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Pectic substances are important constituents in cell tissues in 
many land plants. They are l—th linked ci-D-gaiacturonic acid polymers 
which may contain various modifications, one of these being the insertion 
of L-rharrinoae residues into the main chain. 

The work described in this thesis has—been concerned mainly with 
the investigation of the chain conformation of pectio aubstanees and of 

the probable nature of interaotior4s involving the polysaocharide chains 

and cations in cross linkages in poetic gels. 

Various approaches to these problems were made. Attempts were 
first made to obtain crystalline poetic material suitable for a full 
fibre X-ray analysis. When this approach failed, computer-aided eon-
formational analysis was used in conjunction with X-ray data already 
available for the fibre repeat distance and screw Symmetry in Sodium 
pectate, firstly to predict the ring conformation of the constituent 

galseturonie acid residues in the chain and secondly to predict an 

overall chain koonformation for the polysaccharide. 	The correct ring 
conformation was established and a preferred chain conformation is 
suggested on the basis of these calculations. Further computer 
calculations were made to investigate the feasibility of multiple helix 
formation and the effect on the chain conformation of insertion of L 
rhamnose residues. The chain conformation of the polysaccharide is 
discussed in these terms. Polarised infrared radiation was used to 
investigate the possibility of intramolecular hydrogen bonding in the 
solid state. Investigations of the ring conformation and of the 
possibility of intramoleoular hydrogen bonding in solution were made by 
means of 'H NNR spectroscopy, 

Computer ealculbions were also used in conjunction with X-ray data 
on fibre repeat distance and screw symmetry to investigate the 
feasibility of a triple helical conformation for -l--3 glucan. Polarised 
Infrared radiation was used to investigate the possibility of hydrogen 
bonding of the type expected for this type of chain conformation. 

The crystal structure of strontium 4,5*digalaeturonate  was 
investigated as a model for inter-residue interactions across the 
glycoeidio bridge for the polysaccharide and also as a model of inter-

actions involving cations and water of crystallisation in addition to that 

Use other side if necessary. 



provided by galaeturonio acid Salts previously Investigated. The 

structure is discussed in these terms.. 	The conformations of the 

rings and the hydrogen bonding pattern in the structure are also 
discussed. 
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ABSTRACT 

Pectic substances are important constituents in oell 

tissues In many land plants. They are 	4 linked 

ct-D-galacturorxic acid polymers which may contain various 

modifications, one of these being the Insertion of 

L-rhamnoso residues Into the main chain. 

The work described in this thesis has been concerned 

mainly with the investigation of the chain conformation of 

poetic substances and of the probable nature of interaction 

Involving the polysaccharide chains and cations in cross 

linkages In poetic gels. 

Various approaches to these problems were made. 

Attempts were first made to obtain crystalline. pectic 

material suitable for a full fibre X-ray analysis. When 

this approach failed, computer-aided conformational analysis 

was used in conjunction with X-ray data already available 

for the fibre repeat distance and screw symmetry in sodium 

pectate, firstly to predict the ring conformation of the 

constituent galaeturonio acid residues in the chain and 

secondly to predict an overall chain conformation for the 

polysaccharide. The correct ring conformation t4as eeab- 

iad:adádpreferred chain conformation is suggested on 

the basis of these calculations. Further computer calcu-

lations were made to investigate the feasibility o± multiple 

helix formalvioa and the effect on the chain conformation of 

Insertion of L-ramnoae residues. The chain conformation of 



the po1ysacohardè is discussed in those terms. Polarised 

infrared radiation was used to investigate the possibility 

of intramolecular hydrogen bonding in the solid state. 

Investigations of the ring conformation and of the 

possibility of intramolecular hydrogen bonding in solution 

were made by means of I H NNR spectroscopy. 

Computer calculations were also used in conjunction 

with X-ray data on fibre repeat distance and screw 

symmetry to Investigate the feasibility of a triple helical 

conformation for 3-13 glucan. 	Polarised infrared 

radiation was used to investigate the possibility of hydrogen 

bonding of the type expected for this type of chain 

conformation. 

The crystal structure of strontium -4,5digalac 

turonato was investigated as a model for inter-residue 

interactions across the glycosidlo bridge for the poly-

sacoharide and also as a model of interactions involving 

cations and water of ørystallisation in addition to that 

provided by galsoturonic acid salts previously investigated. 

The structure is discussed in these terms. The conformations 

of the rings and the hydrogen bonding pattern In the 

structure are also discussed. 

Part of the work described in Chapter 2 of this 

thesis has been published In collaboration with Dr.D. Reese  

A reprint of this publication Is included at the end of the 

thesis. 
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GENERAL INT RODUCTI ON 

Occurrence of Acidic Polysaccharides in Nature 

Acidic polysaccharides occur in a wide range of plant 

and animal life. They occur extensively in marine algae, 

in the cell wall material of various land plants, and in 

animal fluids and connective tissues. Acidic polysaccharides 

of complex structure occur in plant gums and mucilages and 

probably in most species of bacteria. 

Two main types of functional group can give rise to 

acidity in polysacobarides; sulphate groups, in which the 

sugar residues are present as halt esters of sulphuric acid, 

and carboxylate groups, usually present as hexuronic acid 

residues, or occasionally as pyruvie acid kotals. 

Polysaccharides with phosphate ester groups also exist. 

They occur as phoaphomannans in yeasts of the Hansonula genus 

(1(a)). 	These polysacoharides are pbosphorylatod polymers of 

D-mannose in which oligosacoharide units are joined together 

by phosphodiester linkages, for example Hansenula capeulata 

NRRL Y-18112, for which the structure 

-D-Nanp 1,24*D_Manp 1-],,  i+6 -D-Manp 1--2 cL-D-Manp 1- 
'4. 	 2 

1 
a-D-Manp 

has been proposed. Whee - represents orthophosphate in 

the diester linkage [-O--O-] 

OH 
Some bacterial capsular substances have a similar type of 

structure. 	(1(b)), for example, Pneumoeocous typo 6. This 

has been shown to have the structure: 



-[-2 x-D-Galp 1-+3 a,-D-Gp lr~-3 c-L-1Thap 1-+3 ]-(or L)- 
0 

Rib it ol-0--0- J- 
OH 

Sulphated polysaccharides occur in marine algae and also 

in animal connective tissues. 	Amino groups and uronie acid 

residues are also present in most animal polysaccharides. It 

is probably worthwhile to consider the seaweed and animal 

polysaccharides together, in view of the similarities in 

chemical structure of many of these, and also in the tissue 

structure in which they occur. 	This consists of rigid 

oriented fibres, which are cellulose in marine algae and a 

protein (usually collagen) in animal connective tissues, and 

an amorphous polysaceharide matrix. 

The polysacoharides of the agar-oarrageenan group from 

red seaweeds (Rhodophycese) and some glyoosaminoglycuronans 

from animal connective tissues have been shown (2) to be 

essentially alternating copolymers of the type 

,.. ..A-(1+3)-B-(l 	-A-(l-*3)-B-(l-L) ..... 

In the seaweed polysacoharides, the residues are 

galactose and (usually) 3,6-anhydrogalaotose. 	In the animal 

polysaceharides, they are hexuronc acids and hoxosamines. 

Some of these residues are present as various sulphate esters. 

The former group consist of agarose, porphyran, X, X-, L- 

id -carrageenan and X-furcellaran. The latter group are 

ohondroit in, its 11.-sulphate and 6-suiphate1hyaluronie acid 

and dermatan sulphate. 

Keratan sulphate has a similar type of alternating 
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structure to that of the latter group. 	Galactose and/or 

its 6-sulphate is present as one of the repeating residues 

instead of a hexuronia acid. 

This similarity in structure gives rise to similarities 

in stereochemistry (3) which may be related to biological 

function. 

Agar may be considered as a range of polysaccharides, 

having the same backbone structure, but substituted to a 

varying degree with charged groups. These may be fraction-

ated to give agarose, which contains only small amounts of 

sulphate esters, and agaropeotin, which contains a higher 

proportion of sulphate esters and also units of pyruvic acid, 

which are present as keta]. (4,6-0-(l-carboxyethylidine)) 

derivatives of constituent D-galactose residues.. Recent 

work (Li.), in which fractions with differing sulphate and 

pyruvate content were isolated when factors such as temperature 

and pH were varied in the extraction, has shown that agar is a 

continuous range of polysaccharides from the agarose extreme 

to the agaropeotin extreme. 	The idealised agarose structure 

(Table I) containing no charged groups appears to exist only 

in very small proportions. Agarose may thus be considered 

as the fraction of agar molecules having the lowest content 

of charged groups and hence the greatest galling ability. 

Animal tissue polysacoharides which have  different 

type of structure from that already described include heparin 

and hepritan sulphate. 

Recent work (5,6) has shown that heparin consists mainly 

of l-. linked c.-L-idopyranosyluronic acid residues and 2-amino- 



Table I 

Polysacoharidesof Animal and Seaweed Tissues of General Struote 

Heteropolysaooharids Residue A Residue B Some sources ,in Nature 

c-Carrageenan 3,6-anhydro-c-D-Ga1p3 	
e -D-Ga1p 4-sulphate, 4-sulphate,

ARardhiel1a 
uoheumapinosup2 ) 

• and some a-D-Galp 2,6- p 
• 

tenepa ) 

disulphate ) 

-Carrageenan 316-anhydro-ct-D-Galp and i-D-Galp 14-sulphate Chondi'us orispus 
some 	.-D-Galp ) 
6-sulphate 

X-Fureellaran 36-arthydro.-D-Galp and -D-Galp and its Furarifastigta ) 

some x-D-Galp 4-sulphate ) 

6-sulphate ) 

)-Carrageenan I-Galp2,6-disulphate. -D-Galp and its 	) )Red 
)Seaweeds 2-sulphate 	 ) Ohondrus orispus 

(Rhodophyoeae) 
i-Carrageenan 3,6-anhydro-a-D-Galp 3-D-Galp-4-aulphate 

and a-D-Gaip 6-sulphate 

Agarose (idealised 3,6-anhydro-cL-L-Galp R-D-Galp Gracilaria, Gelidium 
structure) 

Porphyran 3,6-anbydro-a-L-Galp -D-Galp 
and 	-L-Galp 6-sulphate and its 6-methyl ether Porphyra umbilicals 

Chonth'oitin -D-Gp A 2-acetamido-2-deoxy 	) ) 
3-D-Galp 	 ) ) 

cbondroitin-L.-sülphate 8-D-Gp A 2-aoetamido-2-deoxy 
) 

Cartilage 	 ) 4 Principal, 3-D-Gal 	4-sulphate 
) ) 

Mucopolysacoh and es 
Chondroitin-6-sulphate.  -D-Op A 2.-acotamido-2-deozy 	) ) in connective 

-D-Galp 6-sulphate 	) ). tissues in 
• 

Hyaluronic acid -D-Gp A 98 
) 

2-aoetamido-2-deoy ) 

)animals 

• -D-Gp Vitreous humour (eye) ) 
Syriovial fluid (joint ) 

lubricant)) 
) 

Dermatan sulphate a-L-Idopyranuronio acid 2-acetamido-2-deozy Skin 
and 3-D-Gp A -D-Galp-1i.-sulphate 

and (sometimes) 6- ) 
sulphate 	'• ) 

Iceratan sulphate 2-acetamido-2-deoxy -D-Galp and 
) 

Cornea (eye) 	) 
3-D-Gp and its 6-sulphate its 6-sulphate ) 



2-dooxy-D-glucOPyranQsyl residues, In approximately equi-

molar proportions, both residues containing sulphate groups 

in positions 2 and 6. D-giucopyronosyluronio acid residues 

(sulphated at position 2) appear to be only a minor 

constituent. These conclusions were derived on the basis 

of 220 Mz data for H(l) resonances of heparin (5) and also 

from the ratio of degradation products obtained from recent 

chemical investigations (6). This structure is quite 

different from that thought previously to be correct (7). 

Ileparlu occurs in mammalian circulatory tissue and has 

important biological properties, notably as an anticoagulant. 

Heparitan sulphate () is widely distributed in animal 

tissues as a constituent of cell walls of blood vessels and 

contains, equimolar amounts of 2-amino-2-deoxy-D-glucose and 

hexuronic acid (probably mainly gluouronic acid) and on 

average one sulphate group per repeating unit. 

Other sulphated polysacoharides from marine algae (9) 

Include fucoidan (fucan sulphate), found with laminaran and 

a].ginie acid in intercellular tissues in brown seaweeds. 

This contains approximately one sulphate ester group per L 

fucose residue. Complex ht:eopolySaccharide sulphates 

occur in green seaweeds (Ohlorophyceae). 

Other acidic polysaeoharidea, in which the acidity Is due 

to bezurónio acid residues, and which do not contain sulphate 

ester groups are the glycuronans, whIch, consist mainly or 

exclusively of hexuronic acid residues, and various complex 

acidic polysaccharides, which contain bexuronic acid residues 

in combination with neutral sugar residues. Examples of the 
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latter are exudate plant gums and mucilages (10) and extra-

cellular polysacobarides in various microorganisms. An 

outline of the sources and constituent sugars for some of 

these polysaccharides is given in the Table II. Acidic poly-

saccharides from plant gums and muollages are generally. 

highly branched. 

