1.1 2- +Rl _2.2r.2 

ie 3a4e J.starice was used ior 'iuLly-a1Lowe' a, 	iinally 

allowed' contacts, and the C ... C distance was USt 	for he 

C...CH2OH distance, since this was greater than 	ance 

calculated on the basis of the diagram. 

Calculation 3.9. 	Accurate calculation of projected residue 

length and screw-axis. 

rityazawa (8a) gives expressions for n and D, based on a 

series of atoms linked in a cis conformation, thus: 
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CX 

M 31 k 
M 
I ' 

/ 

-. 	
- 

and M., r j  is the length of the bond 	and a1  is the 

inter-bond angle at atom 

The initial problem, therefore, is to reduce cellulose to 

a linear cis conformation, i.e. stoma 011 C 1,C4 , 	 etc. 

must all lie in the xz plane. 	To bring C4  into the plane, it 

must be rotated anticlockwise through an angle of tan (y/z), 

where y,z are co-ordinates of C 4  with respect to the $0 1  axis. 
Thus, T12  = 180 - 0 + tan (y/z). 	The minus sign before 0 
is due to the fact that Miyazawa'8 rotation, and ours, are in 

opposite senses • 	The 180°  is introduced because the chain 

is in the trans conformation at C 1 . 

T 
23  is given by the dihedral angle between C 1-O and C4-04  

with respect to 
C1000

C4. 	T23  is positive if 04  is clockwise 

with respect to 01. 

The correction to 0 is a clockwise rotation of tan (y'/z') 

where y'z' are co-ordinates of C 1  with respect to the 'Ta" axes. 

Therefore, T31 = 41 - tan 	(y'/z') 41 is still positive because, 

unlike 0, it is a rotation of -41 of the 	reducing end of the 

polymer, which is equivalent to a rotation of -jl of the non 
reducing end. 

Maps were produced over the whole range of possible conformations, 

varying 0 and  41 by 100  intervals, and over the allowed region as 
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given by Ca].c. 3.8 (0 _800 to 400 , 	1200 to 2000 ), varying 

0 and jd' by 20  intervals using set D co-ordinates. 

Results (see Fig. 3.3.) 

T12 	130 - 0 + 7.38; 	T23  -9.087 	T31  11 + 8.05 

r 12 - 1.3977 	 r23  - 2.8737 	r31  - 1.446 

a1  M  116.1; 	 a2  - 152.83; a3  - 139.15 

Conformations compatible with the experimental data were: 

Cellulose 	0 	25C 	 146 
0 

0- 25 	Jt-207 
0 

 

Xylan 	 0= 
_790 

0- -25 

0- 13  

0- 82 	f-195° 



Discussion 

The work descrii.ei in this chapter has, first ot all, 

provided sets of atomic co-ordinates which should represent 

the shape of residues in cellulose fairly accurately, and 

has calculated convenient parameters for sets of experimental 

conformationô, by which the accuracy of theoretical results 

can be checked. 

Fox sets of atomic co-ordinates have been derived. Sets 

A, B and C (see Calce. 3.1, 3.2) are derived from monosaccharides 

and disaccharides, and this means that C and C 4 , and their 

attached groups, are likely to be somewhat displaced from 

their positions-in cellulose since, in the latter case, they 

are chemically difarent because they are attached to further 

au3ar residues 	These would alter the van der Waals and 

dipolar interactions in the regions of C  and C 4 . 	Set D 

(see Caic. 3.3) was anstructed to allow for this, by usin4 the 

co-ordinates of C 1  and C and their attached atoms, from 

cellobiose, since the interactions about the bridge oxygen should 

be identical to those in c<.11ulose. 	let D co-ordinates 

should, therefore, represent the situation in cellulose most 

accurately. 

Calculations of 0 and Jt have also been made for the conforma-

tions of cel].obioae; that from the work of Lipscomb at al. (65) 

gave results which wer 	r divergent from those from the 

later work (t,t7). 	Ls'8 structure was less refined 

than the later ones and is, therefore, probably rather less 

accurate. 	The structures by Brown (66) and Chu and Jeffrey 

(0) are more concordant, and indicate that the true conformation 

is in the rejion 0 -42 0  to -440 , jl 1b2°  to lt 0 . 	The 



0 	 0 conformation of lactose (0 = - 31 , 11 155 ) differs from this, 

but until the structure has been refined, it is impossible to 

say whether this is a significant difference. 

The possible conformations of cellulose and xy1ar have been 

calculated in terms of 0 and JI, by both an a?proximate,  and an 

accurate method using n and D values normally assumed for these 

polysaccharides. 	This shows that, in the allowed region, the 

two methods give quite similar results, although they are more 

divergent outside of this region. 

Hard-sphere maps for cellulose (Calcs. 3.5, 3.8) enable a 

choice to be made between the various possible conformations 

of cellulose and :'lan, especially when used in conjunction 

with the hydrogen binding criterian (Caic. 3.). 	This shows 

that the likeliest conformation for cellulose is 0 = -25 ° , 

= 14b°, which corresponds to the Hermans conformation (14). 

This is only on the edge of the allowed area, but is stabilised 

by an intramolecular hydrogen bond. 	The alternative 

conformation, however (0 = 25 0 , ' = 2070) and also the Meyer 

and Misch (73) conformation (0 = 0, )ff 	
j0J) 

are disallowed. 

The allowed area is likely to be larger for xylan than the 

cellulose, but will otherwise be similar. 	It can therefore 

e seen that, in agreement with earlier work (7), one of the 
0 solutions (0 = - 79 , 	li 	 iee on the left-handed 

3-fold screw-axis is preferr Ort 	.rd-shere basis; and 

this is also the solution w1 	form the best intramolecular 

hydrogen bond. 	Thus, the work described here is concordant 

with earlier experimental and theoretical studies. 

The hard-sphere maps also suggest an explanation of the 

observed stiffness of cellulose and cellodextrins (74) in 

solution. 	When all relevant interatomic distances are 



Wel  

considered, only 1.9% of the conformations are fully allowed, 

and a further 1.6% marginally allowed. 	Even when only 

some of the distances are considered, as in Ramachandran's study 

(see Caic. 3.5) the corresponding figures are only 3.5% and 

5.5%, 	0 and 6 can thus vary over only small ranges, and the 

molecule is therefore stiff. 

From these calculations, it is evident that useful results 

can be obtained from the hard-sphere approach. 	It is, however, 

obviously desirable to be able to express van der Waals inter-

actions more quantitatively, and also to consider other forms of 

interaction. 	Having calculated accurate co-ordinates and 

experimental conformations, and devised computer techniques, in 

the present chapter, subsequent chapters will deal with quantitative 

approaches to this problem. 
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In ru u u c tic 

The preliminary approach to conformational analysis, the 

hard-sphere approach, which was described in the previous chapter, 

depends for its validity on the repulsion which occurs between 

atoms at very short distances. 	This is due to van der Waals 

interactions, which are caused by the interactio.i of the electrons 

of the two atoms. 	At distances greater than the sum of the 

van der Waals radii, the electrons distribute Lhe1selves in 

such a way that the two atoms form a pair of fluctuating dipoles 

which attract one another. 	These attractive forces are 

referred to as London, or dispersi , 	s. 	At smaller 

interatomic distances, the electrc 	overlap, and repulsion 

increases so rapidly that the hard-sphere is a good approximation. 

The two types of interaction can be described by a function of 

the form V = A/r 6  + f(r), where r is the interatrnic distance, 

and A and f(r) are dependent on the identities of the atoms 

involved. 	The attractive potential, _A/r':,  is a theoretically 

derived relationship, but the repulsive potential, f(r) 

emoirical. 	There are two chief groups of van der WaalE equation, 

differing in the analytical form of f(r); these are the Lennard-

Jones, or " - 12" type, and the Buckingham or "6-exp" type. 

The Lennard-Jones equation has the form V = A/r 6 + B/r 12  

This has the advantage of containing only two parameters, one 

of which can be calculated theoretically, so that only one remains 

to be calculated from experimental data. 	Lennard-Jones 

equations have been used by Scheraga and co-workers (75) in their 

studies of polypeptides. 

The Buckingham equation has the form V = -A/r d  + B.exp(-ir). 

This contains three parameters, only one of which can be 

álcülaed theoreticáil'. 	Inddition, it mákês the unrealistic 
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prediction that the potential will De large and negative when 

r is close to zero. 	Nonetheless, it has been used more 

frequently in conformational studies. 	Two major versions 

of the Buckingham equation have been used, which differ in the 

value assigned to u for different atoms. 	Brant and Flory 

(58) gave .i a constant value of 4..b, derived from molecular 

beam data. 	A was derived theoretically, by Pitzer's 

modification of the Slater-Kirkwood formula (7*.)) and B was 

derived by assuming that dy/dr = 0 when r = the sum of the van 

der Waals radii. 	Other workers have used a formula containing 

three universal conet 	d two atomic parameters, of the form 

V e(-A/z + B.exp(-- 	wiere e is a characteristic energy, 

and z r/r0; r is the interatomic distance, and ro is a 
characteristic radius. 	This type of equation was introduced 

by Hill (77) and a similar type has been derived by Kitaygorodaky 

(7L). 

Allinger et al. (2, 79) have used latent boat and aonfortnational 

data to derive new values of e and r 0  for carbon and hythogen. 

They claim that, using these,various parameters can be 9radicted 

for small hydrocarbons with an accuracy comparable to eXperiment. 

Unfortunately, they did not consider oxygen, so that their 

equations are not immediately applicable to carbohydrate work. 

The method of deriving e and r0  can be extended to oxygen, but 

it is likely to be complicated by the fact that most oxygen 

compounds are oipolar, and hence dipolar interactions must be 

taken into account. 

Liguori et al. (80, 81) have used more general functions, of 

the form V = a.exp (_br )/rd - c/r i', where a,b,C,d are parameters 

which depend on the nature of the interacting atoms. Similar 
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functions have beet used y Tho.'son et al. ( j - 	This tye 

Lennard-Jones function, when b 0 

1 F 	 ghaxn function, when d = 0. 	They 

have been successful ia the investigation of polypeptides, but 

have recently been shown (J. Mark, quote. in ref. 3) to give 

poor agreement with exp3riment when applied to the isomerisation 

of butene-2. 	Lia: 	also. introduced functions of the 

type v 	-b 
where . 	, for close-range interactions 

between some atoms, reser: 	the other type 	unction for 

more distant interactions 	>im of van der 	radii). 

	

The use of van der Waai :actions in con 	...tiona]. analysis 

ias been mostly confined to polypeptides and hydrocarbons, and 

there have only been two previous polysaccharide studies which 

employed them. 	Ramachandran et al.(60) studied the con- 

formations of amyl's, and used both Brant and Flory (58) and 

Kitaygorodaky (7W, functions, thus providing a valuable com- 

parison of the two types of function. 	It was found that the 

potential concourz were fairly similar in shape, whichever type 

of function was used, but the Flory minimum was about 4 kcal./mole 

lower than the Kitaygorodsky minimum. 	The hard-sphere contour 

for amylose is closer to the Kitaygorodaky zero contour than to 

the Flory zero contour, which suggests that the Kitaygorodsky 

functions may be rather more accurate for polysaccharides. 

BoJi typof function, however, support the view (84) that V 

amylose occurs as a left-handed helix with, typically, six glucose 

residues per helix turn. 

The work of Sarko and Marchessault (bi) calculated the 

conformatio:s jj the glucose residues with respect to one another, 

and also the conformations of the acetate groups, in amylose 
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r ii  c c,  t ate. 	Co;r.i:n C>!  the e'er 	i:a 	or 1e't- 

and right-handed helices showed that the former was far more 

stable; and calculations of the van der Waale interactions 

between chains,, assuming parallel and antiparallel arrangements 

respectively, showed that the antiparallel arrangement was 

energetically favoured. 	Furthermore, the minimum was close 

to the conformation suggested by X-ray data only in the latter 

case. 	Liquori runctions were used in energy calculations. 

From both of these studies, it is evident that the calculation 

of van der t -ils interactions can be of great value in the study 

of polysaccharide' conformations. 

This chapter deribes the calculations of the positions 

~ind energies of conformational minima of cellobiose, and the 

energies of experimental conformations, in the hard-sphere allowed 

using the functions of Flory, Kitaygorodeky, and Liquori, 

e various ata of co-ordinates derived in the previous 

apter. 	It then describes the calculation of a potential 

for xylan, based on cellobioses and Kitaygorodeky functions. 

i lly, it describes the derivation of a new van der Waala 

!nction for oxygen, based on latent heat and conformational 

librium data, and its application, together with the 
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Calculation 3.10. Conformational maps for callobiose in the 

hard-sphere allowed region. 

Conformational maps were produced, over the allowed region 

of the hard-sphere map, using various bridge-angles, sets of 

co-ordinates, and sets of functions. 

The se?.s of parameters for the callobiose molecule 

(atomic co-ordinates plus bridge angle) were as followsi 

Set 1. 	Set A co-ordinates, bridge angle, 117.5°  

Set 2. 	Set B co-ordinates, bridge angle, 11t.7 °  

Set 3. 	Set B co-ordinates, bridge angle, 117 

Set 4. 	Set C co-ordinates, bridge angle, 116.1 °  

Set 5. 	Set C co-cxdinates, bridge angle, 117
0 

. 

(A sixth set, using C co-ordinates, and bridge angle of 

11b.7
0

, gave results intermediate between sets 4 and 5, which 

have been reported elsewhere (85)] 

The functions which were used were the 'Flory" functions 

(58.60), the 'Kitaygorodeky" functions (60,73) and the 'Liq&ori" 

functions (81.86, misprinted in ref. CO). 	The parameters 

used in the Flory functions were as given by tamachar*ran (60), 

with additional parameters for interactions involving the 

hydroxymethyl group. 	This was regarded as a methylene tom', 

and values of 1 were calculated froa the date .liven by Flory, 

using the Slater-Kirkwood formula (76). 	Values of B were 

calculated by assuming that dy/dr 0 when methylene was 

separated from the other atom by a distance equal to the sum of 

the van der Waals radii, again using the data of Flory (58). 

Values obtained were: 

H...CH2  interactions: A 718.5, B - 5.31xlO 5  

0.. .CH2 	 A 	20b, B - 3 . 10i0 b 

C ... CH2 	' 	" 	A 	2605, B = 6.75x106 
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liver. by Raachandran (). 	Values of r0  or interactions 

involving the hydrxymethyl group were calculated, using these 
- 	

- 	 - ---- --- -- - c'. 

K 
rO() 	J.,+ 	 r01 	= iI t r ()  

V•.1. ----------------- ----- 

H...CH2  interactionet 

O... CH 	" 	 r0  

C ... CH2 	' 	 r0  - 392 

The Liquori functions already included unctiorLs involving 

methyl groups. 

The calculations proceeded as in caic. 3.:, except that 91 and 

were varied in 	increments. 	At each 	rorrnatir"n, the 

relevant interatomic distances were measurod. 	If any of these 

8ho%ed ne  conorntion to be diSalloWed, 3 zero was ?rinted, 

and the next: con oruiation was considered. 	Iff the cotformation 

was allowed, its energy was calculated by summing the pcii -.- - tials 

between all relevant pairs of atoms, i.e. between C, C, C, 

and H' on the reducing residue and C l . C 2 , 

0 2*
• - the non-reducing residue, except that the 

C 
1**,C4  interaction, being the same for all conformations, was 

ignored. 

Conformational maps were producec '' drawing contour lines 

through points of equal potential 	F 	 le 3.4 

lists the position. and energies o -- 	 - 	fsr.nt 

sets of co-ordinates and function., and the : 	o 



Energy 	Conformation 	Co-ordinates used 
function. 

Set 1 
	

Set 2 
	

Set 3 
	

Set 	Sets 

v 
(Kcal) 

0° v 0° 11 
0 v  0  

? 0° 0° v (cca]3 Ecal)z OcaJ 
Flory Minima -31 +181 -4.9 -27 +184 -5.2 -29 +184 -5.2 -24 +175 -5.0 -24 +181 -5.1 

+19 +149 5.0 +21 +147 -5.1 +22 +148 5e2 +23 +141 -5.2 +24 +141 5.3 
Kitay- 

gorodaky 
Minima -46 +io 0 -41 +lui -.0.5 -43 +181 -0.6 -41 +175 -0.3 40 +17 0.5 

+ 5 +147 .4 + 1 +147 -0.3 + 1 +147 -0.4 0 +143 -0.4 0 +143 -0.6 Liquiri Minima -76 +175 1.1 -70 +182 -2.2 -72 +176 -1.7 
+31 +147 -1.0 +32 +146 -2.5 +2 +139 -2.8 

Flory Ce].].obioae(B) -44 +1t*3 -4.4 -44 +166 -4.6 -44 +16L -4.6 -44 +168 -4.6 -44 +168 -4.6 
CeU.obiose(J) -42 +162 -4.1 -42 +162 -4.3 -42 +162 - -42 +162 -4.4 -42 +162 -4.5 

Kitay- Cellobioee(B) -44 +168 +0.2 . -44 +168 -0.3 -44 +168 -0.4 -44 +168 -0.3 -44 +168 -0.4 
-42 +162 +0,5 -42 +162 -0.1 -42 +162 -C.2 -42+162 -0.2 -42 +162 -0.4 

Liquori Celiobiose(B) 44 +168 +2.0 -44 +168 +0.1 -44 +168 +0.2 
Cellobiose(J) -42 +12 +2.6 -42 +162 +0.5 -42 +162 +0. 

Flory •lluloes(H) -32 +148 -3.6 -33 +147 -4.1 -33 +147 -4.0 -39 +141 -3.0 -40 +140 -3.. 
Cellulose(ti) 0 +180 +14.5 0 +L{ +0.9 0 +10 +t.b 0 +180 +.9 0 +180 +7.9 

Kitay- 
gorodsky Cellulose(U) -32 +148 +0.9 -33 +147 +0.7 -33 +147 +0.1 -39 +141 +0.8 -40 +140 +0.4 Cellulose(M) 0 +1 +5.2 0 +180 +2.3 0 +150 +'.2 0 +180 +2.6 0 +180 +2.3 

Liquori Ce Ulu lose (H) -32 +146 +3.3 +147 +1.0  -31 +141 +0.3 
Ce11u1oae(4) 0 +10 +11. 0 +11.0 +6.5 

B = Brown ceL1o1ose c e se conformation; 

H 	flermans cellulose ccn.L01 
- 

-- 	I cellulose conformation. 
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experimentally-detexained conformations. 

Calculation 3.11. Total conformational map for cellobiose. 

A conformational map was produced as in Ca].c. 3.10, except 

that enerqies were calculated whether or not the conformation 

was allowed. of and J were varied, in 100  increments, over 

the whole 3600  range. 	Set 4 co-ordinates, and Kitaygorodeky 

functions, were used. 