The glycuronana are polysacoharides composed mainly or 

exclusively of hexuronic acid residues. There are two types 

of glycuronan, aiginic acid and poetic substances. 

The main source of alginle acid is from brown algae 

(Pbaecphyoeae) in which it occurs in the osil walls together 

with cellulose and other polysaccharides. Similar poly-

saccharides have since been isolated from bacteria (11). 

The polyssocharide chain Is linear and has been shown to 

consist of D-mannuronic acid residues and, in most, it not 

all. alginates, L-guiuronie acid residues also, 	it contains 

l+1. linkages,. which are thout to have the 0 configuration 

for D-mannuronlc acid and the a configuration for L-guluronio 

acid residues (12). 

The polysacobaride appears to consist of "crystalline" 

regions containing one type of residue, interspersed with 

less Ordered regions containing both mannuronic and guluronic 

acid residues, This was concluded from the results of 

heterogeneous hydrolysis experiments (13) In which two resistant 

componta containing respectively L-guluronlo acid residues 

and D-niannuronic sold residues and having a degree - of 

polymerisation of around 20 were isolated. 

Pectic substances Will be considered in more detail, as 

this thesis Is concerned mainly with these and related 

compounds. 



Table II 

Couatien8uar Residues of Aodie Po1saooharides from 
Plant Gums-  and Mucilaes, and from Bacteria 

Group of Poly- 
saccharides 

- 

Main chains Side chains. 

- 	 -- 

-Main: Sources 
in Nature -- 

- 

Gums  
Nuc ilagea - 	 - - 	-- 	- - 	 - 

Galactan D-Galp D-Gp A and/or AcaoiQ gums 
Its 4-Metb7l Mesquite gum 

- 	
- ether, L-Araf - 	- 	

-- 	-'-:- 	- 	- 

- -' - and L-Rhap - - 	- 	
- 	- 

Galacturono- D-Gp A) alter- LAraf Cherry gum 
inannan D-Manp) nating L-Arap Damson gum 

D-Galp Anogoissus 
- D-Gp A - species 

D-Xylp Prunus 

Galaoturono D-Galp A) In X-Xylp,L Pucp Tragacanth gum 
rhamnan L-Rhap )varying D-Galp Khaya gum 

)propor- -D-Gp A Steroulia gums 
- )tions D-Xylp, L Ara Acidic 

- - L-fihap mucilages 
- 3-Me-D-Galp (bark, roots, 

L.-Me-D-Gp A leaves and 
- seeds of 

- various plants) 

- 	-- 

Bacterial 	D-Op ) alter- 	 Pneumococoua 
III Capsular 	D-Op A) nating 	 Type III 

D-Gp A). Ratio 	- 	- 	Pneuxn-oc000us 
D-Gp ) 	 Type VIII 
D-Gaip)- 1:2:1, - 	- - - - - -- 

D-Gp 	- - 	D-Gp - 	- Aerobacter 
D-Op A 	 aerogenes 
L-Duep 	- 	- 	- 	- 	- - - -. - 	- 



Struebure,, Occurrence and Function of Pectie Substances 

Poetic substances oocuride1y in the cellwalls-  and 

inter-cellular layers in laud plants,: partiàularly In fruit 

and young tissues (:Lk) . Examples of abundant sources are 

apples, the peel of citrus fruits, sugar beet pulp and 

oollencbyrnatissue of various plants. 

Pectic acid, the parent molecule of pectic substances, 

consists of obairs'àf 1-44  linked D-galaotopriôsyIuroiG' 

acid residues. 	Salts of this molecule are know±i as peotates, 

and the methyl ester is known as pectin. ' 

A few polysacoharidos built almost entirely of x*.Dgalaeto. 

py*anoaylUponIe  acid residues are known*' for example poetic 

acid from sunflower reads (15). 	Usually, some residue's are 

present as methyl esters and some of the structural modifi-

cations listed In Table XII are also present. 

The extent of these modifications varies acCording to 

the source of the polysacobaride. They are particularly 

extensive in some polysaocharides such as those from soybeans 

and mustard embryo's, which contain structural similarities 

to those in the galacturonorhamnan group of gums and 

mucilages (10). 

The pectic substances in plant cell walls are present in 

a gel or thick solution together with a network of fine 

fibres (microfibrlls) of crystalline or partly crystalline 

cellulose. 	Peetin gels are important ooistituents of cell 

walls of many, but not all, land plants from the first stages 

of formation to secondary thokeniug. The fluid partition 

separating 00119 a:fter division (cell plate) appears ti o cOntain 



Table III 

Structural Variations in Pectic Substances 

Feature 

2)-L-Rhap-(l-' 
insertion in galacturonan 
chain 

0-Acetylatlon of galacturonlo 
acid residues 

"Galactan" Side chains 

Branched flarabjnant  side 
chains 

Xylp- (1" 'side chains 

-.D-Galp-(l-2)-D-Xylp-(l 
probably as side chains 

oL-?ucp(l-42).D-lp-(l'' 
probably as aide chains 

-D-GpA- (lLi) -D-Gaip.(1 •0 

probably as side chains 

D-GpA-(l.>6)D-Galp-(l 
probably as side chains 

-D-GpA-(l-L)-L--FUOP-(l' 
probably as side chains 

D-Ap io so 

2-0-Methyl-D-xylOSe ) 
2-0-Methyl-L-fuqOSe ) 

Examples of Source Material 

lucerne, soybean hulls, lemon 
peel, soybean coyledonS, 
mustard embryo, apple, 
Ambilis fir bark 

beet 

soybean cotyledons 
soybean hulls 

lucerne, mustard embryo, apple 

mountain pine pollen 
mustard embryo, lemon peel, 
soybean cotyledons 

soybean cotyledons 
soybean hulls 

soybean cotyledons 
soybean hulls 

soybean cotyledons 
soybean hulls 

soybean cotyledons 
lemon peel., soybean hulls 

soybean cotyledons 
soybean hulls, lemon peel 
lucerne 

Zosteraceso 

].uo em e 
plum leaves. 
sisal 
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poetic substances. The cell wall grows from the cell plate 

by addition of cellulose, poetic substances and other poly-

saccharides. The rate of enlargement of the ,ell appears 

to be controlled to some extent by the texture of the peotic 

gel-.. 

Some indication of the nature of these gels in the 

natural state may be obtained by examining the types of gel 

that can be reformed after the polysacoharide has been  

isolated. Two types of gel may be formed by peotie sub-

stances; pectin gels in which there Is a high extent of 

(methyl) esterification (> 60%) of the constituent sugar 

residues, and gels in.whieh there is a low extent. of such 

groups. Addition of sugar or certain other low molecular 

weight cpounds to pectin results in gel formation, 

probably as a result of a decrease in soivation of the pectin 

chains (3,16). Replacement of methyl ester groups with 

ethyl ester or 2-hydroxyothyl eater groups results in loss 

of gel structure. This suggests that clusters of backbone 

chains rather than side chains are involved in gel formation, 

and that a close sterle fit is involved between adjacent 

residues, which is disrupted by the above modifications. 

Also, one acetyl group on every eighth residue reduces 

gelling ability considerably, suggesting that several 

consecutive residues on each chain are involved, In the 

contact. These chain clusters may be called "mioroorystal-

lites" (3). Where osteriftoation is incomplete, electro-

static repulsion of earboxylate groups destabilises this 

association. Gels may, however, be formed if this can be 



neutralised by packing with a suitable cation such as 

Ca. 	It has been suggested that these cations function by 

bridging of the type _COOeCaeOOC and/or chelation, but, 

this is insufficient to account for gelation. (3), though 

these factors may be involved to some extent. Increasing the 

proportions of Q5++  results in a decreased volume of the gel, 

probably due to an increased number and size of m1croerystallite 

resulting in a more tightly linked structure. Also, gel 

properties such as strength and texture depend on the method 

of preparation when the same constituents in the . same propor-

tions are used, showing that gels are not equilibrium states. 

This, and the presence of birefringence and X-ray crystallinity 

shown on drying the gol,is consistent with the mioroorystal-

lite theory. 

Chain Conformation of Poly'saoeharides - Methods of Determination 

General Considerations 

The chain conformation of a polysaccharide Is influenced 

by the linkage positions and ring conformation of the 

constituent sugar residue. The former are generally deter-

mined by chemical means. The latter has been shown to be a 

Reeves (17(a)) Cl or 10 chair for most pyranoso rings on the 

basis of X-ray diffraction and NMR results. Boat and skew 

forms are energetically less favourable (17(b)). 

Having established the conformation of the constituent 

residues, and assuming appropriate bond lengths and angles for 

these, the chain conformation of the polysaccharide can be 

defined In terms of the angles of rotation 	about the 



,1 	••' 	,. 	 9, 
-.0 

bonds to the oxygen atom bridging the sugar residues, 

relative to an arbitrary starting conformation in which 

0 =./ = 0, and the angle between these bonds (a). 	This, 

applies to regular structures, in which 0  and [' are constant 

for each type of linkage and is illustrated below for 

U.-1-4 linked D-galacturonio aoid residues. 
COON 

YAO 

ON 

ON 

a-D-Galacturonic Acid 	 a-D-Galacturonic Acid 

Cl conformation . 	 '10 oonformation 

4O 	

Conformations are 

ii 	weoC 	 named according to 

cP 	 .- 

 

Reeves' 

N 	¼ 	conventions (17(a))

Wo 

 

Illustration of 0 and for a 

chain of galacturonic acid 

residues in the 01 conformation. 

In the case of - ,6 -146 linkage, a third rotational angle, w, 

must be considered to allow for rotation about the 0(5)-0(6) 
\ 

bond. 	 . . 

The position Of ring substituents such as carboxyl 

oxygens and hydroxyl hydrogens is not defined exactly, as 

these are free to rotate about the appropriate bonds, - 

Computer calculations taking all of these rotations into 

account for all values of.:O and 1 would beprohibitively \ 
expensive and time-consuming. In order to out down on 
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computing time, it is often. possible to assume that sub-

stituents will rotate to the most favourable posi'tions on 

steno grounds, and for hydrogen bond formation,, where this 

is possible. 	The effect of side-group rotation on selected 

conformations of low energy is currently being investigated 

for some polysacohanides.' These calculations are aimed at 

calculating the properties of the average conformation in' 

solution. 	Conformation of polysaccharides in solution will 

be discussed further in a subsequent paragraph. 

Only one set of values of 0 and IY is rquired to define 

the conformation of a regular homopolymor. 	In the case Of an 

alternating (-A-B-A-B-) copolymer two sets of values are 

required, one for the A-B linkage, the other for the B-A 

linkage. 

Two other parameters characteristic of regular or helical 

structures are n, the number of residues per 3600  turn of the 

helix and Ii, the projected length of each repeating residue 

along the helix axis. 	The determination 'and application of 

these parameters in calculation of chain conformation will be 

discussed in subsequent sections. 

The main methods which have been used in determination 

of polysaccharide conformation are X-ray diffraction, computing 

techniques and infrared dichroism for investigations of solid 

state conformation, and 'H NMR spectroscopy and optical 

rotation for studies of conformation in solution. 

Some polymers, for example certain polypeptidos, may 

have unique solution conformations. This is not often the 

case for polysaccharides (16), though the conformation is 
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considerably restricted by Van der Waals repulsions, as shown 

by computer model building calculations on polysacoharidos 

studied to date (3, .20, 21, 22,37, 42, 44, 46), which.., 

suggest. that at least .90% of possible values, of.. and ' will 

be disallowed in most oases. Enough flexibility remains be 

make the overall. conformation tend to be disordered and 

fluctuating in solution, thus maximising the entropy.. Also, 

polar and intramolecular hydrogen bonding forces, which may 

encourage the formation of regular chain conformations in 

the solid state, tend to be quenched in aqueous solution. 

Thus, studies of poiysaccbarlde conformation in, solution 

generally serve to determine the average conformation, as 

opposed to the preferred conformation in the solid state. 

This section outlines the principles of the methods of 

investigation of polysaccharide chain conformation, and some 

of the results which have been obtained from them. 

X-ray Diffraction 

X-ray diffraction studies on polysacobarides are usually 

made on fibres, 	Most polysaccharides do not form crystals, 

and thus work with fibres is often the only feasible approach. 

In some respects, such as obtaining an initial trial 

conformation, analysis of X-ray data for polysacoharide 

fibres is more straightforward than it is for a.orystalline 

carbohydrate. 	In others, such as packing, determination of 

the space group and refinement, it is more difficult and may 

oven be impossible to solve. Usually, over a thousand 

reflections can be obtained for a crystalline carbohydrate. 
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For a polysaccharides: it is seldom possible to obtain more 

than fifty, and thus, additional information is required in 

order to interpret the X-ray diagram. 

Generally, chemical methods have been most fruitful in 

determining the nature, linkage positions and linkage can -
figuration of constituent residues, and X-ray studIs..have 

been used mainly to investigate features of the secondary 

structure, such as regular Intramolecular hydrogen bonding, 

helical conformations and the presence of multiple helices. 