This map (Fig. 3.6) shows that, as well as the negative-energy 

area, c 	ied in Caic. 3.10, there is a large area of low positive 

energy < kcal./mole), around It 1700, from = -180, to 

0 = 50 	smaller irea around 0 = 10 
0 , 
	

0 
= 0 	and, especially, 

a small minimu 	'K 	al./mole) around 0 _1600.  0 180. 

Calculation 3 • 1 	 nformational map for xylan. 

Set 4 co-ordinates were modified by shortening the C - C 

distance to 1.lL A conformational map (see Fig. 3.6) was then 

produced, varying 0 and  0 by 
40  increments, and using Kitaygorodsky 

functions, those representing CH 2OH interactions being replaced 

by functions representing the correspondir H interactions. 

the new co-ordinates for H (fl.) were: 

x = 1.693 	y = 2.166 	z 0.02546 

The energies of the four conformations compatible with the 

experimental data (n = 3, D = 4.93 	as given by Caic. 3.7, 

were also calculated, using the Kitaygorodsky functions. 

Results: 

0 11 1 

172 1,6 

-6 246 4.6 

—5 104 

65 174 15.2 

Minima: 	-32 204 -0.4 

16 151 -0.4 
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Calcu.atior .13. 	 :i;. der Waala function for oxyjen. 

Van der Waala equations, as used by Allinger et al. (&2,79), 

are of the form V e(-A/ + B.exp(-c), ;ere z m r/r0 . • 
and r0  are the only paralu•t3r5 which d 	between atoms. 

It is obvious, from the form of the equation, that an equatio 

giving e explicitly can readily be obtained. 	On the other 

hand, an explicit equation for r0  cannot be obtained. 	The 

procedure, therefore, in seeking values of e and r 0  compatible 

with ei,erimental data is to calculate 	+ fl.exp(-cz) ( f(z)] 

for various values of r0, and then to calculate e as V/f(z), 

where V is the experimental energy. 	Thus a graph of e against 

ro  can be dawn. 	If this is done for more than one se: 

experimental data, the graphs shou  

values of e and r0  agreeable to al 

It is difficult to find suitable experiment. 

work, and there are several possible sources of error, which 

will be described in more detail below. 	The three sets of 

data selected for study weres the latent heat of sublimation 

of solid carbon dioxide, the latent heat of sublimation of 

7-oxygen, and the enthalpy ,  change for the interconversion of 

he conformational isomers of cyclohexanol. 

In all these calculations, e and r0  for interactions h 

two types of atoms, A and B, aresumed to be related by 

oAB - ½(r+rB). 	This assumption was also made by 

Allinger et al. (c', 7 	Values of e and r0  for carbon 

and hydro -jer are tse jVOfl oy llinger (79). 

A. 	The latent heat of sublimation of carbon dioxide. 

In order to relate the latent heat of carbon dioxide to the 

van der Waale equations, we need to know 

(i) 	the crystal structure of CO2; 
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the latent heat of sublimation o1 CO 2 ; and 

since the molecule is polar, the dipole moment of C-C), 

and the dielectric constant of CO.. 

Ci) 	The crystal structure o CC ir, lace-contred cubic, 

and has boon determined by Mat and Pohlar (7). 

The latent head of sublimation is -6.063 kcal./mole (U). 

The dipole amoment of C) in CO  is estimated (59) as 

19D. 	The dielectric constant of solid CO  appears not to 

have been determined, but that of liquid CO  is given as 1.55 

(90). 	The dielectric constant of CS  increases by about 10% 

in passing from liquid to solid (90), so that, arguing by 

analogy, the dielectrL: . - stent of solid CO  should be about 

• This estimate i3 obviously a likely source of error. 

A crystal was constructed mathematically, taking the origin 

as the carbon atom situated at the corner of the unit cell. 

From the co-ordinates of the molecule at the origin, and those 

in the t' e. adjacent faces, the co-ordinates of any other 

molecule can be derived b; the equations 

x - 	+ hd, 

yy0 +kd, 

2 20 + Id, 

where d in the length of the side of the unit cell, and hk,l 

ar:' the number Qf unit cell lengths by which the second atom is 

dislaced, along each co-ordinate axis, from the first. 

In order to calculate the dipole e oct, the dipole moment 

was replaced by rrnopoles of -0.3416 cectron charges on each 

oxygen atom, and 0.t:32 on each caron. The otentia1 of 

the molecule at the origin, due to mono' ; 	':: atoms, 

was then calculated using the formula V 	332q 1 q2/r cal./mole 

where qlq2 are the fractional charges (75). 	:ii ;foleculea 
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were derivce sJ ettically, 	' ; tji; r. 	anc I au.. 

-9 to +9, and tlmresultant potentials added, oy computer. 

(Actually, to economise on computer time, k was varied from 

o to 9, all potentials calculated when k = 0 being halved; 

the resultant was then doubled). 

Allowance has to be made for the dielectric constant. 

This will be 1.75 for distant interactions, but 1.0 for 

neighbouring molecules. 	The potential due to neighbouring 

molecules WSB calculated by hand, and subtracted from the 

computed total. 	The difference was divided by 1.75 and 

the resultant energy was added to the hand-calculated figure, 

to give the effective dipolar potential. 

The van der Waals potential of the molecule at the origin 

was computed in a similar way, except that an der Waals functions 

were used. 	If we put ec 	 interaction between 

at 	nd B 	-. 	, 	e '.:t der Waals potential, 

.L. , 	 .f(QO) 	cieknown, and t.:., 

using various values of r0  

Hence, o is the only unknown, and is given by a quadratic 

equat' 

- 	(00) 	 .f(cC)-(v 	 -V 
experimental dipolar 

V 
experimental  is the elLergy required to take a molecule from a 

CO  crystal to infinity, i.e. it is the latent heat of sublimation.; 

Thus a value of o is obtained for every value of r0  used. 

Results. 

Total computed c1poiar potential = -b.029 

Neighbourin-j dipolar potential = -0.54 

Effective dipolar potential 	= -3.597 

van der Waale contribution 	= 3.597-6.068 - -2.471 
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3 3-c.2097 	-.1.027 	0.1602 

	

1.55 	 -t. b883 	-35.107 	0.16W 

	

1.65 	 1 	-6.9018 	-40.275 	0.1570 

In order to check that a variation of h,k, 1 from -9 to 9 

represette a large enough "cryta1, the calculations were 

repeated, using a range of -6 to 6. 	This gave a variation 

of about 2% in the van der Waa].a calculation, and of less than 

0.1% in the dipolar calculation. 	So the "crystal" appears 

to bn large sough, considering the uncertainties involved 

in other parts of the calculation. 

B. The latent heat of sublimation of r_02. 

In this 

to kncs On 

the latent heat oi ;ublimation. 	T4 	is given (91) '-*s 

-.0.8686 kcal./mole. 

the crystal structure. 	This has been determined by 

Lipscomb et al. (92). 

There Ia considerable disorder in this crystal atructur, 

due either to random orientation of temolecu1e' about their 

mid-point, or to free rotation about this mi..-?oint. 

The calculation was siriilar to that for carbon dioxide, but 

simpler, since there arert ther dipolar effects nor atoms other 

than oxygen to be considered. 	To test the effect of the 

dicorder, the calculaticn waa performed with o = 1 and r0  = 1.5. 

and (a) with all molecules parallel to the y axis 	(b) with the 

molecules in the y. fice 9arallel Lo he :- a:i 	a! -d (c) 
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'ditn he 4101eculcs 	an.et is in (u), ut with t oLiu1 

calculated with respect to one of the molecules in the yz face, 

instead of one of the corner molecules. 

Results: 

-27.70 kcal./mole 

-30.326 

-28.16 

Hence, different arrangements cause appreciable, but not major, 

changes in the potential. 	Arrangement (b) was used for 

further work. 

The value of o was calculated from o 2 	00) for several 

values of r0 . 

Results: 

I 

1.45 	-27.317 

1.50 	-30.326 

1.55 	-32.445 

1. foo 	-33.059 

0 

0.1783 

0.1692 

0.1636 

0.1621 

C. Thhp12y difference between the conformational isomers of 

cyclohexanol. 

Eliel et al. (93) have reviewed the reported values of this 

enthalpy difference, and have shown that these vary widely, from 

0.29 to 1.25 kcal./mole. 	The values for methoxycyclohexane 

are less variable, from 0.6 to 0.74 kcal./mole. 	Since, in the 

latter case, the methyl group is free to rotate away from the 

ring, it is not liicely to have a major effect on the enthal 
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Therefore, a figure of 0.7 kcal./inole is a reasonable one for 

the enthalpy difference in both cases. 

In order to calculate this enthalpy experimentally, the 

co-ordinates given by Eliel (ref. 93, p. 454) were used, with 

a C - 0 bond length of 1.425. 	The potential difference beteen 

the H1  and the remainder of the molecule was first calculated, 

with Allinger functions and with the hydrogen axial, and then 

equatorial, by summing the potentials between the hydrogen and 

every other atom in turn. 	It was then calculated for the 

oxyjen, with the latter equatorial, then axial. 	Putting 

e 	h2, and using other notation as for the CO  calculation, 

the enthilvi dferenre is iiven by 

Z .f(HIU 	(CH) 	.f(C 	.f(OH) I 

Thus, a linear equation for o is obtained, which can be solved 

Ir various values of r 

F(HH) 	:.f(CH)j A.L 	(c ; 	f(OH) 	0 

1.45 0,532 0.295 0.591 0.l9b 

1.55 0.532 0.153 0.736 0.1890 

1.65 0.532 -0.092 0.903 0.2071 

Using the three sets of r0  and o values, three curves could be 

drawn. 	These, if extrapolated, almost met at a single point, 

namely r = 1.4, e = 0.0361. 	Since, however, the extrapolation 

of curved lines is liable to error, a pair of values, namely 

r = 1.45, e = 0.0324, within the rangecan&ined, was chosen. 

Using these values, theoretical values of the latent heats and 

enthalpy difference, conpared with the experimental values are: 
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Experimental 
	

Theoretical  

latent heat, CO 	-L.O68 	 -5.986 
is  y-0 	 -0.8686 

	 -0.a851 

ethalpy 	 0.7 
	

0.6925 

Calculation 3.14 	A new van der Waale function for methylene 

Values of r0  and a which will adequately represent methylene 

interactions can be calculated, using the Allinger functions. 

An atom,X, with an r of 1.5, is assumed to interact with a 

1 	- 

/L1 

VV +2VHIK 

to give a total interaction. 	The curve given by plotting 

the values of r and the corresponding potentJs 1 Values can 

itself be closely approximated by a single van der Waals function. 

The values of e and r0  for this new function were deried from 

the equations dy/dr = 0 and V = V 
composite, 

 using the values of 

V composite  and r at the minimum of the composite curve. 	The 

values found were: 

r = 1.91, a = 0.8858 

Calculation 3.15. 	Van der Waals conformational, maps, using 

Allier-type functions 

Conformational maps or cellulose were constructed, using 

set D co-ordinates, a bridge angle of 116.10,  the functions 
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iC 	1C:J 	y 	il i; C. @ _ i1. TUL  

functions derived above for oxygen (caic. 3.13) and methylene 

(Caic. 3.14). 

The maps were calculated as in Calc. 3.10, except that the 

total energy was calculated even for conformations outside of 

the allowed area. 	Two distinct maps were derived Zsee Fig. 

3.7), the first excluding, the second including the 0...05  

interaction. 	The reason for this is that these two oxygens 

can be joined by a hydrogen bond, in whichse the normal van 

der Waals repulsion, which occurs when the oxygens are close, is 

replaced by an attraction. 	It is therefore, instructive to 

compare the van der Waals maps in the two cases. 

Previous conformational maps were printed directly by the 

line printer of the computer. 	In the present calculations, 

however, the potentials were printed on punched tape, which 

could be read by the computer, and printed by the line printer, 

at a later stage. 	The first program calculated the potential, 

excluding the 0•••0 5  interaction, and punched the results on 

tape. 	This tape was then read by a subsequent program, and 

the corresponding interaction added to each conformation. 

This method of printing data economises on computer time,90d thus 

avoiding the need to repeat calculations by giving data in a form 

which can readily be used in further work. 

Results: 

A. Excluding 0•05  

Minima 0 19 V 

-79 135 -1.0 

28 141 -05 

H (see table 
3.4) -25 14t 1.2  

B -44 16 0.5 
7 

0 54 



Inc1u 	j 0...05  

Minima -74 157 -0.7 

-33 121 -0.3 

28 142 -0.5 

El -25 14o 1.2 

M 1 	0 180 5.4 

B -44 168 0.5 

J -42 162 0.6 
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L1c. 2.10 rovided a survey of the variations caused y 

the use of different co-ordinates sets, bridge angles, and 

types of functions. 	It was found that the use of different 

bridge angles gave almost negligible changes in the positions of 

the potential minima, whilst the use of different set, of 

co-ordinates gave ct'ares of up to about ic?, whi is about 

twice the discrep 	3tween experimentally-determined conform- 

ations of cellobi 	. ie Brown conformation of cellobiose is 

0 = -44°, 11 16d°, whilst that of Jeffrey is 0 = -420 , J =1620 1 

a difference of about 6.50). 	The largest variations, 

however, are caused by the use of different sets of functions. 

Corresponding minima given by the Flory and Kitaygorodsky 

functions are separated by about 15 °, whilst the Liquori and 
0 

Kitaygorodsky minima are separated by about 25-30 • 	The 

tendency, previously noted in the study of amylose (607 see 

Introduction to Chapter), for the Flory functions to give lower 

energies than the Kitaygorodsky functions, is also seen in the 

present case. 

As was noted in the Introduction to the Chapter, A].linger 

et al. (62,79) have obtained values, which fall within the limits 

of error, of a wide range of experimentally-determined quantities 

for small hydrocarbons. 	Their success argues strongly for 

the soundness of their approach, but, unfortunately, they did not 

derive an oxygen potential function. 	This has now been derived 

(Caic. 3.13) by the Allinger method. 	The experimental data 

which were used all involve some uncertainty; the dielectric 

constant of CO  is not accurately known, the molecules of 

are somewhat disordered, even in the crystal, and measurements 

of the enthalpy difference between the conformational isomers 
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of cyc1ol-±e::3nol differ widely. 	.onetheleas, the selected 

values of e and r 0  for oxygen give close agreement with the 

best experimental data (see Calc. 3.13), and they seem to be 

at least of the right order. 	The small size of a (0.0324) 

is at first surprising, since it predicts that 0-0 interactions 

are relatively weak. 	However, the small latent heat of oxygen 

and the crystal disorder, both suggest that this in indeed the 

case. 

The conformational maps produced by using these Allinger-type 

functions resemble, in general shape, those given by Liguori 

functions. 	The similarity appears to be coincidental, however. 

The corresponding parameters used in the Allinger and Liguori 

functions are quite different, and one of the conformational 

minima is, intact, different by about 200  in the two cases. 

One notable feature of the Allinger map 	interaction 

included) is the presence of a third minimum, centred at 0 
- _ 330 ,  

It = 121 • 	This is outside of the hard-sphere allowed area, 

and near the edge of the map, so that it may have passed un-noticed 

in the Flory and Liguori cases, but appears to be absent in the 

Kitaygorodsky case (see Pig. 3b). 

Despite their differences, all the conformational maps also 

show basic similarities. 	All have two main minima in or near 

the allowed area, one in the region of the 2.5-fold or 3-fold 

left-handed screw axes, and the other in the region of the 

corresponding right-handed axes. 	They are separated by a 

relatively high-energy "col" in the region of'the 2-fold axis, 

and all except the Allinger map give the right-handed minimum 

as the lower of the two. 

The cellobiose conformation is in the region of the left-

handed minimum, and is particularly.close to it in the 



120 

tI5OrOds:.? map. 	All the :as sujest tt - e flrow: 

..t fl11y preferable to the Jeffrey conformation. 

Thc Hc . 	 ion is situated on the high-energy col, at 

an 	y abc 	kcal./mole higher than the left-handed 

minimum. 	This, however, could be easily offset by a more 

favourable O ... O 5  hãogen bond, or by more favourable 

intermolecular interactions. 	On the other hand, it has been 

suggested recently (64) that cellulose may have a conformation 

similar to cellobiose, rather than a 2-fold screw-axis, in which 

CCse its conformation would not be situated on the col. 

The Meyer and Minch conformation is shown to be energetically 

unfavourable. 

The xylan conformational map, using Kitaygorodaky functions, 

is fairly similar to that of cellulose. 	Its main difference 

is that the 0 an4 I values of the minima are increased, in 

particuLr the Ji vlue of the left-handed minimum (175°  to 204). 

The suggested coomation for xylan (0 = .' 800 , 	= 1720) is 

1.95 kcal./mole abow the minimum, although it is stabilised 

by a hydrogen bond. 	Since the equivalent of the Hermann con- 

formation (0 -400. ê' l40) would be only 1.29 kcal./mole 

above the inimuxu, it appears that intermolecular interactions, 

particularlz hydrogen bonding, may be the cause of the 3-fold 

screw axis in xylan. 	The fact that xylan diacetate crystal- 

uses with a 2-fold screw axis supports this suggestion. 

Since the xylan chain thus appears to be somewhat more 

strained than that of cellulose in the crystalline state, it 

might be expected that xylan would be more readily dissolved 

than cellulose, and this is, in fact, so (85). 	Until, however, 

all other types of interaction have been studied, conclusions 
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which are drawn froru van der vaa1s coforati.ona1 aajs can 

only be tentative. 

The calculations described in this chapter have shown the 

general validity of the hardsphere approach. and have attempted 

to improve on it by enabling quantitative comparisons to be 

made. 	The comparative solubilities ok xylan and cellulose 

seem to be explicable on the basis of these calculations. 

The following chapters deal with hydrogen-bonding, and dipolar 

and torsicxLal potentials, and firmer conclusions can be drawn 

when the effects of these are known. 
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Van der Waale forces are the only interactions which 

need to be considered in the conformational anal'sis of alkanes 

and cycloalkanee, since these contain only carbon and hydrogen 

atoms. 	In molecules containing heteroatoms, however, another 

type of interaction needs to be considered. 	This is due to 

the fact that atoms in the hydrocarbons are presumed to have 

virtually no net charge. 	In molecules such as polypeptides 

and polyeaccharides, on the other hand, the heteroatoms have 

permanent net negative charges, which induce corresponding net 

positive charges on the carbon and hydrogen atoms. 	There is 

therefore, an array of dipoles within the molecule which, by 

their mutual interactions, alter the potential of the molecule. 