In low molecular weight compounds, the unit cell en- 

compasses entire molecules. 	Thus, end groups are an Integral 

part of the unit cell and crystal structure. As the length 

of the molecule increases, the forces arising from end groups 

become less important in determining the structure than 

forces between the chains. A sublattice or inacromoleoular 

lattice is formed in which end groups occur at no regular 

position, and thus, they do not give rise to any reflections 

in the X-ray diagram. 	Sublatt ice features occur when macro- 

molecules are of irregular length. When a parallel array of 

chain molecules erystallisos, the crystalline structure 

depends uniquely on the nature of the repeating unit and the 

interunit linkage, and not on the chain length. Co-operative 

processes of this type ("crystallites") are never more than 

a few hundred angstroms in length. 

The X-ray pattern for a polysaccharide fibre resembles 

a single crystal rotation diagram, In which the fibre axis 

corresponds to the rotation axis, but rotation is not necessary. 

This implies that the crystallites have a common orientation 
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along the fibre axis and cylindrical symmetry about this axis. 

The fibre repeat, b, and the number of repeating units 

per turn, n, can usually be determined from fibre diagrams, 

the former from line spacing, the latter from systematically 

absent or very strong reflections. 

Owing to the small number Of observable reflections, the 

procedure for interpreting data differs somewhat from that for 

a single crystal. 	In both oases, the parameters for the unit 

eell are deduced, the reflections indexed, the space group 

determined (if this is possible for the fibre diagram) on the 

basis of systematically absent reflections. 	The density of 

the specimen is determined to obtain the number of molecules 

or residues per unit cell, and the intensity of the reflections 

is measured. For a single crystal, the intensities are used 

to obtain structure factors for all reflections. These are 

used to determine the crystal structure by means of a Fourier 

synthesis. 

A fibre diagram does not give enough reflections for 

structure determination by Fourier synthesis. A structure is 

postulated from the evidence available, and structure factors 

are calculated from atomic coordinates of the assumed structure 

and compared with experimentally determined ones. If the 

postulated structure is correct, good agreement will be found. 

The approximate structure is usually already known for 

polysacoharidea. 	Computing techniques can be used to obtain 

sterically reasonable  conformations with the appropriate n and 

b values. This method is useful for checking results from 

the "trial structure" procedure. 
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The chain nature of linear polymers permits structures 

which cannot generally exist-in crystals of small molecules,, 
for example helical chains. These have been observed for a 

number of proteins and synthetic polymers, as well as for 

polysacoharide. 	Helical structures have cylindrical 

synmi et xy and tend tO pack in a h exagonal manner. This can be 

recognised by the presence of one or two strong hexagonal 

reflections. 	If the helix is viewed at right angles to the 

chain axis, it Is seen to have a sine wave structure, with 

planes of strong diffracting power at approximately 450  to 

the helix axis, giving rise to strong diffracted intensity 

at right angles to the planes. The separation of the 

reflections is Inversely proportional to the distance between 

the planes. Thus, the X-ray diagram may exhibit a strong 

X-shaped pattern, for example amylose triacetate. 

In a helal structure, n and h are clearly defined, 

and the trial and error approach to structure determination 
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,(l) the size of crystalline regions In the sample 

(a) the de8reeofparal1e].iatfl betweenthe ohains andthe 

fibre axis.  

.... .. .... 

If the crystalline reiors were large and exactly 

parallel to one another:  and ba the fibre  axis a diagram of 

the type shown abOve woui be 6btained0 'In  practice, the, 

crystalline regions maynót belarge êndugh to give sharply 

diffracted beams, resulting in weak diffuse spots and possibly 

the absence of the weakestreflections. '. Also, the crystall-

itesare never exactly parallel to one anOther, with the 

result that arcs are often observed instead of discrete spots. 
----S 	

- 

In poorly orientated samples, this can cause uncertainty in  

indexing reflections and in'tetmination ofunit cell 

parameters. 

1rogres8 orX-ray' Ok1'bonpoly'saOcha rides bef ore,  I967 

has 	 ;....... 

Computing Techniques 	 S  

Two main types of apprbach have been used in calculation 

,• of natural polymer confprmations0 	These are the. "hard 

sphere! calculations --in  which conformations were classifid 

as "disallowed' or "allowed" on the basis of the presence or 
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absence of interatomic contacts with distances of less than 

the sum of the Van der Wasis radii of the atoms concerned. 

This concept is an inexact one as it treats atoms as spheres 

which are incompressible within certain limits and makes no 

allowance for interaction outside these limits, such as weak 

Van der Wasis attractive forces. 	Also, the hard sphere 

approach in itself does not indicate whether any conformations 

within the "allowed" region are likely to be preferred. This 

point will be explained more fully in the subsequent 

discussion. 

A second type of approach has been developed from the 

"hard sphere" calculations and has been applied mainly to 

polypeptides (19). 	The total energy is estimated for intra- 

molecular interaction for each conformation, by applying 

energy functions to account for factors such as Van der Waals. 

attractions and repulsions, hydrogen bonding, dipolar Inter-

actions, torsional barriers to rotation about single bonds 

through interactions of electrons in adjacent bonds, bond 

angle stretching and bending. 	Intermolecular interactions 

such as crystal packing and solvation should also be 

considered for a complete treatment. Many of these energy 

functions are semi-empirical making use of experimental data 

to evaluate constants for theoretical functions. 

Dipep tides and polypeptides are useful model compounds 

for these studies in view of the possible variations in 

structure and their effects on chain conformation. 	These 

..._ OH-N-i 
have a general formula of the type 	 jn 	The 
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conformation of polypeptides can be influenced appreciably 

by such factors as the tendency for inter-residue C=O---li-N 

hydrogen bonds to form in helical structures. This type 

of rigid helical structure may persist in solution in some 

oases. 	The nature of the aids chain, R, is also important. 

Bulky side chains restrict the chain conformation consider-

ably and may also prevent inter-residue hydrogen bonding. 

The relative importance of terms in the energy expression 

will thus be influenced by factors such as these. studies 

on various dipeptides and polypeptidea, starting with the 

hard sphere approach, then applying energy functions for the 

terms likely to be most important and comparing the results 

with experimental determinations of chain conformation, have 

been useful in developing these functions. The literature 

on this subject has been reviewed by Soheraga (19). 

Recent attempts have been made to obtain a bettor 

understanding of interaction energies and hence to be in a 

better position to assess the empirical energy functions 

currently in use to represent these. This was done by 

means of molecular orbital calculations on small molecules 

of known crystal structure (19). 

Stable conformations of polymers in solution may be 

considered as local minima of a conformational energy function 

comprising the sum of the potential energy for all intra- 

molecular interactions of the types mentioned previously 

and the tree energy for all interactions involving the 

solvent. 
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Generally, polymer shapes will be fluctuating In 

solution between conformations corresponding to these various 

local energy minima.. The most stable conformation is 

assumed to be the local minimum which has the highest 

statistical weight, which Is determined by eutropic as well 

as energetic terms. 	Methods for evaluating statistical 

weights have been derived (19(b)). 

Calculations for polysaccharides, involving all the 

factors mentioned above would obviously be very complex. In 

view of the considerable steno restrictions on polysacobanide 

conformation shown by bard sphere calculations on cellulose 

(21,22) and other polysacohanidea (37,41.,46), the Van den 

Waals Interactions, especially repulsion, may be particularly 

Important, and a quantitative approach to energy calculations 

has been concentrated mainly on this term. Calculations of 

this type have been made for amylose (20) and for cellulose 

(21,22). 

In deciding whether it would be worth while to apply 

this type of approach to the chain conformation of pectic 

substances, it was borne in mind that the results of such 

calculations appear to be very sensitive to assumptions about 

bond lengths, bond angles and the type of energy functions 

used. 	Unlike the cellulose calculations (21,22) (in which 

Van den Waals' energy functions were applied), where 

accurate X-ray data were available for cellulose which could 

be used to check the validity of the calculations, no suitable 

disaccharide or monosaccharIde data were available for 
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galacturonio acid or galactose at the time when the 

calculations for pectic substances were carried out. 

Arabinose and gluooae coordinates were used with 

appropriate modifications. 	Also, it would be difficult 

to devise suitable energy functions to treat the charged 

carboxylate groups satisfactorily. This problem would 

be further complicated by the uncertainty in orientation 

of the carboxyl group as this can rotate about the 

C(5)-C(6) bond. 

In view of these difficulties,, It was decided not 

to make use of energy functions in calculation of the 

chain conformation of poetic substances. 	"Hard sphere" 

calculations were made. 	In these, 0 and T were 

systematically varied from 00  to 3600  in 100  intervals and 

each conformation was checked for unfavourable contacts. 

A "hard sphere map" was obtained showing the regions of 

"allowed" conformation. 	In order to determine the 

"preferred" conformation, u and h were calculated for. 

each set of values of 0 and 1, and compared with those 

found from X-ray data. n and h can be related to the 

dihedral angles 0 and T for regular or helical structures, 

i.e. those In which 0 and T between repeating units are 

constant (23). 
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R12= Distance 1 - 2 

3. 	 R= Distance 2
23 
	 - 3 

	

= Distance 331 
	 - 1 

Angle 3 -1 - 2 

2 	Angle l-2-3 

= Angle 2 - 3 - 1 

Illustration of parameters required to calculate nand h, 

for -1->4-D-galacturonan. 	The ring substituents are omitted 

for clarity. The starting conformation (0 	0) is defined 

as that in which a(1.), c(1),o(1), OW) and c(V) are oo-., 

planar. 	In this oonfàrmat.ion C(4)°'°c(1) and 0(1)-CUt') 

and also C(l)-0(1) And C(L.')°•C(l) are eclipsed. 	(Prime 

denote atoms on the reducing residue). 	Some earlier programs 

for hard sphere map calculations used a different starting 

conformation (see subsequent discussion). 	.• . 	 . 

For a homopolysacoharide, n and h can be defined in 

terms of the paramejers shown above, whore T12()  is the 

dihedral angle between 2 - 3 and  3 - 1,. T(=) is the 

dihedral angle between 2 -,3 and .'l - 2 and also T23, the 

dihedral angle: between 1 - 2 . and 3 	1 C0(4)-o(1) and 

0(l)-O(l) for a l-.L1. linked  polysaccharide). 	For an 

alternating copolymer, a similar set of parameters must be 

defined for the second residue.typeQ 	 • • •• 

• These parameters will subsequently be referred to as 

residue parameters. . 	• 	• 	• 	• 	- 

The sense of rotation of 0 and (except in some earlier 

programs which have the opposite rotation sense for 0)  is 
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positive when residues are rotated clockwise, when viewed 

along the 0-C bond. 

Residue co-ordinates for computer model building 

calculations are usually derived from mono- and disaccharide 

structures determined by X-ray diffraction studies. 

Early studios of polysaccharide conformation assumed 

standard bond lengths and tetrahedral bond angles through-

out. However, it has been found that some bond lengths 

and angles differ appreciably from these standard values (24)- 

Go-ordinates of various pyranose structures which had 

been accurately determined by X-ray diffraction were compared 

by Ramachandran (25(a)). 	It was found that bond lengths and 

angles were fairly constant within this group. X-ray data 

for disaccharide structures suggested a bridge angle of 

around 1170. 

Thus, it seems likely that the use of X-ray data to 

provide the starting residue co-ordinates and bridge angle 

for computer model building calculations should give 

reasonably reliable results. Also, where no suitable X-ray 

data are available for the constituent sugar residues of the 

polysaceharide, the error involved in using X-ray data for a 

different sugar, with appropriate modifications, should not 

be very great. This assumption can be checked by using two 

independently derived sets of X-ray data. 

In most "hard sphere" map calculations, a "marginally 

allowed" region of conformation is also calculated. This 

region comprises conformations with interatomic contacts of 

up to 10% less than the sum of the Van der Waals radii of the 
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atoms concerned. 	This slight steno compression may be. 

offset by other factors such as the formation of intra-

molecular hydrogen bonds.. The use of.a "marginally 

allowed" region of conformation also allows for possible 

errors in the starting co-ordinates. 

In earlier conformational studies of cellulose and some 

other polysaccharides, a different starting conformation from 

that explained previously was used. The bonds to the 

glyoosidie oxygen atom and the hydrogen atoms at the linkage 

positions were coplanar (25(b)) i.e. 0(1), H(l), 0(1)., C(L') 

and H(Lj..'), are coplanar in the case of a 194 linkage. 

This starting conformation was discontinued In favour 

of the one explained previously, in view of the Inaccuracy 

Involved in determining hydrogen atom positions by X-ray 

diffraction. 

Infrared . Di obro lam 

Infrared absorptions are associated with changes in 

vibrational and rotational energy states In molecules. The 

latter are of very small energy relative to the former, 

and do not occur In polymers where there is no free rotation. 

A condition for the absorption of radiation Is that the 

dipole moment of the molecule should change. Thus, defor-

mation or stretching of polar groups such as 0=0, 0-H and 

N-H gives rise to strong absorption bands. Bands of 

frequency greater than about 1500 cm are generally easier 

to observe, as the obromophores are more widely spaced in 
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this region. 	Bond stretching frequencies are thus most 

readily observed. 

Information can be obtained on the orientation of some 

functional groups if polarised radiation and oriented samples 

are used. 	The latter are usually in the form of stretched 

films. 	Differences in intensity of absorption are observed 

when the electric (E) vector of the polarised radiation is 

in a plane parallel to the axis of orientation of the sample 

from those observed when it is perpendicular to this axis. 

This effect is known as the diobroic effect. 

The intensity of the absorbed band depends on the 

transition moment for a vibrational transition (U). 	This 

is a vector and is a function of the dipole moment vector. 

The intensity of absorption is a function of the angle 

between M and the plane of the E vector. 

For perfectly oriented samples, it can be shown that 

the dichroic ratio, i.e. the ratio of optical densities for 

the parallel and perpendicular polariser settings, is given 

D17/b = 2cot2a 

where n is the angle between the transition moment vector 

and the axis of orientation. 

In practice, this expression must be modified to allow 

for imperfect orientation and for a fraction of disordered 

polymer. 	The theory is given by Elliott (26). 

The direction of the transition moment has been 

determined for some polymer bands using simple model compounds 

of known crystal structure. 	This method has been used to 
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determine the direction of the transition moment for the OH 

stretching vibration for adipic acid (27). 	The crystal 

structure of this material has been determined by X-ray 

diffraction. The positions of the hydrogen atoms were not 

determined but, assuming an angle of 105°  between the C=O 

and 0-H bonds, it appears that the direction of the transition 

moment is along the 0-H bond. 

Thus, for oriented polysaccharide samples, infrared 

spectra using radiation polarised parallel and perpendicular 

to the direction of orientation should give evidence on the 

orientation of OH groups and hence of the type of hydrogen 

bonding present. 

The polysaccharide is usually deuterated, using a supply 

of nitrogen saturated with D 
2 
 0 vapour, before running spectra. 

The amorphous regions deuterate much more rapidly than the, 

crystalline --regions, giving rise to an OD peak at around 

2500 cm- 1. 	A characteristic spectrum in the OH region is 

then obtained for the "crystalline" region. 	Prolonged 

deuteration in liquid D 2  0 followed by back-exchange results 

in a similar residual spectrum in the OD region. 

A difficulty arises in the instrumentation, as the beam 

is partially polarised by the prism or grating before reaching 

the polariser, so that the intensity of transmitted radiation 

is different when the E vector is parallel to the slit from 

that when it is perpendicular to the slit. This effect can 

be overcome by orienting the E vector at 450  to the slit, 

resulting in the same transmission when the E vector is 

parallel to the axis of orientation of the sample, and when 

it is perpendicular to it. 
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'H NR Spectroscopy 

In most of the earlier work on the ring conformation 

of carbohydrates, D 2  0 was used as the solvent. 	Conclusions 

were based mainly on the observed chemical shifts and 

coupling constants for the C(1)H 	 proton. 

This proton absorbs at considerably lower field than 

the others, probably due to the de-shielding effect of.the 

ring oxygen. Equatorial protons were found to absorb at 

lower field than axial ones, usually by about 057 (28),, 

though some overlap in. the ranges of absorption has been 

observed (29). 

The 	coupling constant, J EH  ,, for protons on adjacent 

tetrahedral carbon atoms, has been shown to be related to 

the dihedral angle, 0, between the protons, by a modified 

Karplus equation (30) of the form 

= F(A cos2 0 - 028)Hz. 

where A = 85 for 0 < 0 < 90 and. A = 95 for 90 < 0 < 180 

and F is a proportionality factor. 

The splitting depends on factors other than the dihdral 

angle, but the large difference in dihedral angle between an 

axial-axial orientation of 11(1) and 11(2) and an axial-

equatorial or equatorial-equatorial one allows the former to 

be distinguished readily. Glucose and maltose In D 2 0 were 

found to have both rings in the Cl conformation (31). Data 

for various polyglucoses were also consistent with this 

conformation (29). 

However, it is not always possible to determine ring 	- 

conformation unambiguously on the basis of anomeric proton 
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resonances alone, and an assignment of other signals may be 

necessary* goat conformations which othUd account for 

observed C(i)H resonances appear to be highly improbable on 

the basis of energy considerations (17(b)). 

More recent work, using dimethylsulphoxide (DM50) as 

solvent has provided information on hydroxy proton 

resonances (32). 	In solvents such as deutorochloroform and 

carbon tetrachloride, the OH resonances are obscured by cii 

resonances. Traces of Said always present in many common 

NMR solvents oatalyse proton exchange, so that spin-spin 

splitting of hydroxy proton resonances is not observed. 	In 

DM50 solution, there is strong hydrogen bonding to the solvent, 

so that the OH signals are shifted downfield. The rate of 

proton exchange is reduced sufficiently for OR proton 

splitting to be observable. 	OR resonances in DM50 lie below 

the 013 side band for the solvent, so that DM50 can be used, 

rather than the more expensive DM5O-d6 . Only OH and C(1)H 

signals fall within the range accessible with the former 

solvent. Other OH signals can be observed if DM50d6  is 

used. The OH resonances can be observed by addition of a 

few drops of 020  which is sufficient to remove the hydroxy 

proton signals. 

Regularities were found in the hydroxy proton spectra of 

c and 0 anomers of sugars in the giuco-, galacto- and xylo- 

series (33). 	The observed ranges of chemical shifts and 

coupling constants were: 

3'70 -L'05 	J = 400 - .5 Hz for ct anomers 

= 340 - 3'68 ppm, J = 60-70 Hfor anomers. 
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Generally, these were the only signals observed in the 

region below 51 for monosaccharides. 	Maltose and poly- 

glucoses in the c-l-. series (amylose, a- and -oyoiodextrin) 

show a downfield displacement of non-anomeric OR signals to 

below 5T. Maltose shows two such signals per molecule. 

These were attributed to "internal" 0(2)11 and 0(3.')H signals 

suggesting that some degree of intramolecular hydrogen 

bonding between these groups persists in solution. 

Maltotriose shows four such OR signals. This is 

consistent with the above interpretation. 	Spin decoupling 

experiments on 0 maltose verified the assignment of the low 

field signals to 0(2)H and 0(3')H (33). 

The low 0-H stretch frequency observed in the infrared 

for various monosaccharides, disaccharides and polysacobarides 

(3300- 3400  em) indicates association of the OR groups to 

the solvent b hydrogen bonding. An inflection on the low 

frequency side of this was shown by compounds having "Internal" 

0(2)11 and 0(3")H signals. 

200-Trimethyl butanol, in which access to the OR 

group by the solvent is hindered by steno factors absorbs 

at higher frequency (3415 am-')  and has a higher OR chemical 

shift (6'22T), suggesting that the downfield shift and 

lowering of the hydroxyl infrared absorption frequency are 

determined mainly by the strength of hydrogen bonding where 

no electronegative substituents are present. 

An increase in temperature results in an upfie].d shift 

in the OR resonances. This can be attributed to decreased 

solvent-solute association. This causes signals to broaden 
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and coalesce, as solute-solvent hydrogen bonding no longer 

impedes OH proton exchange. The C (l)H resonance can thus 

be seen more clearly at higher temperatures. 

Similarities in the H(i) H(2) coupling constants for 

deutepated glucoses and zy loses suggest that a similar Cl 

conformation exists in both solvents.. 

In addition to the indications given by "internal" OH 

signals of the type found for maltose and polyglucoses, some 

indication of the chain conformation of polysaceharides may 

sometimes be obtained on the basis of diamagnetic shielding 

of protons at linkage positions by the 0-C bond to the 

neighbouring residue when the C-H and C-O bonds are near 

to the eclipsed position. This effect was investigated on 

methylated (34) and acetylated (35) derivatives of amylose 

and oyclodoxtrins, but only an approximate indication of 

chain conformation could be obtained in this way. 

The indications of intramolecular hydrogen bonding 

shown by 'H NMR spectra of some disaccharides and oligo-

saccharides, in conjunction with optical rotation and X-ray 

diffraction data, has provided a much more accurate indication. 

Optical Rotation 

Recent developments have been made in the interpretation 

of optical rotation data for disaccharides, oltgosaccharidos 

and polysacoharidos in terms of the dihedral angles 0 and Y at 

the linkage positions (36,37). 

Discrepancies in optical rotations of disaccharides and 

oligosacoharides differing only in their linkage positions 
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have been noted. The possibility that these are due to 

conformations? differences was investigated, applying the 

principles of additive and subtractive treatment for optical 

rotation enunciated by Kauzmann (38) 0  in which optical 

rotation - is considered as a sum of interaction effects between 

groups. 	A linkage rotation, [A], was defined in this 

context for a given wavelength of radiation 

(1M N) + 

where ENRIis  the molecular rotation for a disaccharide 

containing a reducing (E) and a non-reducing (N) residue. 

[MMON) is the molecular rotation for the methyl glycoside of 

N and [IVIR ] is the molecular rotation for the reducing 

residue R. 

The molecular rotatioi is defined as 

[MI = Molecular weight x []/iOO 

[A] may be considered as the optical rotation due to inter-

actions across the glycosidic linkage, less the contribution 

to [N N' and [Mn ) due to the loss of the methyl group from 

N and the hydrogen from R in forming NE. 

Brewster (39) predicted the optical rotations of 

monomeric sugars by considering two types of interaction. 

One type, involving certain types of non-bonded interactions 

is unlikely to be important in determining the most favourable 

conformation in polysaccharides. The other type involves 

interactions between chains of bonded atoms taken four at a 

time, for example, for a l4 linkage these are 

c(2)-c(1)-o-c( 1 ), 0(5)-c(1)-o-c(.'), c(1)-0-0(')-0(5') and 
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j(l)-o-c(4)-0(3'). 	By adding these contributionsbogether 

and subtracting those for C(Me)-0-C(l)-0(5) and 

C(Me)-0-C(1)-C(2), an expression for [A] can be derived (36). 

This is of the form: 

[A C6101D=  A - B(sin M' + sin 1) 

This expression applies to di- and oligosaccharides 

where the sugar residues are in the Reeves Cl conformation, 

and the D configuration. For the sodium D line, A = -105 

for an a linkage, + 105 for a 0 linkage, and B = 120 for both 

linkage configurations. 	The first term Is due to C-Methyl 

interactions and the second to linkage interactions.. The 

convention for AT and AO differs from, that for T and 0 in that 

the starting conformation for the former (0 = 	'= 0) is 

that In which the C-H and 0-0.bonds at the linkage position. 

are eclipsed. 	. 	 . 	. 

It appears from hard sphere map computer calculations 

(37) on a rangé.of polysacoharides that smaller equatorial 

groups adjacent to the glycosidic oxygen cause an increase 

in the number of allowed conformations. 	It was found from 

an investigation of AO and AT, the numerically averaged 

Values of AO and M over all allowed, conformations for each 
\ 	 . 	 • 	• 	 : 

polysaccharide that for equatorial-equatorial glycosidic 

systems, 	and 7T were almost independent. 

O7? 
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170 was controlled by the nature of R and 	by the nature 

of R and R3. 
Changes in the size of any of these groups causes a 

shift in the average value of the appropriate angleaway 

from the larger sbstituent or towards the smaller one. 

Thus, for example, in the case of glucose and galactose 

di-, tn- and oligosacohanides linked equatorial-equatorial, 

the value for 	for oellobioSo should apply to -gluoosyl 

disaccharides and the value for lactose should apply to 

3-ga1actosy1 disaccharides. 	Calculations for AT for a 

series of such disaccharides on this basis gave sterically 

reasonable values for all disaccharides studied. 

This type of approach was used in predicting the optical 

rotation for L-oarrageenan in the random coil form (45). The 

factors affecting IST and IT when one or both linkages are 

axial appear to be more complicated and predictions are thus 

more difficult. 

In the case of 1-6 linkages, it appears that 	and 77 

have similar values to those in isolated monomers, and hence 

AT can be estimated directly from optical rotation results by 

means of the relationship 

oalcD = 120 •in AT. 

Outline of Results obtained by these Techniques for Acidic 

and other Polysaccharides 

A combination of optical rotation, 'H NMR and X-ray 

diffraction techniques has been useful in investigating the 

similarities and differences in conformation of dl-, oligo-, 
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and polysaccharides in the solid state and in aqueous and 

DMSO solution. 	'H NMR, results suggest that. the Cl chair 

conformation of polyglucosos is retained In solution both 

in DNSO (33) and in D20 (31) on the basis of O(1):H resonances. 

The downfield displacement of non-anomoric OH signals below 

5T In DISO mentioned previously was., found to increase in the 

order maltose, aniylose, - and -cyclodextrin.. Also, an, 

inflection on the low frequency side of the infrared 0-H 

stretch band was found to increase in intensity in the same 

order, and a linear relationship was found between the width 

of the infrared 0-U band and the chemical shift of the 

"internal" 0(2)U and 0(3')iI resonances (33). 	This suggests 

an increased tendency for an intramolecular 0(2)H-0(3'-)H 

hydrogen bond to form in the polysaceharide, through 

decreasing accessibility to the solvent. This explanation 

is consistent with later optical rotation results (36) for 

methy-7, 0 	in DO, which show a value for [A] which 

appears to be an average of [A] predicted for the conformation 

in the crystalline state, which contains an 0(2)H-0(3')H 

hydrogen bond, and the predicted [A] values for two Van der 

Waals energy minima found from computer calculations-(20,40)p 
suggesting that all, three conformations are present in 

solution. The crystal conformation is appreciably different 

from those of the Van der Wasis minima and is stabilised by 

the hydrogen bond. This effect is reduced In solution by 

solvation. 	Amylose in D 2  0 or DO shows a lower [A].valu.e 

than maltose derivatives, suggesting a greater tendency to 

exist in the hydrogen bonded conformation, as would be expected 
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from IR and NMR data. The conformation in solution is un-

likely to be a well defined helix, as it is known not to be 

of the rigid rod type (Lil). Hydrogen bonding is probably 

favoured by dipole interactions. Optical rotation data 

also indicate that the solid state conformation for ,eyolohexa-

atnylose is retained in DO but not in aqueous solution. (36). 