Arridge and Cannon (95) were the first to realise the 

importance of dipolar int.ractions,in the conformational analysis ,  

of macromolecules. 	They showed that these interactions lowered 

the potential energy of nylons by 4.t, to 4.8 kca]../mo?e. 	They 

also showed that, whereas the 11-structure of poly-L--al :iie was 

stabilised by 5.7 kcal-/moie due to dipolar interactions, the 

a-helix w36 stabilised by only 1.8 kcal./mole. 	Brant and. Flory 

(58) found it neceisary to include dipolar interactions in 

theoretical calculations of the mean end-to-end distance of 

polypeptides in solution in order to give agreement with experimental 

results. 	This distance, calculated on the basis of van der 

Waals and torsional potentials only, was too short by a factor of 

about 2.5. 	Hence, it is clear that dipolar interactions 

need to be taken into account in the conformational analysis of 

molecules containing heteroatoms. 
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This stu1 j Brant and Flory showeu that, whilst diolar 

interactions modify the shape of the potential contours and the 

positions of minima, their most obvious effect was an overall 

lowering of potential. 

In both of these studies, the potential was calculated from 

the Lipolar vectors, and the vector joining them, using a 

standard formula ). 	Scheraga et al. (75) used a monopole 

appromion in order to calculate the dipolar potential. 

In this method, the bond dipole is replaced by point charges on 

the bonded atoms. 	This method has the advantage of simplicity, 

and was used in the previous chapter (Caic. 3.13), in the 

derivation of the oxygen van der Waals function from carbon 

dioxide experimental data. 

The dipole moments which were used in these studies were 

derived from experimental data for amides etc. 	Poland and 

Scheraga (97) have, more recently, used the method of Del Re (98), 

which is based on quantum theory, for the calculation of atomic 

charges. 

Dielectric constants are also needed in the calculation of 

dipolar potentials. 	For two atoms which are fairly close, 

with no other atoms coming between them, the dielectric constant 

is taken as one. 	For pairs of atoms which have other atoms 

between them, the dielectric constant is taken as that of the 

. ole molecule. 	This is obviously an approximation, since 

different intervening atoms are likely to have'dielectric constants" 

which differ from that of the whole molecule. 	However, Scheraga 

et al. (75) have varied the dielectric constant from I to 4 for 

several polypeptides, and have shown that this variation does 

not produce major changes in the final result. 	when con- 

formations in solution are being calculated, the dielectric 
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constant. of the solvent is also needed. 	hen the solvent is 

water, all interactions between atoms separated by more than 

one layer of water molecules can be disregarded (33), since the 

dielectric constant of water is about 80. 

Dipolar effects have been calculated for various polypeptidee 

and nylons (56, 75, 95), but they have apparently not been 

calculated for any polysaccharde. 	Marcheesault and Liang 

(49) have shown, however, that methylal occurs in a conformation 

similar to that of the atoms oLt the bridge oxygen in 13-1,4 

xylan, and that this preferred conformation is likely to be due 

to dipolar interactions within the molecule. 	The anomeric 

effect in monosaccharides and glycosides can also be explained 

(99) as a dipolar effect. 	axial substituents are normally less 

stable than their equatorial counterparts, but the reverse is 

true in the case of glycosides, and even more markedly, in the 

case of glycosyl halides. 	Van der Waals interactions would 

favour the equatorial anomers, but the interactions between 

the dipoles due to the lone-pairs of the ring oxygen and to 

the 05-05  bond, and that along the C 1-aglycone bond, more 

strongly favour the axial anomers. 	It is therefore evident 

that dipolar interactions are likely to affect the conformation 

of cellulose and other polysaccharides. 

The work described in this chapter investigates the 

effects of dipolar interactions. 	Partial charges are 

calculated by the method of Del Re (98), and the tuB ratios 

of some monosaccharides are considered in the light of these. 

Conformatic:;1 laps are derived for cellulose over the allowed 

area, md :cmpiisons are made with allieö molecules. 
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x?errnert S_ 

Calculation 3.1€. The partial charges of atoms in some 

carbohyc: 

	

Parti 	.harges were calculated by Del Re's method (98) 

as outlined by Poland and Scheraga (97). The partial charge 

on each atom* is related to the partial charges on the atoms to 

which it is attached, so that, in theory, it is dependent on 

the partial charges of every other atoms in the molecule. 

In practice, it is found that any variation in the charge of an 

atom is unlikely to have any effect more than two or three atoms 

away. 

Ara atom A, covalently bonded to another atom B, has a partial 

charge, C! 	 Hc:o 	Si. AB 

;tre p 	 S 	.u; w;t 	 ~ 2 	g 	
.. xiii) 

S 	is c 	-- •.: 	 of atom A 	 , 7 	 ristic 

oi. Qond AD. 	For a molecule containing n atoms, there wili 

generally be n simultaneousequations of the type ( 	which 

need to be solved in order to obtain the nvaluee 	g 

F- a glucose molecule, n = 24, and, although many 	iie 

c fficients would be zero, the solution of 24 equations is 

	

vioueJ.y a laborious procedure. 	It was therefore accomplished 

by computer for various psjranoses and their derivatives, using 

the values o 
' , eAD. and 7'B given by Poland and scheraga. 

For the ca1c 	n of partial charges in the hexoaamine cation, 

he 	lowri 	 for 	suggested by Del Re (98) were used: 

.317 5N4 = 1.337 eN+H 	0. 60. 

Values of y were the same as for neutr a l N. 	In a neutral mole- 

cule, the total charge on an atom, 0A 	 For the nitrogen 
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Tan. • E 	- 

atom a b c d e f g Ii 

C (methyl) - -0.024 -0.033 -0.024 -0.024 -0.024 -0.024 

C 1  0.190 0.178 0.177 0.178 0.178 0.175 0.173 0.179 

C 2  0.114 0.113 0.113 0.113 0.113 0.110 0.065 0.076 

C 3  0.106 0.104 0.103 0.101 0.107 

C 4  0.104 0.092 0.105 0.102 0.103 0.103 

C 5  0.095 0.093 0.035 . .O 0.104 

C . - -0.1.07 

02 or N2  -0.457 -C. 0.131 

0 3  -0.458 -0.459 

04  -0.458 -0.264 -0.459 

05  -0.262 -0.264 -0.266 -0.265 -0.264 

06 -0.457 - - -0.253 

06(2) - -0.286 

H 1  0.061 0.060 0.060 0.060 0.060 0.060 0.059 0.060 

H2  0.053 0.04 0.054 

H 3  0.052 0.051 

H4  0.052 0.050 0.051 

H5  0.051 0.050 0.052 0.049 0.052 

H 6  0.053 - 0.040 -. 

H (0-methyl) 	- 0.053 0.055 0.053 0.053 0.053 0.053 

H (Oi) 0.303 - - - - - - - 

H(0 	or N.) 0.302 0.219 0.248 
2 

H (0 3 ) 0.301 

H (0 
4 ) 0.301 - 

H (0 
6 ) 0.302 - - 0.304 

columns are only included when -They disagree Figures in subsequent 
th those in column a. 

- --- 

- 	 • -•-• -• hexose7 b: methyl 
hexoside; c: 	1,4 hexosan; d: methyl pentoside; e: methyl 6-deoxv- 
hexoside; f: methyl hexuronoside; 	g: methyl 2-amino-2-deoxyhexosde; 
h: 	cation og g. - 
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partial charges 

in methy 	ioaiue, were the same as those used by Poland 

and Scheraga (97) for aepartic and glutamic acids, namely 

C 
6 

+ o.o0.0-',
; 	(single bond) + 0.189; 0 (2) (double bond) 

- 0.286. 

These were added to the 	arges, calculated in the normal way. 

For the results, see 	.5. 

The partial charges on the atoms of pentose, in all likely 

cyclic and acyclic forms, have recently been published (100). 

Except for C 1 . Olt  etc. the figures for pentopyranoe are very 

similar to those reported here for methyl pentopyranoside, 

although several apear to be about 2% higher. 

Calculation 3.17. 	Dipolar effects in monosaccharides 

Dipolar effects in monosaccharides were calculated, using the 

monopole approximation, with the partial charges obtained from 

Calc. 3.16, and interatomic distances measured from molecular 

models. 	The interactions which were calculated were C 1  and 01 

with C 3 , H3, C 5 , and H5 7 in addition, in for instance, the 

comparison of mannoee and glucose, 01  and H1  interactions with 

02 and H2  were calculated. 	The differences in potentials of the 

a and 8 anoluers were thus obtained. 

i.esu1ta 

C2  epimers. 	The calculated differences in dipolar potential 

(8.-a) between the anomers of glucose and of mannose were: 

glucose 7.47.kcal./molet mannose 11.00 kcal./mole. 

This predicts that both should occur almost entirely as the 

a anonier, which is not true, although the a anomer is preferred. 
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xore realistic results can be obtained oy using the net charge 

on the hydroxyl groups, rather than merely the charge on the 

oxygens. If this was done, the differences were: 

glucose 2.29 kcal./mole: mannose 2.76 kcal./mole 

This result suggests that the a anomer should be preferred in 

both cases, but more so in the case of mannose. 	This is found 

to be the case (ref. 93, p.  408). 	The B methyl glycosides 

are also more easily hydrolysed than the a anoinere, and, again, 

this is more marked in the case of mannose (99). 

The greater preponderance of a anomer in 	of mannose 

has been explained by an effect, known as ti A 	fect 

(ref. 93, p. 377), which is assumed to be du. L.. 	 olr inter- 

actions. *id which favours the a anomer by 0.45 kcal./aiole more 

innnnose than inçucose. 	The a anoner is favoured by 0.47 

kcal./mole more in ivannoee than in jiucose in the above calculation. 

C 3  epimers. 	The difference in potential between anamere of 

shoes was found to be O.ib kcal./mole. 	If the 0-LO 

repulsion was ignored, this difference (B-'i) bec e -1.03 kcal./mole. 

It is probably justifiable to ignore the 0 3 801 repulsion. Or to 

give it lees weight, since C 1  intervenes as a dielectric. 

These calculations therefore suggest that sugars with 0 3  in the 

a contigiration should have the anomers in roujhij equal 

proortiona, or with the B anoiner somewhat predominat.. 	In fact, 

such sugars appear to exist very largely in the 8 form. 	Ribose 

is probably about 90% 13 anomer in solution (ref. 93, p. 407). 

The a anoiners of allose and idose also appear to be very 

unstable (101). 	This instability must be at least partially 

due to van der Waals repulsions between 0 and a0• 	It may 



129 

also .e that, since these oxygens are so close, the approxiniatior 

of using the net charges of the hydroxyl groups is no longer valid. 

C4  epimers. 	The difference in potential between anomers of 

galactose was found to be 2.20 kcal./mole. 	This suggests that 

the a anomer is the more abundant in galactose, thou.jh less so 

than in glucose. 	This appears to be so (ref. 93, p. 403). 

Calculation also showed that a anoHiers were stabilised, not 

oni. y 'te dipolar interaction with the 05  lone pairs, but 

ah.; 	:traction to C 3-H3  and C5-H5 , to the extent of 0.81 

and 1.04 kcal./mole, reatively. 

Theipole calculations could not be used by themselves to 

give qu, titative estimates of the a/B ratio, since van der Waals 

fc: 	d the dielectric effect of intervening atoms would also 

have to be taken into account. 	Nonetheless, they seem to 

give qualitative agreement with experimental data. 

Calculation 3.18. Conformational maps of dipolar potential in 

cellulose. 

Conformational maps (see Fig. 3.) of dipolar potential in 

cellulose were produced in a similar way to the Allinger con-

formational maps (Calc. 3.15). 	The potential was calculated 

by summing the monopole interactions between all the rigidly-hold 

atoms of one residue and all the rigidly-held atoms of the cther, 

excluding the C1***  C4 interaction. 	The C'.... interaction 
 mj 

was also ecb.ided in the first map, but included in the second. 

For the interactions between C 1 , C 2 , H1 2' °2 and O. and 9, 
C', C, 	. 	, '14'and 

	the dielectric constant was 

taken as 1. 	For other interactions, the dielectric constant 

was taken as 4. 	Cellulose is reported (102) to have a 

dielectric constant varying from 3.9 to 7.5, and sucrose (103) 

a dielectric constant of 3.32. 	A value of 4 for carbohydrate 

materials therefore seems to be a reasonable estimate. 
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C a1cul f 	:. 	 s 	LCilO11S&, lac ts 

and manr an. 

conformational maps (0;...0, interactions excluded) for 

these cases were produced (cf. Fig. 3.8), varying 0 and )I by 
0 	 0 	 0 	 o 

	

increments, over the range J 	152 to 172 	-43  to 

-28. 	Co-ordinate. of 04 . H41  Oj. and H1 iii lactose, and of 

02 and H in mannan, were calculated by lengthening and 

shortening the C-H 	-. nds appropriately. 	The gradients 

of the three maos 	 . -ed at the Jeffrey. conformation 

(0 	-42° , Il - 1620 ). 

Results 

Slope (cal. mole-1  deg.-l) Direction (clock- 
wise of it axis) 

Cellobiose 	50.8 

Lactose 	 58.5 	 180 

Mannan 	 91.1 	 17°  

The van der Weals torsional and hydrogen bonding interactions 

in lactose can be assumed to be virtually identical to those in 

cellobiosel therefore, any difference in conformation duo to 

intramolecular forces will be caused by dipolar effects. 

The larger gradient of the lactose map, and its differeit 

direction, suggest that lactose should have a conformation with 

a rather lower value of 	and an appreciable higher value of 0, 
than cellobiosa. 	This appears to -  be the cue. 	Lactose has 

an approximate conformation of 0 = - 31w , ê 1550,  although these 

igurea may be modified somewhat iien the otructure has been 

refined. 

The van der Waals interactions in mannan will not be identical 

to those in cellobiose, 80 that dipolar effects will not be the 

only influence modifying the conformation. 	On the basis of 

the dipolar effects, however, one would expect the conformation 
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to oe displaced towards the heraa:s confoxmatioi 66 

it = 146). 
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Liscuj2 io 

The partial charge calculations of CaIc. 3.16 chow that 

the oxygen and nitrogen atoms make the largest contributions 

to dipoles in carbohydrates. 	The contributions of carbon 

and hydrogen are not, however, negligible. 	The a/B ratios of 

some monosaccharides can be qualitatively explained on the 

basis of won000le interactions (Caic. 3.1.7)7 quantitative 

agreement is not to be expected, however, unless van der Waal 

interactions are also included. 	The extra stabiL 

a-mannoee, relative to a-glucose, has been called V. t 

effect (ref. 93, p. 377). 	This effect appears to .. 

to dipolar interactions between C 1 -01  and C 2-02 . 	By the 

reasonable approximation of using the net hydroxyl charges, 

rather than the oxygen charges, the a anomer is calculated to be 

favoured by 0.47 kcai. 	7.e more in mannose than in glucose. The 

estimated value of Cit. A effect is 0.45 kcal./mole. 	Although 

such close agreement is 	•eiy to be fortuitous, it nonetheless, 

suggests strongly that thc,6. effect can be adequately explained 

by C 1-0 1 , C-02  dipolar i. 

The conformationsl maps o dipole potential in cellulose 

(Fig. 3.8) show that, whilst this potential will modify the 

positions of the van der Waals minima, its most obvious effect 

is likely to be a general lowering of potential, similar to 

that found by Brant and Flory (56) in the case of polypeptides. 

The differences between the two maps emphasize the importance 

of the 0 	o interactions, since the repulsion between them 

causes the increasing potential towards 0 -80, jI 1200, 

and is the dominant influence in the shape of the second dipole-

potential map. 
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:orariso of ar 	c. f the ceilciio5e a) with thc. 

lactose and mannan shows the sort of variations that can be 

expected from minor cnges in the positions of dipoles 

(Caic. 3.19). 	The ca3e of lactose is noteworthy since this 

disaccharide differs from cellobiose only ir its configurations 

at C iand C4 . 
	

VarA der Waalg forces between residues should 

be virtually the same in the two cases, but dipolar forces may 

still lave some effect. 	This is because the van der Waals; 

interactions decrease much more rapidly with distance than do 

dipole interactions; van der Waals intertctions are inversely 

proportional to tha sixth pos'.er of the distance, whereas dipole 

interactions are invcrsely proportional only to the first power 

of the distance. 	The dipole maps suggest that the conformation 

of lactose should have a lower jl value, and a higher 0 value, 

than celloiose, and this appears, from unrefined X-ray data, 

to be the case. 

Comparison between marman and cellobiosa must be more 

approximate, since the differing confip.irtions at C 2  will alter 

the van der Waale, as well as the dipole, map. 	On the basis 

of the Allinger functions, it is to be e; - ected that the van 

der waals forces would favour a relatively close approach of H. 

and (CH 20H)'. 	This would be best achieved by a low value of 

0. 	The dipole interactions on the other hand, would favour 

a close approach of 0 and (CH2OH)'. 	The stoe slope of the 

dipole map for mannan at the Jeffrey conformation (0 = -42°, 

1b2 0 )suggests that the dipole effeocs are the more important, 

in which case the equilibrium conformation would be closer to 

the aermans conformation (0 -25. 11 14b 0 ). 

On the basis of the partial charges calculated in CaIc. 3.1b, 

the conformations of some other polysaccharides can be 

qualitatively considered. 	In xylan, the attraction between 
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2 	 1 

This wouli allow the xyi.an to assume a left-handed 3-fold screw-

axis more readily than cellulose. 	Thus, dipole effects may be 

at least pert of the reason for xylan's 3-fold screw-axis, since 

intramolecular van der Vtialz interactions, discussed in the 

previous chapter (CaIc. 3.12 and Chapter II, Discussion), do 

not explain it. 

The dipole interaction between N 2  and (CH 2OH)' in chitosan 

will be similar to the 0 2 06.(CH 2OH)' interaction in cellulose. 

Hence it is to be expected that their etrr tures are similar. 

This is probably eo,since the .-ray fire pattern of chitosan 

(104) is very aiui1ar to that of cellulose XI. 	In the case 

of the chitosan petycation, however, strong repulsion would 

occur between N 2  and (CH 2()', which would tend to force the 

molecule into a left-banded 3-Cold screw-axis, or to an even 

higher screw symmetry. 	Although polycationic chitosan, or 

possibly some of the corresponding dextrins, is known (105), it has 

not, apparert', been exalflirMd by X-ray di :fraction. 

It has alreai' been poired out that the 0...O 5  dipolar 

interactiox, -- iiicluded in the total dipolo potential, is of 

over-riding importance. 	It is, however, more reasoiable to 

exclude this interaction, since these two atoms are involved in 

a hydrogen-bond. 	This hydrogen bond will have an effect on 

the conformaticn which is likely to be quite Ui3tinct from the 

van der aa1s anddf.polai interactions, aid which will 

be considered in the next chapter. 
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introducti 

Electronegative atoms frequently form a bond between themselves, 

through a hydrogen atom covalently attached to one of them. 

This type of bonding is termed hydrogen bonding, nd can lower 

the potential of a system by several kcal./mole. 	Such bondi. ) , 

involving nitrogen and oxygen atoms, is common in biological 

macromolecules. 	Of particular relevance to the conformational 

analysis of ccllutoae and allied polysaccharides is the intra- 

molecular bond which is known to occur in these between 	and 05 . 

Coulson, in describing the hydrogen bonds in ice (27), divided 

the interactions between the two oxygene and o 	.
-  rogen into 

four inter-related interactions. 	These wet, A lectrostatic, 

(B) delocalization, (C) repulsive z.nd (D) disj... 	Since 

interactions C and D (van der aa1s interactions) and A are 

generally recognised interactions (which have been considered in 

the previous two chapters), hydrogen bonding appears to be 

essentially a delocalization effect, although this will itself 

modify effects A, C and D. 	Rough calculations of the energies 

involved suggested contributions of(A) -t kcal./mole, (B) -..; kcal../ 

mole, (C) 8.4 kcal./mole and (D) -i kcal./mole, a total of -..6 

kcal./mole (experimental value -t.l kcal./mole). 	This shows 

that all the interactions need to be considered in a quantitative 

description of hydrogen bondinj. 

Estimates of the energy of hydrogen bonding in alcohols 

(lob) range from about -4 to -ó kcal./mole. 	A valuc )f -5 kcal./ 

mole therefore seems the best compromise. 	Bonds of maximum 

strength are found to occur at an 0...0 distance of atout 2.7 

An examination of crystal structures shows that in hydrogen 

bonding, the hydrogen occurs, as nearly as possible, within a 
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1o.o- L1ir ':r _Lt 1 o 	t.'.e ' hrr':er. cr 	'_," Cr ie: 
0 

Deviations of up to 24 from the theoretical H ... 0-C angle 

are known, however, so that this is not an unduly restrictive 

requirement. 

Lippincott and Schroeder (107) have described hydrogen 

bonding potential as the sum of four functions, V V1  + V2  + V 3 +V4 . 

V3  + V4  A exp(-bR) - B/Rin, where R is the 0...O distance, 

and A, b, B and m are constants. 	in Can be 1, 3, or 67 if it 

is 1, then 	is equivalent to electrostatic interaction, 

whilst, if L. is , /R6  is equivalent to dispersion interactions. 

in 3 is an intermediate case. 	Thus, V 3  + V4  in effect 

combines van der Waais and electrostatic interactions. 

V2  = -D exp[-n(r-z) 2/2r], where r is the 0...H distance, r0  is 

the length of the O-J bond (taken as 0.97 ), and D and n are 

coiistants. 	V1  M  D [1-exp(-n'(t-r-r0 ) 2/2(*-r))1 which 

represents the increase in potential due to the lengthening of 

the 0-H bond. 

The Lippincott and Schroeder equation gives good agreement 

with experiment for the correlation of the shift in frequency 

of the 0-H stretch peak with r, R, and V. 	It has some 

theoretical ustification (lOs),  althouh it is essentially 

semi-empirical. 	A more rigorous treatment of the hydrogen- 

bone (109) shows that, for a constant value of R. the fir curve 

has a main minimum, and a marked shoulder at low values of r, 

and the Lippincott and Schroeder treatment (110) gives a very 

similar curve. 	It appears, therefore, that the Lippincott 

and Schroeder equation gives a reasonable description of hydrogen 

bonding potential. 

The earliest atteint to estimate hydrogen bonding in conformational 
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i1qucri et al ( J.) i their stud j f 

polypeptides. 	They used an equation originally proposed by 

Stockmayer (111) to represent the interactions of polar jas 

molecules. 	This, howevez, seems to be unsatisfactory, for 

two reasons. 	Firstly, Stockmayer himself pointed out that 

the equation would be unsatisfactory for condensed phase 

interactions, and for interactions between molecules such as 

carboxylic acids. 	It is therefore likely to be invalid for 

polypeptides. 	Secondly, the Stockmayer equation in essentially 

a description of dipolar, and not hydrogen-bonding, interaction. 

Subsequent analyses (75) have used the Lippincott and Schroeder 

equation, but Poland and Scheraga (97) now use empirical hydrogen 

bond equations, their criticisms of the Lippincott and Schroeder 

equation being that it does not merge into the van der Waals + 

dipole curve at high values of r, and that it is insufficiently 

angle-dependent. 

Various attempts have been made to introduce corrections for 

non-linear hydrogen bonding into the Lippincott and Schroeder 

equa 	Moulton and Kronthout (112) gave a correction for 

•-• 	e i. 	..ccj: eta. (75) gave a correction for 

-eie 	• r: oes not lie on the axis of the lone-pair 

orbital of the oxygen to which it is hydrogen-bonded. 	They 

also ignored the hydrogen bording contributionr O-H...O angles 

of less than 1500,  although Lippincott and Schroeder (107) 

suggested that angular dependence in tia cane was su 	ently 

represented by the altered value of V 3  + V4 . 

Estimates of 	 bonding in polypeptides have the 

advantage that the two groups are held rigidly with respect to 

the backbone of the molecule. 	In Diysaccharidea, however, 

bonding involves hydroxyl groups, and in this case, the hydrogen 
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can rotate about the C-O bon 	todependently of the confortatiori 

of the polysaccharide chain. 	.iiuis introduces a complication 

into hydrogen bonding calculations for polysaccharides since 

the hydrogen has to be placed in the best position for hydrogen 

bonding at each conformation. 	The intramolecular hydrogen 

bonding which occurs in cellulose, between 0;-HI and 0 5  is, 

fortunately, a simple case, since there is only one new degree of 

freedom, namely the rtation o i.. oout C'-O , to be allowed 

For. 	Other cases could be ver' complex, however. 	For instance, 

a hydrogen bond between 02  and O, which has also been suggested 

for cellulose (56), would involve three new degrees of freedom, 

namely the rotations zbout C2 -'.)2 . C-C, and 

This chapter describes the calculation of suitable V 3  + V4  

terms for the Lippincott and Schroeder equations. 	A method is 

derived for fixing the hydrogen in the most favourable hydrogen 

bonding position, and a conformational map is produced, using 

this method. Finally, a map is produced of the angle between 

the 0-H bond and the 0 5  lone pair orbitals, as a further guide 

to the position of most favourable hydrogen bonding. 
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xperirut.1 

Calculation 3.20. Derivation of parameters for the Lippincott 

and Schroeder eqtiqn. 

To derive parameters for the Lippincott and Schroeder equation, 

it was assumed that the 0.-H bond was inflexible, i.e. R-rsr 0, so 

that V 1 . 	The values of D, n and r0  wem those used by Lippin- 

cott and Schroeder (107), so that V2 	-1.34 •xp(-t.b6(r-0.97) 2/r) 

In the equation V 3  + V4  A ep(_bR)_B/R,  the value of b used 

by Lippincott and Schroeder, i.e. b - 4.8, was used. A value 

of Tfl 3 ws also used, making V 3  + V4  a potential intermediate 

between van der Waale and dipolar potentials. 

A and B were fixed empirically to give a minimum potential 

of -5 kcal./mole at 2.7 R. 	This was done by drawing the 

curve of V2 , and finding the values of V 2  and dV2/dr at r - 2.7 

Then, 

V2  + V3  + V4  -5 

dV2/dr + ci (V 3+V4  ) /dR = 0 

These two equationfI can be solved for A and B. 

The total equation t.a4D becomes 

V 	-31.34,  exp[-6.66(r-.0.97) 4/r) -100.3/R3  + 3.99& x 10 

exp(-4.6R) 	(xiv) 

This gives a minimum of -4.85 kcal,/mole at 2.68 Rt the slight 

deviation from tite assumed value of - kca1./,aole at _.7 R is 
presumably due to inaccuracies in reading V 2  and dV2/dr from  

a graph. 

Calculation 3.21. Conforivational map for the OseeO r  hydrogen 

bond in cellulose. 

As was pointed out in the Intro Juction to the Chapter, 

hydrogen bonding in cellulose involves hydrogens which are free 
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to rotate about the C-C bond. 	iTh i.ritil 3r);te ir 

calculating hydrogen bond potential is, therefore, to place 

the hydrogen at the position of strongest bonding. 	Since 

in the present case, the bonding occurs through a lone-pair 

orbital of 05 1 the strongest bond will occur when the H'...orbital 

distance is minimum. 	An attempt was made to calculate the 

potential on this basis, using the standard equation for 

minimum distance between aoint and a line (70). 	This gave 

a quxtic equation which will generally have four solutions, two 

maxima and two minima. 	An attempt was made to solve this 

by using Ferrari's method for the solution of quartics, and 

comparing the four solutions with one another in order to find 

which was the required minimum. 	It was found, however, that 

this method was prohibitively slow in jiving a conformational 

map. 	Accordingly, an approximate method was used, namely the 

placing of H' to give the minimum H'...0 5  distance (unless this 

was less than 2.5 ), and the calculation of the potential on 

this basis. 

Co-ordinates for H(0 3 )' were derived from the Jeffrey cellobiose 

structure (67). 	These were then modified to correspond to set 

D co-ordinates by adding or subtracting the differences between 

the 0' 3  co-ordinates in Sec C and set D. 	H(03 )' co-ordinates: 

x 0.933 	y 	-2.513 	z 	0.470. 

The conformational map. was produced in the same manner as 

in Caic. 3.15. 	In this case, however, an additional calculation 

was performed in order to Lind the minimum distance between H' 

and 05 . 

We need to calculate three unknowns, namely the new co-ordinates 

of H' • 	The 0-R' bond length, and the C0-H' bond angle, 

can be calculated from the original co-ordinates. 	We, therefore, 

have three conditions from which the new H' co-ordinates can be 
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•:t 	ci.;: 

known length d 

C-O' 3-H'-known angle a 

H'...05  M is minimum. 

The simplest method of performing the rotation about C 3-0 is, 

at each conformation, to rotate the axes so that Ox is parallel 

to C-0, and iove the origin to a point on the extrapolation 

of C') O' I  so that the new co-ordinates of O are x = -d. cos a 

y 	.., 	- o. 	The locus of H' is now a circle in the yz 

plai. 	This imiiately fixes the x co-ordinate of H' as 

zero, so that only y and z need to be calculated. 

If H' is at 0, y, z, and 05  is at x5 , y5  z5 , then 

2 	2 	2 	2 r - x5  + (y-y5 ) + (zz5 ) 

•. 	2r di 	 . 

where 0 is the angle of rotation, from the crii1 ositior, Oi 

H'. 

If 0, y', z' is the original poFilion of H' then, by the 

standard formula for rotation about Ox, 

y = y'cov 0 -z' sin 9 

Z = y'sin 9 + Z'COE 0 

= -y'sinQ -z'com 0 - -z. 

- y'cosQ -z'ein 0 = y 

2r dr = -.2z(y-y5 ) + 2y(z-2) - 0 when is ninimum. 
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- !.lso, y ± 	
2 	2 = d sin a 

Hence, from these two equations, y or z can be obtained, 

from a. quadratic equation. 	In practice, the two roots of the 

quadratic in y were obtained, and the negative one was used, 

since, with the present axes, this will always be the minimum value, 

whereas the positive value will always be the i naximum. 	Using 

the minimum y value, the corresponding z value was calculated. 

Having obtained the values of x, y and z, r could easily be 

calculated. 	If R was greater than, or equal to, 25 R, the 

potential was calculated from equation (xiv). 11.1.0 distances 

of less than about 1.5 R seem to be disallowed in hydrogen bonding 

therefore, if R was less than 2.5 9, it was assumed that H' 

would rotate, not to the minimum H'...0 distance, but to a 

distance of 1.5 R. 	For results, see Fig. 3.9, and the 

next calculation. 

Calculation 3.22. The pngles between the O' ... O. hydrogen bond 
3 

and the lone-pair orbitals of 0... -p 

In order to be able to calculate the angles between the 

hydrogen bond and the lone-pair orbitals of 0 0  the direction 

cosines if the latter are needed. 	These can be derived by 

assuming that the angles between the lone-pair orbitals and the 

C 1 5 -O and C  5 0 bonds are all tetrahedral. 	The direction-cosines 

of the bonds can be calculated from the co-ordinates of C. 1 . C 5  

and 05 • 	If we call these direction-cosines l and ½' and those 

of the lone-pair orbitals 1, where 1, 12  are row vectors, and 

1 is a column vector, then 1 	T, 	.1 T, where T is the 

cosine of the tetrahedral ane. 

Alec,, 1 + m + n2  1, where 1, a, n are the direction-cosines 

of a lone-pair orbital.. 
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1kiE 't i1V5 three oqu -4 LI(W  

n. The solution involves a quadratic, so that 	t ..i1l be two 

sets of values of 1, m and n corresponding to ti,,.; 	lone-pair 

orbitals. 

The angle between the hydrogen bond and the equatorial 

orbital wasdQrived, choosing the set of direction-cosines 

for which th. signs of in and n are opposite, since these will 

represent the equatorial orbital. 	These direction-cosines were 

treated as dummy atoms; that is, the same rotation operations 

were performed on them as on the atoms in the non-reducing 

residue. 	If R was less than 2. 	the hydrogen-bond was 

regarded no "buckled' or non-existent, and the bond-orbital 

angle was not calculated. 	Otherwise the position of H' was 

calculated as ir Calc. 3.21. 	The angle between H'...0 5  and 

the equatorial orbital was then c' 	d. 	If this angle is 

, the relationship is r co. S 	 (y-ys) + n 

The calculation was then repea. 	the axial orbital, 

for which the signs of m and n are the sane. 

From these two map., a composite map was produced, which was 

divided into three areas (see Fig. 3.9). 	The top left-hand 

corner (low 0 and JI) is an area of buckled or non-existent 

hydrogen onding. 	The lower left-hand corner (low 0, high ji') 

is an area in which the H...05  axial orbital angle is smaller. 

The main area is the area in which the H'...0 - equatorial 

orbital angle is smaller. 	Assuming that hydrogen-bonds are 

stronest when linear, and r ibering that the approximation 

of miniwum fl' ... o5  distance, rather than R'...orbital distance, 

was used, it appears that cellulose, cellobiose, and lactose, 

are hydrogen bonded equatorially, whereas xylan is hydrogen 

bonded axially. 
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.r CaIc. 3.21 and , 

Conformation 	 hydrogen bond 
potential 
(kcal./mole) 

0 11  

-79°  ltil°  ( xylan) + 1.2 

250 146 	(cellulose) — 

-42°  162 	(Jeffrey 2.0 
cellobiose) 

].4O (Brown 265 
cellobiose) 

-31° 
 

155 	(lactose) 2.1 

He .. .0 5  orbital angle 

37 0 (axial) 

13°  (equatorial) 

	

22 	
( 	 " 	" 	) 

	

32( 	to 

0 

	

6.5 	( 	 • 
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Discussion 

The work described in this chapter has provided an 

estimate of the O...0 5  hydrogen bonding potential in cellulose, 

calculated on the basis of the minimum !P...0 5  distance. 

This, as was pointed out in the calation (Caic. 3.21), is an 

approximation, since the hydrogen would be expected to lie at 

a minimum distance from a lone-pair orbital. The appro::imation, 

however, is likely to be . lairly good one, since shortening 

of the H'...05  distance (unless this is less than about 1.5 

should strengthen the bond. 	It also appears (106) that 

lone-pair orbitals will bend fairly readily from their normal 

positions in order to form hydrogen bonds. 	Therefore, one 

might expect that, in cellulose, the lone-pair orbital will bend 

when necessary, La order to give a closer H'...0 5  distance, and 

henc.s a stronger hydrogen bond. 	It is to be noted that, in 

instances where a hydrogen-bond is formed between two secondary 

hydroxyl groups, e.g. the O2...0  bond in V amylose and cyclo-. 

hexamylose, the use of the minimum H' ... O distance will not 

involve any approximation, since rotation about both C-C bonds 

will ensure that the hydrogen is at the minimum distance from 

the oxygn, and also at the iminimum distance from the orbital. 

Accepting that some approximation is involved in the cal-

culazion of 0..05  hydrogen bond potential, the resultant map 

seems to be of a reasonable shape, with the strongest bonds at 

a given 	distance formed when the E'...05  - orbital angle 

is minimum. Nonetheless, the angular dependence does seem 

insufficient. The potential at 0 -27° , 0 166  
is -2.75 

kcal./mole, with a H'...05-orbital rnjl. of 13°, whilst that of 

0 	 ° -58, f = 180 (with an approximately equal 0...05  distance) 
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is 	•.CcLL./..)lC, W1VJ ci b'...L 5 	jLc_ 

It seems improbable that such a change inH' ... 05 — orbital 

angle would cause a rise in potential of only 0.15 kcal./mole 

or lees than f%. 	Another criticism of this conformational 

map is that it predicts that xylan will not have a 

bond. 	It therefore seems that the calculations of hydrogen 

boning potential can be considerably improved, and that the 

present results can only be reg&rded as a first approximation. 

It would be particularly desirable to be able to calculate 

hydrogen bondiii, ooritial accurately, since it is recognised 

(ref. 27, p.  3 	1C-.) that the strength of a hydrogen bond 

is proportiona. ; the shift in frequency of the hydroxyl 

stretch peak, from the unbonded position, in the infrared 

spectrum. 	Therefore, it should be possible to calculate 

the strength of hydrogen bonds in polyaccharides from infrared 

data. 	If, in addition, an accurate hydrogen bonding con- 

formational map can be produced, it is owious that this will 

suggest conformations at which such hydrogen bonds could form. 

The use of infrared data together with such a conformational 

map could, therefore, be a valuable method of determining poly-

saccharide conformations, complementary to X-ray diffraction. 

Some qualitative comparisons c&l already be made on the 

basis of infrared data. 	The hydroxyl peaks which, on the 

basis of polarization studies, are assigned to the 0...0 5  

hydrogen bond, are at 344o crn' in cellulose II (see Fig. 2.1) 

and at 3345 cm' in cellulose (I) (see Pig. ]3). 	Peaks 

which appear to correspond to these occur at 3500 cm' in 

xylan (49), and at 3415 cin' in cellobiose (45). 	The 

unbonded hydroxyl frequency is 3700-3750 cm. 	Thus, xy].an 

has the weakest hydrogen bond, and cellulose I the strongest. 
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and intermediate in strength. 	It has recently been suggested 

(64) that cellulose II has a cmformation very similar to 

cellobiose and the infrared data are certainly compatible with 

this suggestion. 	This would mean that cellulose II does not 

have a 2-fold screw axis, but it has been pointed out (b9) that 

the apparent screw symmetry naj e due to the relative positions 

of the cellulose molecules, rather than to the conformation 

of the residues within the molecule. 	Some such explanation 

seems to be necessary to reconcile the apparently identical 

screw symmetries and repeat distances of cellulose I and 

cellulose II with their possession of hydrogen bonds of different 

strengths. 	If cellulose II has a conformation like cellobiose 

then it may be that the Hermans conformation (0 -25°, )I 146 0 ) 

represents cellulose I. 	This should have the strongest hydrogen 

bond, though, by the results obtained in this chapter, the 

Rermans hydrogen bond is less strong (-L.6 kcal./mole) than the 

cellobiose hydrogen bond (-2.0 to -2.5 kcal./mole). 	On the 

other band, the U'...05  -orbital angle is more fivourable 
0 	 0 	0 (13 as against 22 to 32 ), and this factor might reverse the 

order of hydrogen bond Lrngthe irk a more accurate calculation. 