Cellobiose and lactose both show One "internal" OH 

resonance in the'R NMR spectra. This suggests an intra 

molecular hydrogen bond between 0(5) and 0(3')H. This 

hydrogen bond exists in crystalline -cellobiose and -lactose, 

the crystalline conformation of the former being: close to 

the calculated Van der Waals energy minimum (21). Optical 

rotation data show that the conformations of both disaccha-

rIdes are retained in solution. 

An interesting example of the combination of X-ray 

studies, computing techniques, Infrared diobroism, and 

optical rotation applied to acidic polysaecharidea is the 

determination of the conformation of X.oarrageenari and 

oarrageenan (3,I2). Fibres of salts of various monovalent 

cations gave similar diffraction photographs. Those. for 

L-earrageenan showed much more detail and gave a fibre repeat 

distance (13'0  A) approximately half of that for X-oarrageenan 

(246 A), Three fold helices were suggested by meridional 

reflections which occurred on every third layer line. 	Clear 

intensity relationships existed between alternate layer lines 

of X-, and consecutive layer lines of L-oarrageenan. The 

unit cell dimensions and distance between adjacent helices 

could be inferred from the L-oarrageenan photograph. A similar 
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cell fitted the requirements of the -carrageonan photograph. 

The general features of the ô.iffraction páttez and the 

close relation between 	and L-oarrageenan suggested double 

helix models for both L- and (-oarrageenans.in the former, 

both balboa have a pitch of 2601, the second helix being 

displaced by half this distance along the fibre cc relative 

to the first, cancelling alternate layer lines and giving a 

crystallographic repeat of 13'0 A, The helices in X-fibres 

probably have a similar conformation but are not exactly 

staggered as in -oarrageenan so that all layer lines remain. 

A computer was used to locate alL aterically reasonable 

conformations consistent with the X-ray data. These were 

all found to be right banded helices. The agreement between 

observed and, calculated intensities was considerably better 

for double helices than for single ones. The most promising 

conformation for L-oarrageenan suggested a hydrogen bond, 

perpendicular to the hlix axis, between 0(6) of one 

galactose residue and, 0(2) of another on the other strand. 

Evidence for such a hydrogen bond was found from infra-

red studies of - and )-carragoenan films using polar.iséd 

radiation. After douteration, the residual OH absorption 

was greatest when the electric vector of the beam was 

perpendicular to the axis of orientation (the helix ax). 

The frequency of the perpendicular band (3330 cm. 1) 

suggesting an O''O distance of 28-29 A (43). 

Gel formation in the carrageenans is oharacterised by 

an increase in optical rotation followed by a sharp decrease. 

The former was attributed to double helix formation and the 
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latter to aggregation on a qualitative basis (14). 	The 

sign and magnitude of the optical rotations accompanying 

the coil 	helix transition for '-oarrageenan were later 

predicted quantitatively (45). The helix contribution was 

calculated from AO and AT obtained from the double helix con-

formation derived as explained above, and the coil contribution 

was derived by making use of optical rotation data for related 

disaccharides 

X-ray data indicated a three-fold helix for carrageenan 

and a fibre repeat distance of 252 A. Computer calculations 

indicated an extended single left handed helix (3). 
Computer calculations have also been carried out for 

various other sulphated polysaccharides from both marine 

algae and animal sources (3,14,46). 	It was found that for 

ohondroitin, its 4-sulphate and 6-sulphate., dsrtriatan sulphate, 

keratan sulphate,, hyaluronle acid, agarose, porphyran and 

-carrageenan, the regions of allowed conformation, found 

from hard sphere calculations, were very restricted and lay 

close together for each polysaccharide investigated. Computer 

model building also showed that double helix formation was 

possible for all of these polysaccharides, though only 

agarose gave double helices with comparable geometry to those 

of the carragésnans. (- and -). This apparent similarity  

in the stereochemistry of the seaweed and animal polysaccharides 

may be useful in interpreting the biological function of the 

latter. 

It is unlikely that isolated polysacobaride chains often 

have distinct 'frozen" conformations, such as those found for 
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certain polypeptides. However, many polysaccharides appear 

to be limited to a characteristic type of chain shape in any 

regular conformation that they can assume whether, in: the 

solid state or In solution. This is shown by comptter model 

building calculations for, a number of 12, 1-3,  l and 

lInked glucans, galactana, mannans, xylans and arabinans for 

both a and P linkage configurations- ,(37), . 	These: 

calculations Indicate that each polymer  has one of four 

characteristic shapes: (A) extended and ribbon-like, 

(B) flexible and helical, (C) rigid and crumpled, (D) very 

flexible and rather extended. These chain types app ear to 

correlate to some extent with biological fwiotion, for 

example skeletal polysacebarides are usually of type' A, 

reserve and network polysaccharides are often of type B. 

Computer calculations using Van der Waala energy 

functions have been carried out for cellulose (21,22). 

These show that, of the chain conformations suggested for 

cellulose (18), the Hermansrt  conformation is the most 

favourable. This corresponds to a higher potential energy 

than the Van der Waals minimum. This is probably offset 

by efficient crystal packing resulting from the two-fold 

screw axis. 	Also, an 0(5)0(3') hydrogen bond Is possible. 

This is also indicated by a strong parallel infrared band. 

A subsidiary Van der Wasis energy minimum was found at a 

conformation which would account for chain folding in 

cellulose if four consecutive linkages with this 0.,. T confor-

mation were present (22). A similar explanation could 

probably account for the cbii folding apparently present 
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in ohitin (18). 

Strictures have been proposed for -D-1>3-xy1an (47), 

polyguluronic acid and polytnannuronlo acid (1.8), on the 

basis of X-ray diffraction data. 	These structures are of, 

interest in view of their,  similarity to polysaccharides 

under inveatigai.ion, and will be discussed later. 



MM 

CHAPTER 1 

Studies of ?ectie, Substances in Celery Petiolea 

Introduction 

The growth of the plant cell wall and the probable 

function of poetic substances in this process. were mentioned 

briefly in a previous section, but will now be considered 

in more detail. The wall contains cellulose mierofibrils 

embedded in a paly'saeoharide matrix. The nature of this 

matrix varies according to the function of the øall. A 

"softening", or increased tendency to bend under load, has 

been observed for certain tissues in which growth has been 

stimulated (16). 	One interpretation of this observation Is 

that growth is controlled by the readiness of cell walls to 

yield to pressure from within. 	It has been suggested that 

matrix polysaccharides, especially poetic substances, play a 

key part in this control. Cross-linkages in the form of 

chain clusters of the type described previously for pectin 

and pectate gels may be formed in the matrix gel. The 

former type are likely to be present in view,  of the high degree 

of esteriricatlon of many natural poetic substances. The 

latter type, involving Ca ions,appear to be present also,, 

as It is often Impossible to remove pectic substances 

completely from cell walls with hot water, unless reagents 

are added to sequester Ca Ions. Also, Ca ions have been 

shown to be present in regions which are rich In poetic 

substances. 

Cell walls Involved in extension growth, a process in 
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which tissue growth occurs by coil enlargement and the side 

walls are stretched more than the end wails, have been 

examined by electron microscopy. These studies have shown 

that the orientation of cellulose microibrils in plant cell 

side walls ranges from roughly transverse to the direction 

of extension at the inside of the walls to almost parallel 

to this direction near the outside surface. The following 

account is thought to represent the most common mechanism of 

extension growth. Cellulose microfibrils are deposited 

transversely around the wail surface nearest the protoplasm. 

Each layer is buried by a new layer deposited on top. 

Mierofibrlls within the wall are, at the same time*  reoriented 

by cell extension. This Is the theory of tnultinet growth. 

This mechanism of growth requires cellulose miorofibrils to 

change orientation and therefore to slip over one another. 

If microftbrlls are trapped in a gel, then movement relative 

to one another is restricted. 	If few cross—linkages are 

present In the coil wall matrix, polysaooharides would be 

present in a thick solution rather than a gel. This might 

lubricate the mierofibrils and would be unlikely to hinder 

reorientation. Variation of the chemistry of the matrix 

with the function at the wall is consistent with these ideas. 

Tissues with a potential for rapid growth appear to contain 

pectic substances with a high proportion of side chaims and 

often Insertions in the main chain also. This limits the 

scope for packing and hence tissues containing pectic, 

substances of this type would be expected to lack cohesion. 
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Sources of such poetic substances Include pollen (49), 

soyabean cotyledons (50),  mustard cotyledons (51) and Slime 

cells of certain seed coats (10). 	Polysaccharides from these 

sources occur in environments which are normally dehydrated 

but require to take up water rapidly with the onset of 

germination. This hydration would be assisted by.a lack, of 

cohesion In the dry state. 

A lower proportion of side ohais is found in walls 

which give support to the tissue as well as having some 

capacity for oxtention, such as those in loaves and stems 

(52) and fruit (53). 	Also, stimulated growth of some tissues 

rich in pectic substances has been shown to lead to an 

increase In the proportion of side chains (16). Thus, it 

seems likely that the molecular structure of the pectic 

substances In the matrix can Influence the properties of the 

coil wail, including those which are important for.growth. 

Other mechanisms have, however, been suggested for cell 

wall growth. Lamport (54) suggested cell wall turnover, 

autoiysis1 degradation and loosening as possible mechanisms. 

All of these mechanisms involve cleavage of covalent bonds. 

Turnover Implies a continuous synthesis and removal of a 

product, P, such that a steady state is reached where the 

level of P is constant. In the wall, P could be an entire 

macromolecule or a single covalent linkage. 

Autolysis of the wall Implies the existence of enzymes 

("autolysina") which are involved in degradation of the wail 

by specific cleavage of covalent linkages. 
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Degradation (non-autolytic) differs from autolysis in 

that enzymes are introduced from another source. 

The term "cell wall loosening" was used to cover unknown 

biochemical processes responsible for dramatic changes in the 

physical properties of the cell wall. This "loosening" 

process could also be explained in terms of the physical 

association process, described previously, between cellulose 

miorofibrils and thepolysaceharide matrix, as a result of 

changes taking place in the structure of the latter, and thus 

does not necessarily conflict with this view of the function 

of poetic substances. 

Results from some experiments suggest that pectic 

substances are turned over in growing cell wails (55). Radio-

active glucose and other compounds were Incorporated into 

sycamore call tissue. The distribution of radioactive 

glucose between pectic fractions indicated that neutral poly-

saccharides are first formed. These are then attached to 

poetic substances as side chains. 	It appears that weakly 

acidic pectinlo acid originates by transfer of neutral araban 

galactan to partially methylated peetinic acid in the cell 

wall. These experiments suggested, that the latter traction 

was being rapidly turned over. 

Experiments in which collenchyma cells from celery 

petioles placed in darkness for several days were subjected 

to acid hydrolysis followed by qualitative and quantitative 

analysis of the sugars present in the hydrolysates (56) 

showed a reduction in the quantities of all sugars analysed, 
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except glucosso  relative to the quantities norma117 round in 

celery 0011en4bin*, StAggeating * possible metabolic turnover 

of cell wall materials. The quantities of sctdio sugars 

present in the bydrol;eeto wet's, however, not cteteretn.ed. 

The turnover results of these sxperients on syoamoro 

and celery, eoUnchyia cell tissues are consistent With 

either view of the function of peotic substances in cell walls 

(i.e. either wi1h processes involving pbsicel association or.  

with those involving oleevags of covalent bonds). They are, 

nevertheless, very interesting. 

1awyø, it wouldappear that non ovalent or*oe are 

cruolal to the overall strength and texture of moist unligni.. 

tie4 cell walls (51) as the walla can., in prnoiplo,be 

completely dispersed without breaking covalent bonds, for 

example, by the sequential use of 1D.A and øpiniun 

solution. ether as.eoeiationa between chain soleculea, 

namely the tortlary etructuree, must thus provido cohesion 

in the native state, .Peotie Substanoos in matn'e tissue* 

contain fewer dheins, and *leo tower, insez'tiona in the 

main. chain, than thous of growing tiesuøa. A biological 

reason has been suggested or this (51) from the observations 

of 1oeIotsan and ireger (57) on the 001'14nohyma walls of 

celery petioles (stalks). Investigations by means of X,-ray 

diffraat ion and electron nierosocpy coupled with speoific 

extraction procedure Indicated that galacturonen ebaina in 

the natural state were to some extent peed in toro-

eryst*llites, Thus, it appears that the type of association 

involved is similar to thot which appears to exist in pectin 
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'and péotate gels (3). 	This type of association could 

provide strength and oohesin within the wall by restricting 

the movement of cellulose microfibrils relative to one 

another and providing an extra "cement". 	In mature tissues, 

especially collenchyma, .thichhas a structural role, this 

cohesion and strength, combined with water holding and ion-

exchange properties,tnay well be the main requirement of 

these matrix polysaccharides. 

It was-therefore decided to conduct a further series of 

investigations on poetic substances from collenchyma tissue: 

in celery and also in other parts of the celery petiole in 

order to determine whether ariy üi?iuàual features were present 

which would be co±lsist tLwiliithis In rretation of its 

function, and also to attempt to extract crystalline pectic 

material suitable for a complete fibre analysis. 

.; Two sources of collenchyma are present in celery 

tissues. 	These are.:  

The "skin" on the inside surface of\the celery petiole 

"strands" running along ridges on the outer surface of 

the petiole. 
I,  

VciscuIor bunckles . 
c'trcma. (Stroncs ) 

a be 

Q.I43 1It% 

I 

y'- 	coIteAC 1%.4m(Sk.0! 	ø 	Fig. 1.1 

Cross-section of a celery petiole showing the 
sourcs of collenchyma and other features. 

The following section describes the work carried out 

on collenchyma and other tissues in celery petioles. 
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EXPERIMENTAL 

Experiment 1.1 

Chemical Examination of Celery Stem Tissue 

1 g. of celery stalk was chopped up and placed in a 

quickfit test tube. 	It was then subjected to hydrolysis 

by 72 w/v sulphuric acid. A chromatogram was run of the 

hydrolysato (solvent (a), spray (1) - Methods Section). 

Hydrolysis by 72% w7v sulphuric acid was also performed 

on samples of stalk containing collenohyma (the "skin" type 

on the inside of the stalk) and on a collenchy a-free sample 

(celery "flesh" from the interior of the stalk), and 

chromatograms were run of the hydrolysates (solvent (a), 

spray (1)). 

Results 

	

Gal A Gal 	G 	Ara 	 Rha 

Section of stalk 	+4- 	++ 	++++ +++ 	+ 	+ 

Collenchyma sample. ++ 	++ 	+4-4- +++ 	++ 	+ 

Collenchyma _free* 
sample 	 ++ +4- ++++ ++ + + 

*A race of another sugar, probably ribose, was found 
in this sample. 

Experiment 1.2 

Extraction of Poetic Substances from Celery 

Three methods were tried. 

(1) Extraction with EDTA 

50 g. of celery stalk was chopped up into small pieces 

and dropped into boiling EDTA (2% aqueous solution of disodium 
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of solution was used). This was then placed in a boiling 

water bath for 2 hours then allowed to cool and strained 

through muslin. This extraction process was repeated until 

no further material was extracted (shown by phenol-sulphuric 

acid test on filtrate). 	It was found that extraction was 

almost complete after three such extractions. 	Some of the 

celery had disintegrated in the second and third extractions. 

This was removed by filtration through glass paper instead 

of muslin. 

The final residue was washed by grinding in alcohol 

(3 times) with filtering in between, then in ether. The 

residue was air-dried then dried in VSOUO, then weighed. 

A sample was then hydrolysed with 72% sulphuric acid and a 

chromatogram was run of the hydrolysate. 

The combined extracts were concentrated to 400 ml. on 

the rotary evaporator, then dialysed and concentrated again. 

The concentrated solution was then freeze dried. A sample 

of the extracted polysaccharide was then hydrolysed with 72% 

sulphuric acid and prepared for chromatography. 

(2) Extraction with Sodium Hexarnetaphosphate 

The same extraction process was used here but the 

extraction in this case was done with 2% sodium hametaphosphatc 

with pH adjusted to LO before use. 	The residue was treated 

In the same manner as the EDTA residue. 
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(3) Extraction with 2% EDTA plus 02 MSodtum Lauryl Suphate 

(pH 	O) 

The same process was used up to the evaporation stage. 

It was found that too much frothing occurred to make 

evaporation practicable. 	The EDTA and laury'l sulphate were 

removed by dialysis, first In water then (using wider tubing) 

in acetone. Some difficulty was experienced owing to 

precipitation of the sodium lauryl sulphate during dialysis, 

and the dialysis tubing had to be replaced several times 

during the process:, owing to accumulation of salt on the 

tubing. 

When most of the salt had been removed, the solution 

was concentrated by evaporation, then freeze dried, as for the 

previous extracts. 

The residue was treated as for the EDTA residue. 

Results 

It was found that the EDTA/Lauryl sulphate mixture 

gave the best quantitative extraction of polysaccharide. 

The residue from this extraction weighed 039 g. (of. 049 g. 

for residue after ETA extraction and 061 g. for residue 

after hexametaphosphate extraction). Paper chromatography 

results (solvent (a), spray (I)) showed that the EDTA extract 

contained galacturonic acid, galactose, glucose and arabinose 

(only a small quantity of glucose). The other two extracts 

contained large quantities of acid and little else. 

The EDTA and TA/lauryi sulphate residues were shown 

to contain galacturonlo acid, galactose, glucose, arabinose, 



11.7 

xylose and rhamnose. The hexametaphoaphate residue contained 

galacturonic acid, xr1oso, rhamnose and possibly some 

arabinose. 

Experiment 1.3 

Infrared Speotrosoçpy - zam1nation of ttSk1fl 	Ilenehia 

and tracts from Previous FxPeriments 

"Skin" eo].ienohyma was found to be suitable for direct 

observation by infrared radiation. The "skin" collenchyma 

specimens were dried, stretched and deuterated before 

examination. 

The main features of interest observed in the spectra 

were: 

(1) The low degree of esterification of the native pectin. 

This was calculated to be about 28% for the colienchyma 

sample examined. (see Methods section for method of calculation). 

(ii) Some similarity to a spectrum of a deuberated cellulose I 

specimen,. ,. The 0-U stretch band at around 3350 
em-1 

 in the 

colienchyina specimens was similar in shape to that of 

cellulose I. The main peaks in the spectra for the 

collenebynm specimens occurred at almost the same froquönoy 

and were generally similar in shape to those for cellulose I, 

consistent with some cellulose I being present in the 

collenobyma specimens. 

Spectra of "skin" collenchyma specimens were also run 

using the polariser at various settings, but no significant 

variation in the spectrum was observed. 

Spectra of the various extracts from celery stalks 
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Fig. 1. 2. Infrared spéctrumof " skin" collenàhyrna (Expt..l.3)- 
- 	- 	 The sample was deutaèd before running spectra. 
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(Expt.I.2) were also run. 	It was found that these extracts 

did nob make good films (the films were boo brittle to mount 

in the brass cell). 	More satisfactory results were 

obtained when films were prepared on silver chloride plates. 

The EY]?A and EIY2A/lauryl sulphate extracts gave 

reasonable spectra which showed a low degree of esterification 

(ca. 12% and 17% respectively). The hexametaphosphat.e 

extract did not give a sufficiently good spectrum for any 

conclusions to b.e drawn. 

Experiment 1.4  

X-Ray Diffraction - Investigation of Collenchyma Tissues in 

Celery Stems 

X-ray diffraction photographs were taken of the 

following samples: 

Dried, stretched "skin" collenchyma (small number of 

strips). 

As above but a larger number of strips was used. 

:Neither photograph gave any.cellulose or pectin 

reflections. '.Only a few concentric rings were observed. 

Raw "strand" collenchytna (dried and stretched). " 

It-was shown by sectioning and microscopy that this was 

pure collenchyina. The X-ray photograph showed distinct 

cellulose and pectin reflections, 
p*r (oo? 

C"° - 	RifI.a.c*or 	Fig. 1.3 Sketch of the main 
Rof(a..c*Ofl 

ooZ 

pfI&cttOtS. 

reflections observed in 

this photograph (Indices 

are those given by Roelofsen 

(58(afl. The top reflection 
was indexed by Roelofsen as 

the (003) reflection (58(b)) 
for pectin. 
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Experiment 1.5 

amination of Collenhyma and Colienchyma-free Regions of 

the Ce1erStem by =  anpCb.romatoraphy 

Two sources of oollenchyzna were used,: 

"Skin" on the inside surface of the celery stem. 

"Strands" running along the top of ridges "on the outside 

surface of the stem (see diagram in Introduction to this 

Chapter). 

A sample of ocilenobymsefree celery "flesh" was also 

examined. 

Raw samples of each of the above were subjected to 72% 

w/v sulphuric acid hydrolysis. The hydrolysates were 

examined by paper chromatography. 

Another sample of celery "strands" was examined in this 

way after boiling in water (14. x 2 hours, rejecting the extract 

each time). 

A further sample of "strands" was boiled in 2% EDTA, 

PH 14.9 (3 x 2 hours) then in water (2 x 1 hour) to remove 

EDTA, hydrolysed as above. A ebromatogram was run of the 

hydrólyaato, as before. 

Results 

A table of the relative intensities of spots obtained 

from the chromatograms (solvent (a) spray (1)) of the 

hydrolysates is given below: 
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Sample 

"Flesh" 
SSk in" 
Raw "Strands" 
"Strands" b • in H 2  0 
"Strands" b. in MTA 

Gal A ___  

++ ++ ++ + 
+ +++ ++ + 

++ + + + + 	.trace 
+ + + + ++ trace 

- trace ++ + _* + 

The EIXA residue showed a brown spot in this position, 
indicating that some mannose is probably present. 

Experiment 1.6 

Further Examination of a  strand" col].eiicyma 

170 g. of celery "strands" was out (air-dried weight) 

and a series of extractions with boiling water were. carried 

out (100 ml., L. x 2 hours). The quantity of carbohydrate 

in each extract was compared by the phenol sulphuric acid 

test. Extractions were continued until the final BEL reading 

was less than 15% of the first, 	It was found that four such 

extractions were required. 

A similar series of extractions was carried out using 

2% EDTA solution (pH 50) and the same quantity of celery 

"strands '. 

The water extracts were dialysed, freeze dried and 

weighed. 

The residue was washed thoroughly with water, freeze 

dried and weighed. 

The weights of the residues and extracts were: 

Residue 	 0'268 g. 	Residue 	 0101 g. 

Combined Extracts 0089 g. 	Combined Extracts 0262 g. 

Total Weight 	0357 g. 	Total Weight 	0363 g. 
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The residues and extracts were then examined by 

hydrolysis and chromatography (solvent (a), spray (1)). 

A modified hydrolysis procedure was used, 14.5% v/v formic 

acid being used instead of 72% w/v sulphuric acid. 

Results 

Water Extractions 

	

Gal A Gal 	0 	Ara 	 Rha 

Residue 	 3+ 2+ trace 4- 3+ 
Combined Extracts 	3+ 	+ 	- 	2+ 	+ 	trace 

EDTA Extractions 

	

Gal A Gal 	G 	Ax's   

Residue 	 - 	+ trace trace 	 - 

Combined Extracts 	+ 	+ 	- 	+ 	 - 

This was observed as a white spot near the baseline. 

The absence o: acid in the EDTA residue suggests that 

this would be a suitable method for extracting pectic 

substances. 

In view of the small quantities of EDPA extract 

obtained, and also the absence of suitable specimens for X-ray 

examination in the residues from these extractions (these had 

almost completely disintegrated) this extraction was repeated 

using a larger quantity of celery "strands". 

An X-ray photograph of a"strand" removed after water 

extraction, then stretched and dried, showed that the (003) 

pectin are was still present. The photograph showed less 

background scatter than that for a raw "strand" and also 

showed sharper reflections. 
kill. 
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Experiment. 1.7 

Larger Scale EDTA Extraction from Celery "StrandC 

The same procedure was used as before, using 5'0 gi of 

air-dried "strands". Extractions were carried out using 

00 ml. portions of 2% EDTA solution, and in this- experiment 

the extracts were combined after taking the EEL .readinS for 

phenol-sulphuric acid teats on a sample of each: extract. 

The combined extracts were then dialysed, freeze-dried 

and weighed. 

The residue was washed, freeze-dried and weighed. 

Ohromatograms (solvent (a), spray (1)) of hydrolysatea of 

the extracts and residues were also run. 

Yield of combined extracts = 09 37 g. 

Weight of residue = 0*53 g. 

CbromograpE Rosi3.s 

(I) 72% _wjv sulpbrc. Acid hydrolysis 

gal-A, Gal 2  

Extract 	 Lj+ 	+ 	- 	2+ trace trace 

Residue 	 + 	14+ 	+ 	2+ 	- 

* slight streaking but no distinct spot. 

(Ii) 	v/v formic acidhxdrqly8i3 

Gal A Gal 	0 	Ara __ 

Extract 	 trace(?) + 	- 	2+ trace trace 

Residue 	 trace(?) + trace + 3+ trace 

It appears that acidic sugars from bydrolysates from the 

latter process do not always show up clearly in chromatograms. 
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Experiment 1.8 

Laer Scale Extraction from 0ele'y "Strands" - Extract ion 

with Waterpl1owed by Extracou with E2YA 

12 g. of air dried "strands" was used for this 

extraction. Extractions with water 0 x 1000 ml.) then with 

2% ETA solution (3 x 1000 ml.) were made. Phenol-sulphuric 

acid tests Indicated that extraction was almost complete 

after three such extractions with each solvent. 

The EDTA extracts were than combined, dia].yséd, freeze-

dried and weighed. 

The residue Was washed, freeze-dried and weighed. 

Chromatograms (solvent (a), spray (I)) of hydrolysates 

of the extracts and residues were run. 

Weight of combined EDTA extracts = 0 714 g. 