Xylan is distinct om c.11ulose and cellobiose in that the 

hydrogen on 01 seems we likely to bond through the axial lone-
pair orbital of 0. 	Sundaralingam (63) has made a survey of 

X-ray data for mono-and oligoaaccharides and their derivatives, 

and finds only one instance of an axial hydrogen bond at 0 5 . 

in 2-amino-2-deoxyglucose hydrochloride, 	He, therefore, suggests 

that only equatorial hydrogen bonds are normally formed. 

However, an axial hydrogen bond seems to be more likely in xylan, 
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since the U •..0 5  orbital angles are 37 (axial) and 

(equatorial). 	Admittedly, the hydrogen is placed by an 

approximate procedure, but the size 0 7  the difference in angles 

strongly suggests that an axial bona 	i be formed, and 

molecular models support this conclusion. 	A determination 

of the crystal structure of a xy].odextrin might help to decide 

whether it is a valid conclusion. 

The work described in this chapter has demonstrated that 

fairly qood calculations of hydrogen bonding potential in 

polysaccharides are feasible, although, due to free rotation 

about the C-O bonds, more difficult than in proteins. 

Improvements, perhaps in the mathematical methods, and certainly 

in the potential function, would, however, be desirable. 

This chapter, and the previous two, have studied separately 

the effects of van der Waals interactions, dipolar interactions, 

and hyirogen bonding. The next chapter examines other factors 

influencing the conformations of molecules and the net effect 

of all these interactions when added together. 
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Introduction 

In the previous potentialcalculations, it was assumed 

that the pyranose rings, the glycosidLc Links, and bonds 

C 2 -.02 , C3-03, Cs-Cbs were rigid. 	Whilst this is a reasonable 

approximation, it is not strictly true, since all are capable 

of distortion by stretching and beEading. 	It is possible to 

calculate force constants for these distortions from vibrational 

spectra, and hence they can be ir.cludad in &.otential calculations. 

Calculatiors whjc' allow for these distortions have been applied 

most widely to small hydrocarbons (2, 76, 79, 2) though also 

to a dipeptide, gl.ycyl.alanine (113). 

The deformation potential is given by V - ½klp-po)2' where 
k is the force constant, and p is the vriable (bond length or 

by 

I 	 I 	 - 

inte. 	an j 	the number of possible deformations. 

For the most stable conformation this potential is minimum. 

Hence, at every conformation, the atomic co-ordinates are 

adjusted so that 

J 

- -.--- --,  

atom n. n. 

The general effect of introducing deformation functions is 

to lower the resultant potential. Gibson and Scheraga's study 

(113) of glycylalanine showed that, whilst the positions of the 
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11ini' 'vre t - ot 	iqrifirrit1': different, trir rd ii-  i. 	1eti-is 

were altered, so that the inclusion of deformation functions 

may alter the relative importance of minima. 

Cale. 3.10 (Chapter II) tested the effect c' 	- 'tng the 

bridge-angle in cellulose. 	This tended to c i  I 	the 

findings of Gibson and Scheraga (113), since pc c' .Jala were 

lowered by up to 05 kcal./mols for an increase of 10  in the 

bridge angle, but the positions of the minima were, in general 

hardly changed. 

Cellulose contains 15 relatively rigid1y-h1d atoms per 

glucose residue. 	Thus, if deformation functions are 

introduced into the calculation, there will be 15 equations 

of the form dV/dQ 	0 to be solved it each value of 0 and Ti 

in order to find the new atomic rositiona. 	This is obviously 

a slow process. and Gibson and Scheraga's work (113) suggests 

that it would give only minor corrections to the conformational 

map. 	It has, therefore not been attempted, although it might 

be feasible, at a later stage, to include a few of the possible 

deformation functions. 	Yor instance, it seems likely that 

the most important deformations will be in the system 

and it would be retatively simple to treat these. 

It needs to be remembered that, although deformations in 

C
1 
 -0-C , may not alter the positions of minima, they will alter the 

projected residue length and the screw syurietxy. 	The 0. 0 
conformations of cellulose and xylan, which are calculated from 

these, will therefore be only ctpproxiuute if a rigid mod€l is 

used in their derivation, as was the case in Caics. 3.7, 3.9. 

Torsional potential is another factor v.hich . is  of importance 

in conformational analysis. 	It is found, for instance, in 

ethane, that there is a potential barrier to ftie rotation about 
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when two hydrogens are t their closest distance of approach, 
0 

i.e. shen the dihedral an'jie between the two C-B bonds is 0 

This is known as the eclipsed conformation. 	When tie angle 

between the two bonds is 600,  the molecule is in the staggered 

conformation, and the barrier disappears. 	This type of 

variation can be described by a function V ¼ V0  (1 + cos 3i), 

where Vo is the height of the potential barrier, and Q is the 

dihedral angle betw3en two hydrogens. 

The cause of torsional ,ot•ntial is not definitely 

known. 	Van der Waals forces bstwecan three pairs of opposed 

hydrogens 	 rise to a potential of only O.3. kcal./mole 

(ref. 93, . 	,so 	c these do not provide a si Eficiant 

explanation. 	1ther causes which have beerl 3uj1osted are 

dipolar interactions, hyperconjugati 	ic so 

of the C-H bonds with d and f orbitals. 	The Last explaiation 

seems to be the most r.romising in explaining (Jxperixnental data. 

otationa1 barriers have been measured .or a variety of small 

molecules (ref. 93, p. 140). 	One noticeable feature of 

torsional potential is that the height of the rotational barrier 

does not vary greatly with the types of substituent. 	Thus, 

for instance, the rotational barrier in ethane, for three 

hydrorjenhydrojen interactio is, is 2. kcal./mole. 	Zr propane, 

with t.D hydrogen-hydrogen. . ne eth'l-hydrgen, interactions, 

the barrier is only 3.3 kcal./mole. 	Thus, to a first ap9roxi- 

aiation at least, the situation about C 1 
 -0-C4 in cellulose is 

similar to that in dimethyl ether, for which the rotational 

barrier (2.7 kcal./mole) is known. 

This chapter describes the derivation of a suitable torsional 

function for cellulose, and the conformational map given by 

this function. 	All the different types of interactions are 

then added together, and composite maps are produced. 
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Calculation 3.23. 	The torsional potential in cellulose 

Diruethyl ether was chosen as the best available model for 

the H1-C 1-0-C-H area of cellulose. 	The rotational barrier 

for this is 2.71al./mole, of whicL about 0.3 kcal./mole (ref. 

93, p. 8) is likely to be due to van der Waa].. interactions. 

The true torsional barriers was therefore, taken as 2.4 kcal./ 

mole. 	It seems reasonable to assume that this corresponds to 

:ional barrier of 1.2 kcal./mole for each C-0 bond. 

C 	1. 3tion of this value is given by its similarity to the 

LaL.Lnal barrier in methanol (1.07 to 1.6 kcal,/mole). 	The 

torsional potential at conformation 0, 0 is therefore 

V = 0.6 (1 + cos 3 0) + 0.b (1 + cos 3(18(>+0)) ...(xv 

180 + 0 was used, rather than j1, because the C4-H4 and 0-C 

bonds are staggered at 0 00 . 	180°, or an equivalent 

figure, needs to be added to 6 in order to give this potential 

minimum at TO = 00 . 

A conformational map was produced for the allowed area, 

as in caic. 3.15 except that the result was printed irectly 

by the line-printer of the computer, instead of being punched 

on to paper tape. 	See Fig. 3.10. 

Calculation 3.24. 	Total potential maps for cellulose  

The paper tape of the van der Waals interactions excluding 

obtained in Caic. 3.15, was read by the computer, and 

the - tential at each conformation was stored as an element of an 

rr 	Similarly, the tape of the dipolar potential excluding 

(Calc. 3.16) was read, and the potential ateach con- 
_d 

formation was added to the corresponding van der Waals potential, 
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toreU i the arr'. 	The tape oz the hydroen i.00iri 

potential (Calc. 3.21) was added in a similar manner. Finally, 

the torsional potential at each conformation was calculated, using 

equation (xv), and added to the sum of the other potentials. 

The result was then printed, for each conformation, to give a 

total pcteitial map for cellulose. 

The torsional potential was ca i.ted at each conformation, 

rather than being reed from tape as in the other cases, 

because it was found to be quicker to calculate equation (xv) 

each time than to read a fourth tape. 

This procedure was repeated, using the van der Waale and 

dipolar data including 0...05  interactions, and excluding 

hydrogen-bonding interactions, and a second total potential 

uap was produced. See Fig. 3.11. 

Results 

Including hydrogen-
bonding 

	

O 	O  v kcal/mole 

	

-58 	172 	-14.3 

	

- 7 	125 	-16.0 
}Iermans -25 14th -13.5 

Meyer & Misch 0 180 - 9 , 8 

Jeffrey cellobiose -42 162 -13.6 

Brown cellobiose -44 168 -13.9 

Lactose -31 155 -13.2 

Xylan -79 11 -11.5 

Vxcjvding hydrogen 
bonding 

V kcal./mole 
-62 ici 1.7 

3. 145 -3.4 
-25 146 2.8 

0 180 5.1 

-42 162 3.1 

-44 168 2.7 

--- 31 155 3.4 

-79 161 

Conformation 

minima 
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W ig-  Use io 

It is now possible to assess the relative importance of 

the various types of interaction which influence the conformation 

of cellulose. 	The van der Waale conformational maps (Chapter 

II) had two main minima, in the regions of the 2.5- to 3- fold 

screw axes of either sense, separated by a higher-energy col 

roughly coinciding with the two-fold screw-axis. 	This shape 

is still present in the total potential maps (Fig. 3.11), so 

that van der Waals forces appear to be the predominant factor 

in determining the conformation of cellulose. 	Dipolar 

interactions are also important, since they cause a general 

decrease in potential, and modify the positions of the minima. 

The chief effect of the hydrogen-bond seems to be a lowering 

of the col relative to the two minima, and a favouring of the 

left-handed minimum relative to the right-handed one. 	This can 

be seen from the following results, taken from the total potential 

maps 2 

with hydrogen bond 

without hydrogen 
bond 

left-handed minimum col 	right-handed 
minimum 

	

-14.3 kcal/mole -13.2 	-16.0 

1.7 
	

3.3 	-3.4 

A comparison of the results for the total potentials with and 

without hydrogen bonds strengthens, incidentally, Poland and 

Scheraga's argument (97) that the hydrogen bonding function 

should merge into the normal van der Waale and dipole functions. 

Use of an empirical V3  + V4  term (see Chapter III) to represent 

these interactions gives a general lowering of potential of 

10 to 15 kcal./mole in the conformational map which includes 
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hydrogen bonding potential. 	Since the maximum lowering of 

potential due to hydrogen bonding is only 5 or 6 kcal/mole, 

it is obvious that the V 3  + V4  term gives values which are 

generally too low. 

Torsional potential probably has relatively little effect on 

the positions of the minima. 	This, however, is largely due 

to the fact that the maximum (0 0, j1 1800)  and minimum 
0 	 0 	 - 

(0 = - 60 , 	= 120 ) coincide with areas of high van der (aals 

and dipolar potential, and it is conceivable that it might have 

more effect in other polysaccharides. 

The conformations of xylan and the disaccharides are centred 

on the left-handed minimum, but it is noticeable that the right-

handed minimum is the more stable, both in the total potential 

maps (Fig. 3.11), and in the van der Waals potential maps (Chapter 

II). 	This is particularly pronounced in the case of the 

pc- 	al map which excludes hydrogen bonding, and strongly 

e. .s that cellulose derivatives which are incapable of 

hutjn bonding, e.g. cellulose acetate or methyl cellulose, 

will occur with a right-handed screw synisetry. 

These would appear to be three likely conformations for 

cellulosel in the area of the left-handei minimum, in the 

area of the right-handed minimum, and on the two fold screw 

axis • 	The latter is a less stable conformation than the 

other two, as an isolated molecule, but is likely to be amenable 

to more efficient crystal packing, and could, therefore, be 

comparably stable. 

It is probable that at least some of the polymorphism of 

cellulose can be explained in terms of these three likely 

conformations. 	On the basis of the conformational maps, 

the following properties are likely for a form of cellulose 



156 

 It represented by the Ueruians conformation (0 	•-_5 , 	0 = 14  ) 
i.e. having a 2-fold screw-axis: 

a fairly strong O ... O5  hogen bond, or possibly an 

02...% bond; 
a strained conformation so that, if the crystal lattice 

is weakened by, for instance, a swelling agent, or if the 

lattice is destroyed, by dissolving the cellulose, this 

conformation would be lost, and a more stable conformation, 

corresponding to one of the two minima, would be assumed. 

Cellulose I, as was pointed out in the previous chapter, has 

a stronger intramolecular hydrogen bond than cellulose II, so 

that it satisfies condition M. 	It appears, however, to 

be less stable than cellulose II, since it is converted into 

the latter by treatment with alkali, or by precipitation from 

solution in Schweizer's reagent. Thus it also satisfies 

condition (ii). 

Cellulose II appears to be a more stable form, whici can be 

recovered unchanged, from solution. 	Its infrared spectrum 

is similar to that of cellobiose (45), and it may also resemble 

it in conformation, since cellotetraose, which would be expected 

to be very similar in conformation to cellulose, appears to do so 

(64). 	Thus cellulose II is likely to have a conformation 

close to the left-handed minimum. 	It may be significant that 

the cellobiose Brown conformation (0 - -44 
0 
, - 16 o )  has a 

2.5 fold screw symmetry, and a projected residue length of 

about 5.15  . 	Thus, cellulose with the cellobiose conformation 

would have a stable conformation, and also be amenable to fairly 

efficient crystal packing. 

8-1,4 Mannan is known (26) to have two crystalline modifications. 

The native form has an X-ray fibre pattern similar to that of 
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cellulose I. 	This Zorn, can be largely dissolved in alkali 

and recovered in the same crystalline form. 	The fraction which 

does not dissolve, however, changes its crystalline form to one 

very similar to cellulose II. 	It appears, therefore, that 

innan has two crystalline modifications equivalent to cellulose. 

I and II but that mannan I" in relatively more stable than 

cellulose I. 	It was noted in Chapter III (Caic. 3.19) that, 

due to the different dipolar interaction., the Hermann con-

formation in mannan should be relatively more stable than that 

in cellulose. 

There are several indications, therefore, that cellulose I 

has a 2-fold screw-axis, with the Herman. conformation (0 
- 146° ), whereas cellulose II has something like a 2.5-fold 

left-handed screw axis. 	The evidence is only circumstantial, 

and further study is required. 	In aticular, a more thorough 

comparison of mannan and cellulose should provide useful 

information. 

There is no obvious reason why the left-handed minimum 

is preferred to the right-handed one, although the cellobiose, 

lactose, and xylan conformations occur in this area. 	Possibly 

the right-handed minimum a3rresponds to one of the other 

modifications of cellulose. 

The work described ia the past five chapters has studied 

the conformations of cellulose and allied poly.accharkles and 

disaccharides. 	The final chapter is an initial study of 

polysaccharides which, unlike cellulose, are likely to curve 

back on themselves, causing close contacts between distant 

residues. 
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I ntroduc ticn 

In turning from the consideration of cellulose to the 

consideration of polysaccharidea which can form helices, the 

most logical step is to study the conformations of 8-1,2 and 

8-1,3 glucane. 	This is because, in the first place, 

co-ordinates are available for a 8-glucose residue, which can 

be used with the minimum of modification. 	Secondly, 8-linked 

glucose has all the bulky ring subotituenta in the equatorial 

position, so that the confturationa, close to the glycosidic 

link are expected to be similar whether the linkage in 1, 

or], 3, or 1,4. 	In the 1,3-linked case, for instance, the 

adjacent bulky substituenta are 02  drld 04 . whereas in the 

1,4-linked case, they are 0 3  and C 6 . 	The only appreciable 

difference, therefore, will be in the longer C 5 -C 6  bond, and the 

bulkier C.. substituent. 	This means, therefore, that 8-1,3 

and 8-1,3 glucana will have interactions very similar to those in 

cellulose between adjacent residue., and will differ only in the 

interactions between non-adjacent residues. 

Pachyman, from the fungus Poria cocoa (114), callcse, from 

plants (115), and paramylan, from flagellate., are examples of 

8-1,3 9lucans. Laminaran, from various brown seaweeds, also 

contains a considerable proportion of 8-1,3 links. 	In 

insoluble ].aminaran, from Laininaria hyperborea (116) • the great 

majority of the linkage, are 8-1,3 but there is evidence of a 

sma1. proportion (less than l) of B-lb linkages and branch 

Doi. 	ir. o1ible laminaran, from L. di4itata, the proportion 

of 1,6 linkages is rather higher, whilst in laminaran from 

Eieeniet bicyclia (117), tIta proportn rises to about a third of 

the total. 	Branched glucans wit- , 	and 0-1,6 linkages are 
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also synthesised by yeast (118) and Pullularia 3ullulans (119). 

The cereal 8-glucans are another class of polysaccharides 

containing 8-1,3 linked glucrse. 	In this case, however, 

8-1,4 linkages are also present (120). 

0-1,3 glucans have not, apparertly, been examined by 

X-ray dif traction methods. 	On the basis of infrared and 

NMR studies, however, Casu at al. (121) suggest that the 

strong hydrogen bond found in lac4inaran (frequency-shift 

410 cm 1 ) is either an O...O5  or O...05  bond. The former 

could give a 2-fold, the latter a 3-fold screw-axis. 

8-1,3 Xylan, which is likely to have a conformation identical 

to 8-1,3 glucan, occurs in Caulerpa filiformis (122) and other 

green seaweeds, replacing cellulose as the structural polysac- 

charide. 	This xylan has been investigated by X-ray diffractio 

(123). 	It was thought to occur as a double right-handed helix 

with a 3-fold screw axis, and a repeat distance of 5.05 R when 
dry, and 6.12 R when moist, but it now appears (124) to be a 
triple heli*, with a different repeat-distance. 	The diameter 

of the helix 	13.7 R when dry, and 15.4 R when moist. 	Water 
appears to enter into the crystal structure, since the material 

gives a stronger diffraction pattern when moist. 

Rhodymenan is an allied xylan from Rhodyznnia pa].mata. 

It contains 8-1,3 and 8-1,4 linkages in the approximate ratio of 

1:? (1.25). 

Glucans and xylana which are wholly or partially 8-1,3 linked 

are therefore widespread and important in nature, so that their 

confr"uation iii OL cont'Jerab1e interest. 