Weight of residue after extraction = 0796 g. 

Chromatography Results 

7.2% w/v sulphuric, acid bjdrolys is 

Gal 	Gal 	G 	Ara 	Rha 

Extract 	 3+ + trace 2+ - trace 

Residue 	 trace 2+ 1+ 	 2+ trace 

5%.v/v formic acid hydrolysis 

Gal A Gal 	G 	Ara 	XZ.1. 	Ra 

Extract, 	 trace(?) .+ 	- 	.2+ trace + 

Residue 	 trace(?) + trace + 2+ + 

* 
A brown spot was also observed in this region, 
probably due to the presence of some manriose In 
the hydrolysate. 
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Fig. 1d4. 	Infrared speotium:of deuterated F2TAextract from "strand" collenchyma. 
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Infrared Spectroscopy 

A sample of this extract was examined by infrared 

spectroscopy. A suspension of the pciysaoohardö in 5% 

aqueous glycerol was prepared, and this was allowed to dry 

out on a sliver chloride plate, and then deuterated. 

This sample showed a fairly low degree of esterification 

(as. 25%)  and the spectrum was generally similar to those of 

other extracts examined previously (Expt. 1.3). 

ExperIment .9. 

X-ray Diffraction -. &arninat Ion of Extracts. and Residues  
after. Etrsct ion with Water, TA and Other Solvents 

X-ray photographs were taken of dried and (where 

possible) stretched samples of the following: 

"Strands" soaked in Scbweizer's Reagent (a cellulose 

solvent - see Methods section for preparation) for about 

three weeks*  then boiled In water to remove the reagent. 

These gave good X-ray diagrams, simIlar to those for 

the raw "strands", showing that cellulose is apparently,  not 

extracted by this process. 

"Strands" soaked in cadozen (a cellulose solvent - see 

Methods section for preparation) for about three wao1s, then 

boiled in water to remove the reagent. Only a few weak arcs 

were observed (probably cellulose) In the X-ray diagram. 

These were much less intense than those in the previous sample. 

"Strands" boiled in EDTA 0  x 2 hours). The cellulose 

reflections remained, but the pectin (003)  are was absent. 

Some background scatter was also observed. 
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(Lv) As in (3), but the sample was then boiled in water (2 x 1 

hour) to remove EDTA. The X-ray diagram was similar to that 

of sample (3), but the background scatter was reduced. 

A fibre prepared from a sample of the EDTA extract from 

Experiment 1.8. A sample of this extract was redissolved in 

TA, dialysed and converted tothe sodium salt by passing 

it through a co].wrni of I R-120 ($). 	The (003) pectin.,  arc 

was clearly visible on the X-ray diagram., but it was broad 

and rather diffuse. No other reflections were clearly 

visible. Attempts to prepare a fibre from the water extract 

(prior to EDTA extraction) were unsuccessful. 

The EDTA extract used in (5) was saponified by dissolving 

in water 0,5% w/v solution), cooling in ice followed by the 

addition of sodium hydroxide (2 K. two parts for every three 

parts by volume of aqueous solution). After 24 hours at 0CC, 

the solution was dialysed repeatedly against distilled water 

until the pH was neutral. 	It was then concentrated to a 

small volume under reduced pressure. A fibre was prepared 

from this concentrated solution. 

The X-ray diagram showed much sharper area than those 

observed for sample (5), but the arcs were rather extended, 

indicating that the orientation was poor. Only the principal 

arcs showed up clearly. 

Attempts were made to isolate a "strand" after boiling 

in water 0 x 2 hours) followed by MA and water extractions, 

as for sample (Lu, but these were unsuccessful as the residue 

had almost completely disintegrated after this series of 

extractions had been carried out. 
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Experiment 1.10 

Paper Electrophoresis - Examination of HydrolsaS of 
Extracts and Residues from Previous Expeiirnnts 

Hydrolysates (45% v/v formic acid) of .extrots and 

residues from "strand" collenobytna after 

direct EPTA extraction (Expt. 1.7) 

EDTA extraction,  after water extraction (Expt. .5) 

were examined by electrophoresis. p-Anisidine spray was 

used to detect the sugars using galacturonic acid as a 

standard. 

Eleotrophoretograms of hydrolysates of both extracts 

showed a white spot near to the standard, probably due to a 

salt of galacturonic acid. 	This Spot was absent from 

hydrolysat 88 of both residues. 

Similar experiments with 72 w/v sulphuric acid 

hydrolysates (extract (2)) showed a large quantity of 

galacturonlo acid in the extract and only a trace in the 

residue. 

Experiment 1. 11 

High Voltage leetrophoresis Exinat ion of Extracts ,fctn 

Previous Experiments 

The EPTA extracts from Expt. 1.7 and Expt. 1.8 were 

examined by high voltage eleotrophoresis. The procedure used 

was similar to that described by Barrett and Northoote (53(a)) 

(see Methods section). 

It was found that the polysaccharide extracts tended to 

stick firmly to the origin when applied to dry paper. 
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Experiments were therefore repeated, wetting the paper with 

buffer and 2% EDTA solution before applying the polysaccharide. 

Eleotrophoretogranis were run of the extracts in 2% EDTA 

solution, and also of aqueous solutions of extracts converted 

to the sodium salt, as described previously (Et. 1.9). It 

was found that these samples still tended to stick to the 

origin. Only a slight streaking was found away from the 

origin. Further attempts to overcome this problem were 

unsuccessful. 



D ISCUSS ION 

The main conclusions to emerge as a result of these 

investigations and their implications are outlined in the 

following paragraphs. Firstlyp there is evidence for the 

presence of crystalline peotie substances in celery "Strand" 

oollencbyma but not in "s1in" eallenchyma. This is shoWn by 

the presence of an (003) pectin are in X-ray diffraction 

photographs of the former and the absence of such an arc in 

those of the latter (xpt. 1.L). 	"Strand" collenehyma was 

therefore used in subsequent investigations or crystalline 

poetic substances. The sharpening of the reflections in the 

X-ray photograph for "strand" collerichytna after water 

extraction (Et.. 1.6) and the fact that the (003) pectin, are 

remained after this extraQtton suggests that crystalline 

petic substances are not removed by water extraction but 

that some amorphous material is removed.. 

The disappearance of the (C 03) pectin are from 

specimens of "strand" collenohyma after MTA extraction 

(Expt. 1.9) verifies that TA does extract crystalline poetic 

substances. This observation, and also chromatography. 

results (Expts. 1.7 and 1.8), where no acidic sugars were 

found in the .72% sulphuric acid hydrolysates of the residues, 

show that complete extraction of crystalline material occurs. 

Electrophoresis results (xpt..l.lC) also show this.. 

Water extraction, prior to EDTA extraction might, there-

fore, yield a crystallizable poetic extract relatively free 

from amorphous material. The presence of an (003) pectin 
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are in the •fibre photographs (Expt. 1.9) of material extracted 

In this way (Expt. 1.8) further verifies the crystalline 

nature of this extract. 	 = 

Crystalline material may not, however, be present in 

all "strand" coilenobyma, as some of the specimens examined 

gave no reflections at all. 

The poetic substances in celery stems appear to have an 

unusually low degree of eøterifloation. This is shown by 

the relative,intensities of the acid and ester 	stretch 

bands in the infrared spectra (Expt. 1.3). The low .gree. 

of estérifioation appears to be characteristic of non.- crysta-lline 

 pectic substances from coilenohyuia tissues arid, from 

other tissues in the celery stem as well as for crystalline 

pectic substances. 

The chemical composition of nSkintt  collenchytua tissue 

does not appear to differ greatly from that of collenebyma-

free tissue. This is shown by hydrolysis and chromatography 

results (pts 1.1 and 1.4). "Strand" collenebyma apparently 

contains a smaller proportion of cellulose than other tissues, 

as the proportion of glucose in the hydrolysate is lower than 

for other ttsuea. 	 . 

Hydrolysis and chromatography results (xpts.. .1.61.8) 

on water extracts and. EDTA extracts suggest that the chemical 

compositions of crystalline and non-crystalline pectic 

substances from collenchyma tissues are similar. The 

proportions of neutral sugars relative to galacturonie acid 

in eollencbyma tissues were generally fairly low, indicating 

relatively few side chains and insertions, as might be expected 



for a tissue with a structural role (see Introduction to 

this Chapter). Both the crystalline and non-crystalline 

pectic material appear to contain arabinose and smaller 

quantities of xylose and rhamnose. The relative proportions 

of these sugars and galaoturonic acid appears to be:aboixt 

the same for the crystalline and non-crystalline regions. 

The crystalline material presumably differs from the-non-

crystalline material in having sufficiently long galacturonan 

chains which are free from side chains and Insertions for 

ttmioroorystallit e" regions to be formed. 

In view of the low degree of esterificat ion found for 

those pectic substances, it appears that the. "mioroorystallite" 

regions consist of unesterifed -COQ_ groups stabilised by 

cations, probably 	This would be consistent with the 

insolubility of the "crystalline" material in. water, and with 

its extraction by EDTA. 

The extraction experiments also provide further 

evidence in favour of the theory that "micro cz'ystallitell  

Junctions provide cohesion In the native state. This is 

indicated by the nature of the residues after the extractions. 

After extraction from "strand" oollenbyma with water, where 

only non- crystalline material is removed., the strandst  were 

still strong and flexible, similar to native eollenchyma. 

After extraction with TA, the strands became soft and easily 

broken, and, in fact, after several extractions, they often 

disintegrated completely into fine fibres, suggesting that 

material providing cohesion in the native state had been removed, 
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Because of this disintegration on extraction with EDTA, 

considerable difficulty was experienced in obtaining suitable 

specimens from the residues for X-ray examination. The 

failure to isolate a "strand" after extraction with'.wa.ter'., 

than with EDTA, follwedby further water extraction to 

remove EDTA, was not serious as a photograph was obtained, of 

a specimen on which the same series of extractions •wa.s 

performed except for the preliminary extraction with water.. 

The latter residue should be similar to the former,. as both 

extraction processes remove crystaliInoand non-crystalline 

pectic substances. 

The quality of the X-ray photographs of the extracts 

was not as good as had been hoped.. The quality of these was 

generally less good than that of those obtained previously 

for sodium peotate. 	in view of this, and the difficulty 

experienced In obtaining information on the homogeneity or 

otherwise of the crystalline pectic substances from high 

voltage eleetr'ophoresis, it seemed unlikely that suitable 

specimens for a full-fibre X-ray analysis could be prepared 

from this source, and that further information on the chain 

conformation of poetic substances could more readily be 

obtained by other means.. The experiments carried out for 

this purpose are described in the following chapter. 
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CHAPTER 2 

Investigation of the Chain Conformation of Pectic Substances 

Introduction 

:Early investigations oftbe chain conformation of 

Pectic substances were made by X-ray examination of: fibres 

of. sodium peetate (59), pectie'acid (< 6% methyl. esterifi-

cation Of earbozyl groups) and pectinie acid (7-70%  methyl 

esterifiat1on of carboxyl groups) (60). 	The sodium salt 

gave the best X-ray diagram, giving an intense meridional 

reflection which was taken to show n = +3 or u = -3, where 

the sign represents the "handedness" of the helix (positive = 

right-handed, negative = left-handed). The spacing of this 

reflection corresponded to a value of b of 37 + 002 A. * 
The average of the first four layer line spacings gave 

h = 435 + ooi. A. The quality of the X-ray photographs of 

Pectic acid was much poorer, particularly for samples With 

high methyl Ester content (peetinie acid), from which the 

(003) reflection was completely absent in some cases. 	They 

did, however, suggest a similar chain conformation, with h 

having a value of around I.3 A. 
Palmer and Hartzog suggested a conformation on the 

basis of this X-ray data, making use of -1 linked galacto-

pyranosyluronlo acid residues shown previously to exist In 

the Pectic backbone (61) and assuming the Reeves Cl confor-

mation for the galacturonle acid residues and also assuming 

tetrahedral bond angles. 

It has since been claimed that the galacturonic acid 

* See General Introduction, p. 10 for definition of n and h. 
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residues in poetic substances exist in the Reeves 10 

conformation (62). 	This was concluded on the basis of 

chemical shifts of the methyl proton signals in the 'H NFM  

spectra of 0-acetyl and O-methyl derivatives of pectic acid. 

The former spectra were run in DNSO-d6  solution, correcting 

for an upfieid shift observed for 0-acetyl protons in this 

solvent relative to the chemical shift observed in D20, and 

the latter spectra were run in NaOD 2O solution. 	In both 

cases, the chemical shift fell within a range claimed to be 

characteristic of protons on axial substituents and outside 

the range for those on equatorial ones. This interpretation 

was made by analogy with simple sugar derivatives. 	The 

effects are small, and for diffuse polysaccharide spectra 

require cautious interpretation. 

The above conclusion is rather surprising, as it has 

been shown that the free energy of galactose in the IC chair 

conformation exceeds that of the Cl chair by about 14'5 kJ/ 

mole (63)  and a similar difference would be expected for 

uronic acid forms. 	In view of this, it was decided to re- 

examine the problem by means of 'H NMR spectroscopy in D 2  0 

solution, using selected model compounds, and computer model 

building calculations, in order to obtain further information 

on the ring conformation and the overall chain conformation 

of galacturonan chains in pectic substances, and also to 

look for possible intramolecular hydrogen bonding by means of 

polarised infrared radiation on oriented films and 'H Niffi 

spectra In DO-d6  solution, 
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Mono-, di- and oligosaocharides were used.as  model. 

compounds for NNR investigations, as these give sharper 

signals than polysacoharides and the spectra are thus easier 

to interpret, and.perhaps more importantly, can. be  interpreted 

with greater certainty. 