The 8-1,2 link, on the other hand, is rare. 	The glucose 

disaccharide, sophorose, occurs in a few glycosides (126). 
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The 8-1,2 glucan is produced as an extracellular polysaccharide 

by various species of Agrobacterium (127). 	It appears to 

be unbranched, and to contain only 8-1,2 linked glucose, 

except that A. peudotsugae polysaccharida1eo contains some 

galactose. 	This glucan is difficult to methylate completely, 

especially on 0 3. and it is suggested that this is due to (i) 

ateric hindrance, and (Ii) the presence of an intramolecular 

O. . .0 hydrogen bond. 	The frequency shift of the hyroxyl 

stretching - 1c is given as 195 cm-1 , a half of that of cellulose 

I, so that it appears to be only weakly hydrogen bonded. 

There are several mathematical methods for treating the 

rotations of sugar residues in a molecule apart from that used 

in previous chapters. 	One method would be that of Rettineri 

and Marchessault (57; see Fig. 3.1); the conformation is 

defined by a single rotation about O1...04 (in 8-1,4 xylan). 

The Miyázawa method is similar (68), but the conformation is 

defined in terms of the two rotations 51 and it. 	Bugeta 

and Miyazawa (128) have recently described this method in a 

more general and compact form, which can be readily ir.corperated 

in computer programs. 

me calculations described in this chapter use a different 
method developed by Thompson (129). 	Given a single set of 

atomic co--ordinates, 31j for, say, a glucose residue with resect 

to the 51 axis, the co-ordinates xi of a second residue, attached 

to atom k can easily be calculated. 	Normally, these would be 

represented by ..... (xvi). 	N is a 3 x 3 matrix 

which represents the rotation of the second residue with respect 

to the first, and 	represents he translation of the co-ordinates. 

from the origin to atom k. 	Thus, two matrix operations are 

performed in order to generate x'; firstly, a rotation operation, 
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which is a multiplication, and secondly, a translation opertio, 

which is an addition. 	The Thompson method simplified this 

process by combining the two options in one. 	If k4 [m] 
ab 

and x, X j  and 	are the Cartesian co-ordinates of atoms then 

(xvi), written in full, is 

[ 	= [H 
d iir.jle IlultiPi 

= 	

T 	
(xvii) 

polysaccharide, the third residue is related to the second in 

the same way that the second is related to the first. 	Thus, 

if x'' is the 4 x 1 column vector representing an atom in the 

third residue, if )4 now represents the 4 x 4 matrix, and if 

X; '  X, Y are 4 x 1 column vectors, corresponding to equation (xvii), 

then 

X; 	MX! 	142  

or,generally, 	
(n) 	14n1 	

.... (xviii) 
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Hence, the co-ordinates of the atoms in the Rth residue 

can easily be calculated from those of the first reeiaue, with 

respect to the same axes. 

The work described in this chapter is the application of 

this formula in the conformational analyses of laminaribiose 

(3_cr..T.glucopyranosyl_D_qlucoee) and sophorae (2-0-8-- 

glu 	j 'osyl-D-glucoae), and the corresponding dextrins up to, 

ari 	 the octasaccharide. 	Laniinaribiose will also 

be studied by the methods of Chapter I, so that the two procdtres 

can be compared. 



163 

£.2pex )t1 

Calculation 3.25. 	The conforu4atioral map of laminaribiose. 

Set D co-ordinates were modified, by operations similar 

to those described in Caics. 3.2, 3.3, in order to give co-ordinates 

for a new reducing residue, with orig 	03f  and tic Ox axis 

lying along 03-C 3 . 	Y = 0 was defined as the conformation 
at which H3  lay in the xz plane, with its z co-ordinate negative. 

The non-reducing residue was represented by set D non-reducing 

co-ordinates and the bridge angle was taken as 11e0 . 	set 1) - 

co-ordinates were derived for the express purpose of representing 

8-1,4 linked glucose, so that they will not be as accurate when 

applied to other linkages. 	They should not be a major source 

of inaccuracy, however, and are adequate or an initial, 

introductQry, study such as the present chapter. 

A hard-sphere conformational map was produced for laminaribiose, 
in exactly the same way as for cellobiose (see Calc. 3.6). 
Result, see Pig. 3.12. 

Calculation 3.26. Conformational maps for 8-1.2 and 8-1,3 clucans. 

The procedure will be described for 8-1,3 glucan. 	The 

initial residue was defined y Set I) non-reducing co-ordinates. 

This residue is held stationary whilst the 0 and jl rotations are 
performed on a second residum attached to 0 3 . 	If and 11 

are measured in the same senses as for cellobiose, the rotation 

matrix for 0 will be the same, but the rotation of kf will be 

in the opposite sense. 	This is because, in the case of 

ceU.obiose, )I was a rotation of the reducing residue. But 

a clockwise rotation, 0, of the reducing residue, about 0-C 4  

is exactly the same as an anticlockwise rotation It of the non-

reducing residue about the same bond. 	Thus, in the present 

case, where the initial residue is held stationar ; , and the 
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second residue is rc 	 rot 	itrix must be in the 

opposite sense in or,_ 	rre.pond to the ce].lobiose results 

The co-ordinates of the second residue were derived from 

those of the first by the operation represented in (xvii). 

As well as the 0, 31 and a rotations, we need to rotate the 

residue so that the Ox axis is parallel to 0 -C • 	This 

rotation is represented by the R-1  matrix [eqn (ix)] derived 

in Chapter I. 	 tates )x •o tha 	Lies along 

t'e cormer  direct:i. 	L. 	., 	the directiot. 	n becomes 

1, 	, 0. 	But i 	 .ese is 	'- ..red; we want 

1. 	, 0, to become parallel 	1..t, ii, whe. 1, ru, n1  represents 

Therefore, R' is 

If P is the 0 rotation matrix, A the a rotation matrix 
(a 64) and S the 31 rotation matrix, then the overall 3 x 3 

rotation matrix is R. 1S.A.P. 	This is converted to the 4 x 4 

matrix b inserting the cordinatea of 0 3S  as in eqfl. (Xvii). 

By systematic variations of 0 and 31, a conformational 

(hard-sphere) map caa be produced, as in Chapter I. 

Two separate programs were used for the complete analysis. 

The first derived a conformational map for the disaccharide; 

the second derived conformational maps for the trisaccharide 

and higher dextrins. There are two reasons for this. 

Firstly, as with cellobiose, the interactions in the disaccharide 

disallow all but a few percent of the conformations. 

Subsequent maps are therefore only derived over the small area 

allowed by the disaccharide, thus giving a considerable saving 

in computer time. 	Secondly, some interatomic distances. 

e.g. C 1 ...C. 0 (bridge) ... 	and H, are always within the 

sum of the van der Waals radii. 	These therefore must not be 
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measure(. i the disaccharide case, ut th neeu to be 
meaured for the higher dextrins. 	Thus, it in convenient to 
use two programs. 

The second program gives a conformational map, over the 

disaccharide allowed area, for interactions between the initial 

and third residues. 	It tien does the same for interact ions 
between the initial and fourth residues and so on, using eqn. 

(xviii). 

The conformatjonal map for the disacc]arjde can then be 

further United by excludin, any conformations which are 

disallowed by too close contacts with more distant residues. 

If any interatomic distance was less than the sum of the 

outer-limit van der Waals radii, the conformation was disallowed, 
and the computer printed 0. 	If the conformation was allowed, 

but there was an interatomic distance less than the sum of the 

fully-allowed van der Waala radii, the con puter printed 1, unless 

two oxygena were between 2'5 and 23 R, apart, thus permittjnc 
hydrogen bonding, when it printed 3. 	If all interatomic 
distances were fully allowed, the computer printed 2, or 3 if 

hydrogen bonding was possible. 

The same procedure was followed for 8-1,2 glucan. 	For 
results, see Pig. 3.12. 
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The calculations described in this chapter have shown 

that, as expected, laininarthiose and sophoroes have conformational 

maps which correspond closely to that oc cel].obiose. 	Both have 

somewhat larjoi allowed areas than cellobiose; laarLb.tose 

has 61 allowed conformations (4.714), and soporoei has 51 

(3.94%), whilst cellobiose has only 4 (3.47%). 	On the 

other hand, laminar ibjose appears to have a smaller fully-allowed 

area, and no conformation is fully allowed for sophorose. 

It seems likely, then, that 8-1,2 and 8-1,3 linked glucan.e will 

have relatively rigid chaira, like ce11u1oe.; 

There are some minor discrepancies between the conformational 

maps produced for laminaribiose by the methods of Chapter I 

(Caic. 3.25) and by the use of the Thompson matrix (Caic. 3.26). 

The outline of the allowed area is different, and there is a di'-O-- 

ferent number of fuly-albwed conformations. 	The reason for 

iia is that, at the zero cc!iformation in the first method, 

C 1 -11 1  is eclipsed by 0-Cs, and Cs-H; is eclipsed by 0-C 1 . 	In 

tie second method, at of = jI 0, C 1-.U 1  will still be eclipsed, 

but C;-H; may not be. 	This is because, instead of using 

two sets of axes, and defining the zero points oF each by B 1  

and H , respectively, the Thompson method uses only one not of 

axes, and defines zero for both 0 and t by H1 . 	The deviaticn  

should not be large, however, an6 a comparison of the twcb :ivi's 
0 

Sulueuts t1vt it is less than 10 

When 0 and 16 are varied by 100  increments, laniinaribioae 

has 61 allowed conformations (4.71%). 	Close contacts with 

subsequent residues in a laminaridextrin reduce this number to 

57 (4.40%). 	The conformations which ire disallowed by close 
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cellobiose, Lie on the high-energy col, so that their 

exclusion is less important than would be the exclusion of an 

equal number of conformations near a potential minimum. 

From the conformational analysis of lazaimaridextrins, then, it 

appears that 8-1,3 glucans will be stiff molecules, but that 

this stiffness is largely due to interactions between adjacent 

residues. 

On the basis of the conformational maps, a choice can also 

be made between the alternative cnformationa for laminaran 

suggested by Cisu et al. (121). 	An attempt was made to 

construct a ruo!el which resembled the conformation illustrate 3 

by Casu. 	This model had an approximate conformation of 

• = -50, 0 _O°, which is not an allowed conformation, and 

does not have the 2-fold screw-axis suggested by CaU'B 

illustration. 	This conformation has several close contacts, 

in particular an O,'...H 1  distance of 1.75 . 	Thus this 

cnfomation, which might have had an Ok.. S05  hydrogen bod, 

must be discounted. 

The alternative confonuation, suggested by Casu, would 

have an O...05  hydrogen bond. 	A helix mode]. with a 

conformation of 0 _500, 11 200  has a 3-told right-banded 

screw-axis and a repeat distance of 7 R . 	This may be close 

to the conformations of 6-1,3 glucana although it is not quite 

correct, since the 	distance (3.15 ) suggests a weak 

hydrogen bond, althourh the infrared data (121) show it to be 

strong. 

The predicted rigidity of these 8-1,3 linked polysaccharides 

is consistent with the occurrence of the xylan as a skeletal 

polysaccharide, replacing cellulose (123). 	The 8-1,6 links, 
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incree.se the flexibility and the ix.. 'tiry of the molecule, 

which explains why the form with the lower ,ercert age of these 

linkages is also the insoluble form (116). 

Soohorose is rather more rigid than laninaribioe, having 

only 51 (3.94%) allowed conformations. 	Close contacts with 

subsequent residues in sohorodextrins decrease this to 34 

(2.62%). 	The conformations which are iI1r'ed by close 

contacts with subsequent residues comp 	, 	logy with 

cellobiose, one of the otsntial Tuinir.: 	 ears, therefore, 

that 8-1,2 glucan is an extremely rigid molecule, more so than 

cellulose, and that a good deal of this rigidity is caused by 

interactions between non-adjacent residues. 

It has been suggested (127) that the difficulty experienced 

in methylating 0 3  of B-..1,2 glucans in due to steric hindrance, 

and to an 0...0 hydrogen iond. 	The very small allowed area 

of the conformational map, and models which were built to correspond 

to allowed conformations, suggest that stern: hir4rance may well 

cause difficult' in co'.tplete rethyiatior. 	The sug,eated 

hydrogen bond is shown, by the exauiinaticn of uc.e1s, to be 

impossible, but two others, namely 0!...O 7 . and O...O 5  are 

possible. 	At the alic -. - 	 - 	O, 	1CO° , both 

di'ancea. e-ire )nd1c . r - 

alignent, i:i the case if  

this conformation, the tost likely hydrogen b--nd woui be a 

fairly strong 0'...0 one. 	At another allowed conformation, 

0 	400 , Ø = 1500, both possible bonds have rather poor align- 

ment, but the O ... O 9  distance is 4.25 R, whereas the 

distance is 3.25 R, and alignment is rather better in the latter 

case. 	Hence the 0...O, bofld would be preferred at this 

conformation. 	The shift in frequency of the OH stretch peak 
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this does not enable us to decide between the two possibilities. 

Sundaralingam (63) notes that there is no known instance of a 

hydrogen bond to a bridge oxygen in carbohydrates. 	There is 

no obvious reason why this should e impossible, however, wi' 

as in the case of 0;...0 
2'  it is sterically feasible. 

It is evident, from the calculations described in this 

chapter, that conformational analysis of polyeaccharides, using 

the Thompson method, is useful in explaining experimental data. 

These calcuLaona are, however, only introductory. 	Their 

usefulness would be greatly enhanced by the calculation of screw 

axis and repeat distance data, and t]eThompeon method (129) 
might be better replaced by the Miyazawa method (128) for 

copolymers such as agarose, carrageenana and mucopolysaccharidee. 
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Furtho- 

The work described in this section has attempted to 

describe and correlate polysaccharide conformations in terms 

of interatomic interactions. 	These initial studies have 

shown that confcrinatiOnal analysis has considerable potential 

in explaining and supplementing experimental data. 	The 

results of these studies have alredy been discussed at the and 

of each chapter. 	It is wcrthwhi1e to consider now some of 

the weaknesses of the calculations reported here, and some of 

the areas where furter work could be done. 

The iathe:atica1 method of rotation of sets of co-ordinates, 

used in Chapters I-V, has the advantage of simplicity. 

It is also useful in that molecular models can easily be bnilt 

having conformations described in tomE of 0 and It as defined 

in Chapter I. 	On the other hand, if the xz planes were 

defined by the planes O-C 1 ...C4  and 0-C...Cj 1  instead of 

0 3 -C 1 -11 1  and O.-C-fl (in cellulose), this would avoid the use of 

the hydrogens, whose positions are less accurately known than 

are the positions of other atoms. 	It would also simplify screw- 

axis and repeat-distance calculations by the Mi7azawa ().nethOd. 

Fuxternore, although the method o Chapters I-V is suitable for 

the study of cellulose, it is seen (Chapter VI) to be less so 

for other polysicchaiides. 	It may well be that the general 

Miyazawa formulae (12b) are the most suitable For more, complicated 

caries. 	'hey have thr advantage that the sa; basic mathematics 

wi].l be involved, whether they are used for rotations of atomic 

co-ordinates or for calculations of screw symmetry and repeat 

distance. 	It migb be possible to coibine the Miyazawa (126) 

and Thompson (127) methods, which would be even better. 
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The work described in this section itas jecrai1y rearUed 

polysaccharides as frameworks of rigidly-held atoms. 	This 

is a useful approximation, but a more accurate analysis would 

need to take account of free rotations which are allowed, about 

C 2 -02 , C 3-0 3 , C ,-O 6, 3nd, particularly, C5-C6'in  cellulose. 

rI(O2 ), 11(03). 2H. 06. and o6  will adjust to positions of 

minimum potential at each conformation. 	They will, however, 

affect the total van der Wsals and dicolar potentials of the mole-

cule, and therefore they may also affect the positions of minima. 

It would, theoretically, be possible to rotate each of 

these atoms In turn, at every conformation, until the potential 

of the whole molecule is 	 This has been done by 

Ramachandran et al. (&" V 	se of glucose, but it would 

be prchthitively slow 	1y to apply this method to the 

calculation of complete conformational maps. 	Anroximate 

methods are therefore needed. 	One such method is the 

replacement of a group by an equivalent "atom". 	Thus. Flory 

(5L) derived a Vr der Waals equation for a methylene tom'. 

by assigning appropriate zues to the variables in the Sister 

Kirkwood equation. 	A A LLingoc-type function was derived for 

the methylene qrou, i 	i present study, by summation of 

the separate interatomic interactions at a reasonable spatial 

distribution of the individual atoms (see Caic. 3.14). Dipolar 

interactions in the third chapter (see Caic. 3.17) were found to 

give mcxc reasonable results if the net momopole charge of the 

hydroxyl group was a.aumsd to be centred on the oxygen atom. 

Thus, there are two methods of replacing a group, which is 

capable of free rotation, by an artificial aton" viz: 

(i) by assuming that interactions of the separate atoms of the 

group all act from the position of the rigidly-held atom, e.g. 

Flory' van der Waale equation, or the net nor'oo1e charge of 

a hydroxyl group; 
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sunining all the interactions, and deriving parameters for a 

new "atom", e.g. the A].linger-type methylene function. 

Another method of approaching this problem would be to 

derive two sets of conformational maps. 	The first set would 

be calculated on the basis of the rigidly held atoms, as in 

the present study. 	The second set would include the atoms 

which ar', free to rotate, but would assume them to re rigidly-

held in, for - ntance, the conforrations found in cellobioee. 

if the potential at any conformation in the second set is 

significantly lower than at the corresponding conformation in the 

first set, this indicates that the conforaationa of the rotatable 

atoms would be fairly favourable, and therefore the second set 

of maps more nearly represents the Lrue situation than does the 

first. 	If, on the other hand, the potential ii: the second 

set is higher than in the first, this indicates that the rotatable 

atoms are in unfa.,ouraole conformations, 	The true potential 

would be lowered by rotation of these atoms. 	Therefore, in 

this case, the first set of maps would probably be more accurate 

than the second. 	It would tie refore, be possible to obtain 

an approximate total map prom these two by selecting the 

conformations of each map which are lower than the corresponding 

conformations in the other. 

The calculations in tk second chapter iicludad the derivation 

of an Allinger-type function for oxygen van der Flaals interactions. 

There were several posibte sources of error in the derivation 

of this function, so tiat it would be advantageous if more 

accurate data could be found in order to derive the function 

more accurately. 	Fortunately, oxygen van der k4aals forces 

appear to be weak, so that the effect of inaccuracy in the 

function is less than it might be. 
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Sever &I improvements could be made in the calculation of 

dipolar interactions. 	Point dipoles, as used by Brent and 

Flory (58) and Arridgri and Cannon (95), u1d be more accurate 

than the nonopo].e approximation which was used in the present 

study. 	The dipoles of oxygen lone-pairs might also be 

calculated, rather than assuming that the charges centred on 

the oxygen nuclei. 	It has been noted (99) that the anomeric 

effect inglucosides may be at least partially due to inter- 

actions between the aglycone and the 	charge of the ring 

oxygen. 	Such interactions could :heiefore, be important. 

Since the hydroxyl.groups in cellulose, particularly Os-H, 

are hydrogen bonded, the monopole charges of their atoms will 

be somewhat different from those calculated by Del !te'e method. 

The possible de].ocalization structures (27) give some indication 

of the direction of the change which can be expected, and 

estimates of the magnitudes of the contributions from these 

dlocalization structures, together with calculations of the 

monopole charges for such structures, by D]. Re's method, 

should enable improved values to be obtained for these monopoles. 

The affects of the hydroxyl hydrogens are particularly 

important in dipolar calculation.. 	The charge on a hydroxyl 

cyen is about -0.45 • whereas the charge on a hydrcxyl hydrogen 

is about 0.3 	Therefore, the net charge on the group is only 

-0.15, so that calculations of net potential due to a hydroxyl 

group could be two-thirds smaller than the same calculations, 

using only the charge on the oxygen. 	It may well be, therefore, 

that dipolar effects have been overestimated in the present 

study. 	On the other hand, Arridge and Cannon (95) showed that, 

in nylons, the po].arizability of the covalent bonds could often 

increase the importance of the dipolar effect. by 50. 	Hence, 
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covalent bonds, in the present study, would tend to offset each 

other, although it is unlikely that tiey would cancel each other 

completely. 
It has already been noted, in Chapter IV, that the Lippincott 

and Schroeder equations which were used to calculate hydrogen-

bonding potential were insufficiently angle-dependent, and 

predicted no hydrogen bond in xylan, where one is known to occur. 

A good case can be made, therefore, for adopting Poland and 

Scheraga's idea (97) of calculating an empirical function for 

hydrogen bonding potential, which would run smoothly into the 

van der Waals + dipolar potentials at large interatomic distances. 

It would seem reasonable, however, to retai: 'r 	 - ical form 

of the Lippincott and Schroeder equation (e 	., .A also to 

attempt to allow for the lert;thening of the 

Another source of inaccuracy in the calculation of hydrogen 

bonding potential was the use of H...05  minimum distance, rather 

than H... lone-pair orbital minimum distance, as a criterion for 

fixing the position of H. 	It might be worthwhile to continue 

to look for a practicable method of employing the latter criterion. 

Also, in the matter of hydrogen bonding, it is apparent that 

an equation linking hydrogen bonding potential to the shift in 

frequency of. the 0-H stretch peak in the infrared spectrum would 

be very useful in helping to determine polyaccharide conformations. 

Deformation (stretching and bending) in the polyeaccharide chain 

is the only internal effect (i.e. not caused by solvent) which has 

not been quantitatively estimated in the present study. 	It was 

pointed out in Chapter V, though, that jeformatioris, in particular 

the bending of C 1-O-C, will not only alter the potential, but 
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It seems, therefore, that so" study of this is advisable. 

The present study has not considered 1,6-linked polysacchaes. 

There will not be any fundamental new difficulty in treating 

these. 	Their study will, however, be more time-consuming, 

since they have one more degree of freedom than polysaccharides 

linked through secondary oxygen.. 	Cellulose, for instance, can 

change its conformation by rotation about C-O and 0-C 1, whereas 

pustulan (8-16-glucan) can change its conformation by rotation 

about 	C-0, and 0-C 1 . 	In addition, the fact that the 

residues in pustulan will be separated by three bonds instead 

of two, is likely to mean that there will be a larger number of 

allowed conformations to be considered. 

Intermolecular interactions are another ?roblem which needs to 

be studied. 	This has already been done, in the case of ainylose 

triacetate, by Sarko and Marcheasault (61). 	It will be even 

more essential to study them in a case such as 0-1,3-xy].an, which 

occurs as a triple helix (124). 

Many polyeaccharides are branched, and conformatioral analysis 

could also be applied to the. 	This is likely to be time-con- 

suming, since there will be four degrees of freedom (a 0 and jl 

value for each residue) at a branch point. 	Sarko and Marchessault 

(61) can be considered to have studied this problem also, although, 

in their case, the "branches" were acetate groups. 	Also, many 

polysaccharides contain furanose residues, and the conformational 

analyses of these would be an entire new field. 

Finally, it may be possible to calculate the interactions of 

solvents with polysaccharide chains. 	The possibility of hydro- 

phobic bonding in polysaccharides was mentioned in Section I. 

It may be possible, on the basis of data such as those of Nmethy (30) 
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saccharides. 	Recently, Scheraja (83) has also discussed 

analytical functions for calculating the energy of hydration of 

a molecule. 

It is evident that thee is much ground, both for improvement 

of methods in the calculatiorureported here, and for expansion 

into new areas, of the conformational analysis of polysaccharides. 

It is probably not possible, or even desirable, in terms of 

improved results, to achieve all the aims suggested here. 

Nonetheless, the success already achieved by the methods described 

in this Section suggests that further work would be well repaid, 

by providing a powerful means of insight into the physical 

structure and properties of polysaccharides. 



APPENDIX 

Flow Diagrams of Computer Programs 

This appendix contains flow diagrams of the main types 

of program used in these studies. 

Declarations and terminators are omitted. 	The 

following symbols are used: 

ruutine 

or switch. 

Ej 	ins Lruction  ~Dr C-L  - ~- -.1-- 

< > 
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read 
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cycle 	- , , 11 
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Calculation 3.1. trivation of Ramachandran co-ordinates. 
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real Ir 

ai  F 	
DIS 

I- 

CaLcu1atioi 	. L. Vn ier  

realfn DIST measures distance between two atoms. 

realfn VDW measures van der 4aals potential between two 
atoms. 



), 1, 

C1cu1aLic 	 i• 

switch C(I) names atoms attached to atom I 

routine S calculates charge from 6 v alue. 



caj.cuiati. 

The map has to be produced in three secti.s, 
the T-cycle, because of the size of the output paper. 
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IL 

C ilcul 	.. Con' 	LiOLLài 	 oc higher 
residues in laminaran. 

routine MP multiplies square matrices 
switch RESIDUE (T) multiplies R1 the appropriate number of 

times. 
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ABSTRACT 

All of the likely conformations of cellobiose, cellulose, and xylan have been 
explored systematically by using an electronic computer, assuming the ring confor-
mations and (C-1)—O—(C-4') angle for each pair of residues to be fixed and derivable 
from known crystal structures. The absolute van der Waals energies, but not the 
relative energies of different conformations, are sensitive to the choice of energy 
functions and atomic coordinates. The conformation of cellobiose in the crystal occurs 
near the minimum for intramolecular van der Waals interactions, perhaps slightly 
displaced to allow formation of an inter-residue hydrogen bond. The Hermans chain 
conformation for cellulose corresponds to a somewhat higher van der Waals energy, 
but this is probably offset by efficient crystal packing resulting from the two fold 
screw axis, and the hydrogen bond remains. The Meyer and Misch conformation 
is unlikely, because of its high van der Waals energy and for other reasons. The 
results lead to possible explanations of the known conformational stiffness of cellulose 
and its solubility properties in alkali. The characteristicg of xylan conformations have 
ibeen compared with cellulose. 

NTRODUCTION 

The molecular structure of cellulose was determined over thirty years ago, to 
a large extent through the brilliant researches of Sir Edmund Hirst and his colleagues'. 
It was one of the first polymer structures to be established and was important for 
subsequent development of polymer theory. In contrast, and despite much research 
effort, the conformation and crystal structure of cellulose are still unsolved. Most 
workers favour the "Hermans" or "bent chain" conformation' rather than the con-
formation proposed earlier by Meyer and Misch 3 , but other forms have also been 
suggested', and it is possible that none is correct because each is based on the 
assumption that the cellulose chain has a two-fold screw axis which, strictly, is unneces-
sary'. Outside carbohydrate chemistry, the calculation of conformational energies 
is becoming accepted as a valid approach to the determination of conformations. 
Except for very simple molecules, such as hydrocarbons', the methods are not yet 
refined to the extent that they can give final answers without the need to invoke 
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obtained by averaging the coordinates listed by Ramachandran et al.' 3  for various 
$-D-glucose residues, and taking a value of 117° for the (C-l)-O-(C-4') angle. Set 2 
was derived from the crystal structure coordinates of Brown", for which the (C-i)-
O-(C-4') angle is 116.7°. Set 3 was obtained by modification of Brown's coordinates 19  
to correspond tb a (C-1)-O-(C-4') angle of 117°. Set 4 was derived from the refined 
crystal structure coordinates of Chu and Jeffrey 20, for which the (C-l)-0-(C:4). 
angle is 116.1°. Set 5 was obtained by modification of Chu and Jeffrey's coordinates 
to correspond to a (C-1)-O-(C-4') angle of 116.7°. Set 6 was obtained by modi-
fication of Chu and Jeffrey's coordinates to correspond to a (C-l)-O-(C-4') angle 
of 117°. 

Each set was transferred to new axes which had the bridge oxygen as origin; 
the 0-(C-4') bond was the x axis for the reducing residue and the (C-l)-O bond 
produced was the x axis for the nonreducing residue. The xz planes were defined 
by (0-4')-(C-4')--H-4') and (0-4')-(C- 1 )-(H- 1), respectively, with the y axes per -
pendicular to these planes to form right-handed systems of axes. These transformations 
were done in stages by using standard expressions for the rotation and translation of 
axes. The systematic rotations about bonds to the bridge oxygen, followed by calcu-
lation of all interatomic distances and the projected residue length, h, were performed 
on the English Electric KDF9 computer with programs written in Atlas Autocode. 
These calculations, and those for n, were based on the principles outlined by Rama-
krishnan' 2 . For calculations of n and h, (C-1)-(O-1) in each residue was taken to be 
parallel to (C-4)-(0-4), and (C-l)-H to be coplanar with (C-4)--H. This is inexact, 
but leads to simple expressions for n and h and makes no difference to the energy 
maps. The exact approach is, in any case, impossible when coordinates are taken, as 
in this work, from disaccharide structuresin which the residues differ in detailed 
geometry. Comparison with results derived rigorously showed that any error was 
likely to be within the accuracy of experimental data for polysaccharide fibres, at 
least for conformations examined here. From their published results", it would seem 
that Ramachandran et al. also used this approximation. The exact expressions would 
have to be used for higher screw symmetries, because serious errors would other-
wise result. 

The increments of rotation were 2° for energy calculations, but otherwise 10 0 . 

The angles of rotation 4, and 'I' (see 1), were the dihedral angles between (C-l)---(H-1) 
and (0-4')-(C-4'), and between (0-4')-(C-1) and (C-4')--(H-4'), respectively. The 
conformation 4, = 0 = 0 is defined as having H-4' and H-I in the same plane as 
(C-1)-(0-4')-(C-4'), and the apex of the (C-l)-(0-4')-(C-4') angle pointing in the 
same sense as the (C-4')-(H-4') bond and in the opposite sense from (C-l)-(H-l). 
To convert a model of cellobiose, in this form, into any conformation (4,, 'I')' the 
reducing residue is held stationary and, viewed from the nonreducing end, the 
nonreducing residue is rotated anticlockwise through /i about (C-4')-(0-4') and 
clockwise through 4, about (0-4')--(C-1). 

The interatomic distances, which were used to classify the conformations, are 
listed in Table I. The computer program was written in .such a way that one inter- 
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experimental evidence, but accurate predictions have been possible for some synthetic 
polymers' and polypeptides 8  Pioneer work with polysaccharides by Ramachandran 
et al. 13 "4 , and related approaches" ' 16 , are described in more detail below. In this 
paper, we report on calculations which confirm that the method has promise for 
polysaccharides and which add further evidence in favour of the Hermans conformation 

,jorcellulose. Some unusual physical properties of cellulose are discussed in the light 
of the results. 

PRINCIPLE OF THE METHOD 

We assume that solid-state and solution conformations can be understood 
from consideration of intramolecular interactions. This is reasonable, because the 
same assumption has led to useful results for other polymers' -"  and because the 
properties of cellulose suggest that intramolecular interactions are especially 
important 17 . Present evidence suggests that there are standard values which can be 
assumed for bond angles and bond lengths in carbohydrates 13 . 18  and that the common 
sugar residues in polysaccharides will favour the Cl conformation. The overall 
conformation of the chain would then depend only on the angles of rotation about the 
two bonds to each glycosidic oxygen atom. The rotational states about these bonds were 
therefore explored systematically, as described below, as an aid to selecting the most 
likely conformations for testing against experimental evidence. 

A set of coordinates was chosen for cellobiose, based on crystal structure 
data (see below). New coordinates were then calculated from these to correspond 
to various angles of rotation about the (C-l)-0 and 0—(C-4') bonds. This was done by 
computer, in such a way that all possible conformations were sampled. The new sets 
of coordinates were used to characterise each conformation in several ways: (i) The 
distances between all relevant pairs of atoms were calculated, and, on this basis, each 
conformation was classified as either fully allowed (implying no infringement of van 
der Waals radii), marginally allowed (implying slight compression of some atoms or 
groups), or disallowed (implying that atoms or groups are brought so close that severe 
van der Waals repulsion is expected). (ii) To find the van der Waals energy minimum, 
each interatomic distance was used to calculate the corresponding energies of van 
der Waals attraction and repulsion, and these values were summed over all inter-
actions for each allowed conformation. (iii) The possibility of intramolecular hydrogen 
bonding was assessed from the (0-5)—(0-3') distance. (iv) For all conformations, 
the two D-glucose residues can be considered to be related by an n-fold screw axis, 
where n need not be an integer. Values of n were calculated for selected conformations. 
(v) The length of the disaccharide projected on the screw axis, h, was also calculated 
for selected conformations. 

PARAMETERS AND MATHEMATICAL METHODS 

The sensitivity of the results to inaccuracy in the atomic coordinates was 
assessed by repeating the calculations for six sets which were as follows: Set 1 was 
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We used the constants given by Rao et al.14 , together with the following values which 
Were calculated using the methods of earlier workers: 

for H ... CH 3  inter4ctions, A = 718.5, B = 5.31 x iO 
- for 0 ... CH 3  interactions, A = 2016.0, B = 3.10 x 106  

for C ... CH 3  interactions, A = 2605.0, B = 6.75 x 106 . 

These will be referred to as the "Flory functions". (iii) The functions proposed by 
Kitaygorodsky 22 , which are of the Buckingham type, but expressed thus: 

V = 3.5(- 0.04/Z 6  + 8.6 x 103e 132)  where 2'= nT0 . 

Only one constant, r0 , is dependent on the particular atom pair. The values 
of r0  listed by Rao et al.'4  were used, together with the following values which were 
derived geometrically: 

for H .:. CH 3  interactions, r0  = 3.33 
for 0 ... CH 3  interactions, r0  = 3.76 
for C ... CH 3  interactions, r0  = 3.92. 

These will be referred to as the "Kitaygorodsky functions". 
- 	The dihedral angles çt and i/i calculated for cellobiose in the crystalline state 

from the data of Brown", and of Chu and Jeffrey 20, will be referred to as the cello-
biose (B) and cellobiose (J) conformations, respectively. The values for a cellulose 
chain with a two-fold screw axis and projected residue repeat of 5.15 A were taken as 
those at the intersections of the curves which represent n = 2 and h = 5.15, respectively 
(see below). Two solutions exist for each set of coordinates. One resembles the bent-
chain conformation' in general features and will be referred to as cellulose (H). 
The Meyer and Misch conformation' is referred to as cellulose (M); although this 
is quite close to the second solution, the dihedral angles are taken as (0°, 1800)  for 
all sets of coordinates, for reasons given below. 

All potential energies are given in Kcal/mole per disaccharide residue. 

RESULTS AND DISCUSSION 

Several attempts at exploration of polysaccharide conformations have been 
reported previously. Jones" attempted to refine the crystal structure of cellulose by 
an ingenious approach to systematic model building. Ramachandran et al.' 3  have 
used mathematical methods to examine some of the possible cellulose conformations, 
with interatomic distances as criteria. Calculation was by hand, however, and it 
was therefore feasible to include only a few atoms and to cover only part of the 
conformational map. More recently, the same group" has made an important study 
of amylose, in which conformational energies were calculated by computer. Setterineri 
and Marchessault' 6  have used computer methods to search for the xylan conformation 
which best satisfies stereochemical criteria and experimental evidence from X-ray 
diffraction and infrared dichroism. 

Carbohyd. Res., 7 (1968) 334-348 



CONFORMATIONAL ANALYSIS 
	

337 

atomic distance within the "fully allowed" limit was sufficient to classify a confor-
mation as marginally allowed, unless any distance was within the "marginally allowed" 
limit, when it was classified as disallowed. 

CH 2OH 

/ HO 
0  

HOH2C 	

OH OH 

HO HO 

Scheme for variation of bridge-angle geometry in cellobiose 
= = 0 0  

Rotations are positive when each residue is rotated in the 
direction shown about its bond to the bridge oxygen. 

TABLE I 

INTERATOMIC DISTANCES USED FOR THE HARD SPHERE CALCULATIONS" 

Atom pair 	 Minimum distance (A) allowed for: 

Fully allowed contact 	Marginally allowed contact 

C 	... C 3.20 3.00 
C 	... 0 2.80 2.70 
C ...H 2.40 2.20 
o 	... 0 2.80 2.70 
o 	... H 2.40 2.20 
H 	... H 2.00 1.90 
H 	... CI-120H 2.42 2.42 
o 	... CH20H 2.90 2.90 
C CH20H 3.20 3.20 

aHydrogen bonding distances are given separately in the Figure captions. 

Van der Waals interactions are normally expressed by functions of either the 
Lennard-Jones type (potential energy, V = —A/r 6  + B/r 12 , where r is the interatomic 

pr distance, and A and B are constants), or the Buckingham type (V = —Air 6  + Be- , 
where A, B, and p are constants). The constants may be different for each atom pair 
and have to be derived empirically. We have made the additional approximation that 
the hydroxymethyl group is treated as equivalent to a methyl group in its van der Waals 
interactions, on the grounds that the hydroxyl could probably rotate away from any 
region of steric overcrowding. The following three sets of functions were used to 
calculate the conformational energies reported in this paper: (i) Those given by 
Liquori and his coworkers', which include functions of both types. These are referred 
to as "Liquori functions". (ii) The functions proposed by Brant and Flory 21,  which 
are of the Buckingham type with p = 4.6 and A and B derived for each atom pair. 
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Fig. I. Restriction of cellulose conformations by interactions between C-i and C-3', C-I and C-5', 
0-5 and C-4', and C-2 and C-4', based on Set I coordinates modified to correspond to a (C-1)-0--
(C-4) angle of 117.5°. Fully and marginally allowed conformations lie within the solidahd broken 
rectangles respectively. The limits of (0-5) ... (0-3') hydrogen bonding, assuming that this requires the 
0 ... 0 distance to be 2.50-2.80 A, are shown by dotted curves. Conformations with the same screw 
axis lie on the diagonals and those with the same projected repeat distance on th'e solid curves. 
The coordinates differ slightly from those used earlier 13  (see text). The angle of rotation, q, is equi-
valent to the 0 of Ramachandran et al.13, and V = 360' -  q'. 

so 

20 
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Fig. 2. Allowed (enclosed by solid line) and marginally allowed (broken lines) cellulose conformations, 
using Set 4 coordinates with all relevant contacts considered. Cellobiose (J), cellulose (H), and cel-
lulose (M) are marked as J, H, and M, respectively. 

Waals interactions (especially repulsion) might be particularly important. At this 
stage of the investigation, we have therefore attempted a quantitative approach to 
van der Waals potential energy, while considering other interactions qualitatively. 
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A preliminary assessment of the types of conformation which are possible for 
a given polymer is most easily and quickly made by treating the atoms as "hard 
spheres" which are incompressible beyond certain limits. The results are expressed in 
the form of a "conformational map" which shows the combinations of 4> and , 
permitted by these criteria. The map may also include the calculated properties of 
each range of allowed conformations, such as screw symmetry, projected repeat 
distance, and likelihood of hydrogen bonding within the chain. Fig. 1 shows results 
which represent the restriction of possible cellulose conformations by interactions 
between C-I and C-3', C-i and C-5', 0-5 and C-4', and C-2 and C-4'. The same 
contacts were examined over a limited region of the map by Ramachandran et al.13 , 

and our results agree with theirs. When all relevant contacts were included, the 
allowed conformations occupied smaller areas (Fig. 2). Conformations were sampled 
at 10° intervals about each of the C-0 bonds, so that a total of 362 = 1296 representa-
tive conformations were examined. Only 24 fully allowed conformations were found, 
and only .a further 21 were marginally allowed, i.e., 96% of the conformations are 
excluded! The results seem to explain the stiffness of the cellulose chain, which has 
often been noted 17, and are consistent with other available evidence. The accepted 
crystal conformation of chitin 13  and the most-favoured cellulose conformation' 
each correspond to (-40 ° , 140°), which is almost within the allowed area. In Fig. 2, 
this point is outside by only one 10° increment in 4>, and recalculation at 2° intervals 
showed it to be less than 2° outside. With other sets of coordinates, it was actually 
inside. The crystal conformation of cellobiose' 9 ' 2°  is in the allowed area (Fig. 2). 
Although atomic coordinates have not been published, inspection of models and 
photographs24  of models of the lysozyme complex with tri-N-acetylchitotriose [0-(2-
acetamido-2-deoxy-fl-D-glucopyranosyl)-(l -4)- 0-(2-acetamido-2-deoxy-j3-D-gluco-
pyranosyl)-(l -.4)-2-acetamido-2-deoxy-D-glucose] shows that each glycosidic linkage in 
the trisaccharide has a conformation which is close to cellobiose in the crystal and there-
fore within the allowed region. Finally, p.m.r. spectroscopy 25  suggests an intramol-
ecular hydrogen bond between 0-5 and H-3' for cellobiose in methyl suiphoxide 
solution, and this is also consistent with calculation because this hydrogen bond is 
possible for allowed conformations (compare Figs. I and 2). Reasons why all of these 
conformations should be "marginally allowed", rather than "fully allowed", are 
discussed below. 

The scope of the hard-sphere approach is limited because it does not show which 
parts of an allowed area are likely to be preferred, and therefore the polymer confor-
mation is only defined approximately. To go further, it would be desirable to search 
for free energy minima, by estimating and summing the free energies of all intra-
molecular interactions for each conformation, including dipole interactions, hydrogen 
bonding, torsional strain, and van der Waals attraction and repulsion. Such inter-
molecular interactions as solvation and crystal packing ought also to be considered. 
This is a formidable undertaking which, it seems to us, would best be approached by 
successive approximation. The severe stenc restrictions indicated by hard-sphere 
calculations and by experiment 17  suggest that, for cellulose, intramolecular van der 
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Fig. 3. Entire, allowed area for cellulose conformations (boxed by solid straight lines), compared 
with 0 Kcal Kitaygorodsky contour (solid curve), —4 Kcal Flory contour (broken curve), and 
+ 2 Kcal Liquori contour (dotted curve), for Set 4 coordinates. 

Fig. 4. Van der Waals energy map for cellulose, using Kitaygorodsky functions and Set 4 coordinates. 
The entire allowed area, predicted by hard-sphere calculations, is boxed by solid straight lines. 
Broken curves represent contours at intervals of 0.1 Kcal. Solid curves represent contours at intervals 
of 0.5 Kcal. 

Fig. 5. Van der Waals energy map for cellulose, using Flory functions and Set 4 coordinates. 
Other details as for Fig. 4. 

Fig. 6. Van der Waals energy map for cellulose, using Liquori functions and Set 4 coordinates. 
Other details as for Fig. 4. 
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All of the available van der Waals functions are semi-empirical, having been 
derived by fitting the constants in a theoretical equation to experimental data. The 
three sets of equations used here were derived by somewhat different fitting procedures 
and are therefore to some extent independent. Each has been used successfully in 
conformational analysis before' -8,14,21,26 Calculations for cellulose, with each 

function ( in turn, gave the results shown as energy maps in Figs. 4, 5, and 6. The 
positions of Flory and Kitaygorodsky minima agree tolerably (though not exactly), 
and also 1 seem reasonable because they lie well within the allowed region. The outer 
enet1yntours calculated with these functions are similar in shape to each other 
an ,t'o',the outline of the allowed region (Fig. 3), which also makes the results seem 
p In contrast, the Liquori minima lie on the edge of the allowed region (Fig. 6), 
and the contours have an unexpected shape (Fig. 3); these results therefore seem less 
reliable. The most serious discrepancies between the Flory and Kitaygorodsky 
functions are in absolute energies at the minima and other conformations (Table II). 
Earlier workers have also found that Flory functions give substantially lower energies, 
both for carbohydrate and peptide conformations 14 ' 26 . By comparison with experi-
ment, energies calculated with Kitaygorodsky functions would seem to be more 
accurate for carbohydrates". However, our chief concern at present is with relative 
energies of different conformations, for which all three sets of functions fortunately 
lead to similar predictions (see below). The results are also influenced by the choice 
of atomic coordinates. With different sets of crystal coordinates and a given set of 
functions, the energy minimum varied in position by up to 8° in 4) and 1P, and energies 
corresponding to particular conformations varied by several tenths of 1 Kcal and 
sometimes more (Table II). The trends in the results do not suggest that the variations 
could be attributed simply to changes in the (C-1)—O—(C-4') bond angle (Table II). 
Several conclusions emerge irrespective of the coordinates and energy functions 
however, and will now be discussed. 

There seem to be two minima within the allowed area, and these have similar 
energies (Figs. 4-6; Table II). The cellobiose conformation of Chu and Jeffrey 2' and 

that of Brown, which is only slightly different 19 , both correspond to energies that are 
above the minimum by small amounts, which are calculated with the Flory and 
Kitaygorodsky functions as a fraction of 1 Kcal. Estimates with the Liquori functions 
are larger, but otherwise in agreement with this trend. The equivalent result with the 
hard-sphere method was that crystal conformations occurred in the "marginally" 
rather than "fully" allowed region. However, calculation also showed (e.g., Fig. 7) 

that 0-3' and 0-5 are sufficiently close to hydrogen bond; the equilibrium distance 
between these atoms is therefore smaller than for the general case, and the confor-
mational energy should be corrected accordingly. Although the correction turns out 
to be negligible for the Flory functions, it is —0.2 to —0.5 Kcal for the Kitaygorodsky 
functions, and this brings the van der Waals energy very close to the calculated mini-
mum. With the added advantage of a strong, inter-residue hydrogen bond, this 
conformation would seem to have more favourable intramolecular interactions than 
any alternative. It can also form a fully hydrogen-bonded lattice' 9 ' 20 . It seems likely 
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that, for this and perhaps other di- and oligo-saccharides, possibilities for favourable 
intra- and inter-molecular interaction are so restricted that the structure must allow 
each to be simultaneously near its minimum if crystallisation is to occur with a favour-
able free-energy change. From this point of view, it is not surprising that some isomers 
should be syrups which obstinately resist crystallisation. 

-80 	-60 	-60 	-20 	
0. 	

0 	 20 	40 

Fig. 7. Van der Waals energies and other properties of cellulose and cellobiose conformations. 
The lowest Kitaygorodsky contours (compare Fig. 4) are represented by solid curves, and the limits 
of (0-3) ... (0-5) hydrogen bonding are represented by dotted curves, assuming that the 0 ... 0 
distance must be 2.50-2.80A. Broken curves define conformations with the same projected repeat 
distance, and the diagonals define those with the same screw symmetry. H cellulose (H), M cel-
ulose (M), J cellobiose (J). 
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Fig. 8. Conformational energy map for xylan based on Set 4 coordinates and Kitaygorodsky 
functions. The limits of (0-Y) ... (0-5) hydrogen bonding are shown by the dotted curves, assuming 
that the 0 0 distance must be 2.50-3.00 A. Van der Waals energy contours are shown by solid 
curves for —0.4, 0, 1.0, and 10.0 Kcal. Conformations having integral screw axes lie on the diagonals. 

With a given set of coordinates, there are two cellulose conformations having 
a two-fold screw axis together with the observed fibre-repeat distance. Mathematically, 
these correspond to the intersections of the curves which represent n = 2 and h = 5.15A 
(see Fig. 7). As Jones has pointed out", other solutions would be possible with a 
variable (C-1)-04C-4') bond angle, but indications from disaccharide' 9 ' 20 ' 27 ' 28  
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TABLE IL 

DIHEDRAL ANGLES AND VAN DER WAALS ENERGIES CALCULATED FOR CELLOBIOSE AND CELLULOSE CONFORMATIONS 

Energy 
	

Conformation 	Coordinates used 
functions 	

Set I 	 Set 2 	 Set 3 	 Set 4 	 Set 5 	 Set 6 

° 	v'° 	V 	V,, ° 	V 	),° 	V,, ° 	V 	,° tp,° 	V 	V,, ° 	V 	 V,, ° 	V 

(Kcal) 	 (Kcal) 	 (Kcal) 	 (Kcal) 	 (Kcal) 	 (Kcal) 

Flory Minima -31 +181 - 4.9 -27 +184 -5.2 -29 +184 -5.2 -24 +175 -5.0 -24 +181 	-5.1 -24 +181 	-5.1 

+19 +149 - 5.0+21 +147 -5A +22 +148 -5.2 +23 +141 	-5.2 +23 +142 -5.3 +24 +141 	-5.3 

Kitay- Minima -46 +180 	0 	-41 +181 	-0.5 -43 +181 -0.6 -41 +175 -0.3 -40 +174 -0.4 -40 +175 -0.5 

gorodsky 
+ 5 +147 + 0.4+ 1 +147 -0.3 + I +147 -0.4 0 +143 -0.4 0 +143 -0.5 0 +143 -0.6 

Liquori Minima -76 + 175 - 1.1 -70 +182 -2.2 -72 +176 - 1.7 
+31 +147 - 1.0+32 +146 -2.5 +32 +139 -2.8 

Flory Cellobiose (B) -44 +168 - 4.4-44 +168 -4.6 -44 +168 -4.6 -44 +168 -4.6 -44 +168 -4.6 -44 +168 -4.6 

Cellobiose (J) -42 +162 - 4.1 -42 +162 -4.3 -42 +162 -4.3 -42 +162 -4.4 -42 +162 -4.5 -42 +162 -4.5 

Kitay- Cellobiose (B) -44 +168 + 0.2-44 +168 -0.3 -44 +168 -0.4 -44 +168 -0.3 44 +168 	0.4 44 +168 -0.4 

gorodsky 
Cellobiose(J) -42 +162 + 0.5 -42 +162 -0.1 -42 +162 -0.2 -42 +162 -0.2 -42 +162 -0.3 -42 +162 -0.4 

Liquori Cellobiose(B) -44 +168 + 2.0-44 +168 +0.1 -44 +168 +0.2 
Cellobiose(J) -42 +162 + 2.6-42 +162 +0.5 -42 ±162 +0.5 

Flory Cellulose (H) -32 +148 - 3.6 -33 +147 -4.1 -33 +147 -4.0 -39 +141 	-3.0 -39 +141 	3.3 -40 +140 -3.5 
Cell ulose(M)a 0 +180 +14.5 	0 +180 +6.9 0 +180 +6.6 0 +180 +8.9 0 +180 +8.2 0 +180 +7.9 

'& 	Kitay- Cellulose (H) -32 +148 + 0.9 -33 +147 +0.7 -33 +147 +0.1 -39 +141 	+0.8 -39 +141 	+0.5 -40 +140 +0.4 
gorodsky 

Cellulose (M) 0 +180 + 5.2 	0 +180 +2.3 0 +180 +2.2 0 +180 +2.6 0 +180 +2.4 0 +180 +2.3 

Liquori Cellulose (H) -32 +148 + 3.3 -33 +147 +1.0 -39 +141 	+0.3 
ILI Cellulose (M)b 0 +180±11.5 	0 +180 +6.5 0 +180 +6.5 

00 

j °The values of  calculated for these conformations were, from left to right across the Table, 5.25, 5.25, 5.26, 5.26, 5.27, and 5.27 A, respectively. 

t 

 
bFor the values of It calculated for these conformations, see the corresponding entry for the Flory or Kitaygorodsky functions. 

00 
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TABLE 111 

XYLAN CONFORMATIONS DERIVED FROM Set 4 COORDINATES TO FIT n = 3, h = 4.93 A 

Helix sense 	 1P , 	V

(Kcal, from Kitay- 
gorodsky functions) 

Left handed —80 +172 + 	1.6 
Left handed - 6 +246 + 4.6 
Right handed - 5 +104 + 6.7 
Right handed +65 +174 +15.2 

Kitaygorodsky functions and Set 4 coordinates suggest that the van der Waals 
energy differences between (-40°, 140°) and (-80°, 172°) are also similar (0.70 Kcal 
for cellulose and 0.66 Kcal for xylan). Crystal packing must be the decisive influence, 
even though it seems probable that the conformation having a two fold screw axis 
is inherently more stable. In xylan diacetate, intermolecular hydrogen bonding would 
be replaced by weaker van der Waals and dipole interactions, and this polymer seems 
to crystallise with a two fold screw axis 32 , in agreement with our conclusions. 

In solution, configurational (= conformational) entropy effects will cause both 
xylan and cellulose conformations to be more disordered than in the crystal". Even 
apart from the effect of the lower molecular weight of xylan and the weakening of 
its crystal lattice by occasional branching, it might be expected to be more soluble 
than cellulose for two reasons. Firstly, the xylan hydrate crystal is probably less 
favoured by potential energy, relative to an unconstrained state such as solution, 
because there are fewer intermolecular hydrogen bonds per sugar residue, and the 
chain conformation seems inherently less stable; and, secondly, hard-sphere calculations 
show a larger allowed area for xylan, which should allow a bigger entropy gain when 
it dissolves. It is well known that xylans dissolve in alkali, whereas cellulose does not 
normally do so, in agreement with these predictions. Nevertheless, the extent of the 
insolubility of cellulose is, at first, surprising. The swelling reactions of cellulose in 
alkali can be understood in terms of the important concepts introduced by Warwicker 
and Wright". The cellulose chains, each in a ribbon-like conformation with equa-
torial bonds close to the plane of the ribbon, are considered to be laid on top of each 
other in stacks (called "sheets" by Warwicker and Wright). In the intact crystal 
structures of cellulose I and cellulose II, these stacks are joined by hydrogen bonding 
•between equatorial hydroxyl groups. Evidence from X-ray diffraction indicates 
that swelling in sodium hydroxide causes rupture of hydrogen bonds and separation 
or relative movement of the stacks. The reason why cellulose of high molecular weight 
does not dissolve at room temperature is therefore that the stacks themselves remain 
intact. In the dry state, cohesion within each stack would be chiefly owing to van 
der Waals attraction 34 . However, forces of this type are so weak that, on this basis 
alone, it is difficult to imagine why chains should not separate completely and enter 
solution, because the conditions cause ionisation of the hydroxyl groups and therefore 
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electrostatic repulsion, and our calculations suggest that van der Waals repulsion 
would be significantly relieved in solution. An explanation of the stability of the stacks 
can be deduced from the observation that cellulose fractions of low molecular weight 
are more soluble in alkali if the temperature is lowered". This implies that the stacks 
are less stable at lower temperature, and therefore that TA S °  favours stacks rather 
than separated chains. Such positive entropy changes for association reactions are 
rare, except 36 ' 37  where "hydrophobic interactions" stabilise the product. This type 
of interaction arises from the unique properties of water as solvent and is quite 
distinct from van der Waals forces. During the past few years, it has become accepted 
as an important source of molecular cohesion in biological and other systems 38 , 

but there are, as yet, no proved examples that sugar rings can associate in this way. 
We suggest that the (H-l)—(H-3)—(H-5) surfaces of D-glucose residues in cellulose, 
and perhaps the (H-2)—(H-4)—(0-5) surfaces, can interact with water in a similar 
fashion to, for example, the nonpolar side groups of proteins or the hydrocarbon 
chains of detergents. The result is that their association is entropically favoured and 
that cellulose crystallites gain stability in the presence of water*. 
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* Note added in proof (14 May 1968)—In this Department, C. A. Beevers and H. N. Hansen have 
recently solved the crystal structure of a-lactose monohydrate and very kindly made the preliminary 
coordinates available as a further test of our calculations. This disaccharide is extremely interesting 
in relation to cellobiose: intramolecular influences on conformation are expected to be identical 
because of the structural similarity around the bridge oxygen but packing influences should be quite 
different because configuration is inverted at C-I 'and C-4 and the crystal is a monohydrate. Hydrogen 
atoms have not yet been placed by Beevers and Hansen but we estimate from the ring atom positions 
that the conformation is (-31°, 155°). In Fig. 7, this corresponds to a rather small displacement of the 
cellobiose conformation ("J") with little change of intramolecular energy, in the direction of the two 
fold axis and the second minimum and approximately following the 2.8 A hydrogen bond contour 
(actual 0-5 0-3' distance, 2.84 A). The (C-l)-O-(C-4') angle is 118.50.  The lactose structure therefore 
provides further support for our assumptions and conclusions. 

A very sophisticated stereochemical study of amylose triacetate has been published 39, and 
evidence now exists that, as expected from our calculations, cellodextrins have rather rigid extended 
conformations in aqueous solutions40 . 
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Figure 3.7. Van der Waals maps with Allinger functions. See Caic. 3.15. 
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Figure 3.9. Hydrogen bonding 
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