I 80td State Conformation 

Computer calculations of the conformation of galacturo-

nan chains in poetic substances were carried out, using at 

least two independently derived sets of co-ordinates for 

each ring conformation (Cl or ic). 
Two methods have been used to effect any necessary 

modifications, such as changes in the configuration and/or 

nature of ring substituents, in co-ordinates from X-ray data 

used in these and subsequent calculations: 

By lengthening or shortening the existing bond to the 

required length for the new one (for example, by lengthening 

a C-H bond from ilO A to 153  A to obtain a C-Cbon4 This 

method is satisfactory only if the bond angles with the, 

neighbouring atoms are realistic, for example if the positions 

of all the atoms concerned have beencbtermined by X-ray 

diffraction or if tetrahedral bond angles are used. 	It is 

not generally satisfactory when hydrogen atom positions 

found by X-ray diffraction are used for bond lengthening, 

as these positions are often inaccurate. The use of this 

method was therefore discontinued. 

By placing atoms at idealised bond lengths and idealised 

(tetrahedral) bond angles with their neighbours. 	Two 
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possible solutions are obtained for ring substituents, one 

oox'responding to an axial orientation and one to an 

equatorial one. 	The method of calculation has been 

described previously (46). 	The bond lengths used for these 

calculations were 0-C 153 A, 0-0 143 A (1'42  A in some 

calculations) and C-H 110 A. 	This method was used 	for 

all residue co-ordinates described subsequently, where such 

modifications were necessary. 

The co-ordinates for, the Cl conformation were derived 

thus: 	 , 

Set A: From $-D-glucose co-ordinates by inversion at c(l) 

and 0'(4), as explained in a previous publication (46). 

Set B: From -DL-arabinose co-ordinates (64). 	The 

equatorial hydrogen atom (marked *.).on C (5) must be replaced 

by a carbon atom (0(6))..  

-DL-arabinose 	 . 

This modification was carried out by the method 

explained previously.: 	, 

A set of a-D-galactose co-ordinates with idealised bond 

lengths and angles (Set C).-has alo been derived (37) and 

results from calculations using these co-ordinates were 

compared with those from coordinate sets (A). and (B). 



After the first calculations were completed, the 

crystal structure of sodium strontium galseturonate was 

solved in this laboratory, and the chain conformation 

calculations were repeated for co-ordinates obtained from 

this structure (Set P). 

Co-ordinates for galacturoflic acid residues in the 10 

conformation were derived thus: 

Set E: From co-ordinates for -D-glucose (65). The ring 

atoms were reflected to invert the ring conformation. 	The 

configuration of substituonts at 0(2), 0(3) and-C(5) was 

inverted as explained previously. 

Set F: From the set of Cl co-ordinates derived from -DL-

arabinose (Set ) with similar modifications and also 

inversion of the configuration at 0(1) and C(). 

The bridge angle at the glycosidic oxygen atom was 

taken as 1170  for these and other conformational calculations, 

except where otherwise specified. 	It was 1180  for 

calculations with Set (C) co-ordinates. In some later work, 

the effect of varying the bridge angle was investigated. 

The value of 1170  for the bridge angle was chosen on the 

basis of X-ray determination of disaccharide structures. 

The values of n and b assumed in this investigation were 

± 30 and 1v33 respectively, the 1attr being an average of 

the resultsobtained from fibre diagrams of sodium pectate and 

pectic acid. 

Similarities exist in the properties of pectin and 

carrageenan gels, for example, both types of gel can be 

melted and reset with small changes in optical rotation, 
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Implying a change in conformation. 	In view o f:thi3,.it was 

decided to investigate the possibility of multiple helix 

formation for galaot.uronan chains. 

The effect of insertion of L-rhamnose residues irto• the 

chain was also Investigated. These are present as insertions 

In the main chain, suggesting analogy with galactose 6-sulphate 

residues which occur as insertions in carrageen5ns (66), as 

o.ouformational kinks (3,4) which appear to be 	ed.for..: 

metabolic regulation of conformation, and hence: of bi'Olcical 

texture in seaweeds (67), and L-iduronic acid residues, which 

may possibly function similarly in mucopolysaoohrideS. 

Poetic substances in tissues having a potential for rapid 

growth tend to have a high proportion of L-rhamnose residues 

in the backbone (3), suggesting that these residues prevent 

the formation of firm gels by causing kinks in the chains, 

thus allowing for expansion of the cell volume (51, 68) (see 

also the discussion of this point in the introduction to 

The linkages to L-rhamnose in the backbone chain are of 

the form: 

-Galp A -1-,2--Rha? l---Qalp A 

The rhamriosyl configuration is unknown. Optical 

rotation data for oligosacebaridea containing this rhamnose-

galacturonic acid linkage suggested that the s-configuration 

is more likely, but this evidence was not really conclusive. 

Calculations were therefore carried out for both the c- and 

the - linkage configurations. Two sets of L-rhamnose co-

ordinates for each linkage configuration were derived for 
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,these calculations. 	These were: 

from the crystal structure of a-L-rhamnose (69) (Set G).. 

The s-configuration was obtained from this by inversion at 

C(l) (Set J). 

from -D-glucose co-ordinates (65) by reflection and 

configurational inversion at 0(2)  for -L-rhamnose co- 

ordinates (Set K). 	a-L-iamnose co-ordinates (Set H) were 

obtained from these by a further inversion of configuration 

at 0(1). 

F. 22 

ON 

-OH 

  

a-L--rhamnose 	 -L-rhamnose 
(10 conformation) 	 (10 conformation) 

- The designation of som.e of the sets of co-ordinates 

used in these calculations (Set D - Set K) is different from 

that used in a publication (RD)  in which most of these 

calculations are described, owing to the inclusion here of 

the set of co-ordinates derived from sodium strontium 

galacturonate (Set D). 

Co-ordinates of atoms which are free to rotate on side-

chains (i.e. carboxyl oxyg(§ns,hydroxyl hydrogens and hydrogen 

atoms on the methyl group in L-rharinose) were not included 

in any of the above sets of co-ordinates. 	These atoms were 

not considered In any calculations, except for those in 

which possible intramolecular hydrogen bonding Involving 



carboxyl oxygen atoms was considered, whore co-ordinates 

for these oxygen atoms Were included. 

II - Solution Conformation 

Complications arise in the determination of chain 

conformation of pectic substances in solution. Acid 

catalysed hydroxy proton exchange might be expected to Occur 

in DC solution in the presence of uronic acid groups, 

causing a broadening of hydroxy proton resonances in OR NI' 

spectra. 

Also, complications arise in the interpretation of 

optical rotations of galacturonic acid oligomers and polymers, 

owing to carboxyl chroniophores in the near 011 region. These 

obromophores appear to be involved in interactions which 

change with degree at poiyn2erisation, and therefore make 

major contributions to the optical rotation to invalidate 

the application of a method for the interpretation of 

optical rotation in terms of 0 and \, since the method allows 

only for the influences that exist in natural oligosacoharidea 

and polysaccharides. 	Thus, serious anomalies were found for 

sodium pectate and other uronic acid derivatives (36) when 

attempts were made to interpret the optical rotation in terms 

of 0 and T. This is unfortunate because it means that no 

evidence can yet be obtained on chain conformation of pectic 

substances from optical rotation. 
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III - chain Conformation of Other RoxuronI& Acid Polyrner 

Polyguluronic acid, in which the constituent Lguiu-

ronic acid residues are in the IC conformation and are 

c.-i linked, is structurally analogous to polygalacburonio 

acid. The constituent sugar residues are optical enantlomera, 

except at C(3),  where the configuration differs. Similarities 

in conformation might therefore be expected as in other 

"conformation families" (37,46). 	Thus, it would be expected 

that the preferred conformation for polyguluronic acid would 

give some indication of that for galacturonic acid polymers 

and thus of that for galacturonan chains in pectic substances. 

The structure proposed recently for polyguluronlo acid, 

on the basis of X-ray diffraction data (48) is therefore of 

interest in this context, and the methods and results of this 

investigation are outlined here. 

Fibre diffraction photographs of poiygulurqnlc acid, 

obtained from aiginic acid, were used to determine the unit 

cell dimensions. The most favourable positions of the four 

monosaccharide units In the unit cell and the orientation 

of the carboxyl groups about the 0(5)-0(6) bond were 

determined on the basis of the best agreement between observed 

and calculated structure factors. 

It was found that intramolecular hydrogen bonds could 

be formed between 0(2) of one residue and either oxygen of 

the carboxyl group in the next residue in the chain. The 

chain conformation Is rod-like. 

Polymannuronic acid, in which the residues have the 
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Cl(D) conformations, and are ltnked -1 baa also been 

Investigated (48). This oornpound, like polyulux'onio acid, 

was obtained from alginic acid. Xftay data indicated several 

possibilities for Inter- and intramolecular hydrogen bonding. 

The polarised infrared radiation spectrum eliminated all but 

one of these, indicating an 0(5) 	0(3') hydrogen:  bond 

between adjacent residues in the chain. The conformation 

Is flat and ribbonlike, similar to that found for otho 

le - 4e linked bexcaans. 

The following sections describe the eonformat6na1 

studies carried out on pectic substances and also the 

preferred conformation of galacturonan chains suggested on 

the basis of these. 
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EXPERIMENTAL 

I - Solid State Conformation 

Section A - Calculation of Ring and Chain Conformation for 
Galacturonan Chains. 

Calculation 2. I.A1 

Derivation of Galacturonic Acid Co-ordinates 

(Cl Conformation -Set B) from -LL-Arabinose Co-ordinates 

The required co-ordinates were derived from fractIonal 

atomic co-ordinates from crystal data for -DL-arabinose (614.) 

by the following procedure: 

The co-ordinates were converted to rectangular co-ordinates 

In Angatroma. 	The unit cell Is monoolinic (3 = 99045'). 	The 

required co-ordinates, x', y' and z' are given by: 

xt = ax - cz sin ( - 90) 

= by 

21  = cz 008 ( - 90) 

where a, b and c are the dimensions of the unit cell and x, 

y and z are the fractional atomic co-ordinates. 

The axes were transferred to the required origin. This 

is the bridge oxygen between two adjacent residues. 

Two sets of co-ordinates were derived. These were: 

(I) For the reducing residue. OW)  was taken as the origin. 

(ii) For the non-reducing residue. 0(1) was taken as the 

origin. 

Rotations were then carried out for the reducing residue 
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to place 0(4 1) along Ox and 0(1') in the Oxy plane so that 

0(11) has a positive value of •y, and also for the non-reducing 

residue to place 0(1) along O(-x) (i.e. so that x is negative 

for C(l),) and 0(4) in the Oxy plane for the non-reducing 

residue, so that y is positive for (Lj.). 	Earlier programs 

used H(l) and H(L') to define the Oxz plane. 	The method of 

calculation (stages (2) and (3)) is described in the Methods 

section (Methods of Calculation). 

(Lv) Having obtained co-ordinates referred to the required axes, 

the equatorial hydrogen on 0(5)  was replaced by a carbon atom, 

as explained previously (Introduction to this chapter). 

Calculation 2.I.A2 

Derivation of Galacturonic Acid Co-ordinates (Cl conformation 

- Set D) from Sodium Strontium Galacturonate Co-ordinates 

The same procedure was used as that used in the previous 

calculation, up to and including stage (3). Fractional atomic 

co-ordinates from crystal data were converted to rectangular 

co-ordinates. 	The-unit cell in this case is hexagonal (y=12OC 

Co-ordinates with respect to 0(1) and O(Lt.') were derived, as 

before. 	 •. 

Calculation 2.I.A3 	 • 

Calculation" of Residue Parameters for each Set of Residue 

Co-ordinates 

Pig. 2.3. 	 • 
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As mentioned previously (General Introduction p. o), 

in order to calculate n and b for each repeating unit in the 

poiysaeoharido chain, we require to know the values of the 

following parameters: 

Distance A-B = 	R 12 Angle EAB = al 

Distance B 	C = 	R23  Angle AC = 
Distance C-fl = 	R31;  Angle BOD = a1 

The dihedral angle 23 	
between A - B and C - D. 

The angles 0 and.. 

A program was written to calculate r23  and also R12, 

R23, R31, a2  and a3. The results were checked against 

those for a similar program written previously. The method 

of calculation of these parameters is described in the Methods 

section (Methods of Calculation). These calculations were 

carried out for Set A co-ordinates (from -fl-g1uoose), Set B 

co-ordinates (from -DL-arabinose) and Set D co-ordinates 

(from sodium strontium galacturonate). 

Results 

Set A Set B Set  

1'4200 14270  1•4170 

R23  28725 29007 2' 9195 

R31  14200 13939 13883 

a2 	 ll0'6L.75 	107781j7 	106'7219 

	

94 - 0720 	102-8800 	1011-,0921 

Ir 

23 	 1798422 	+177'8745 	-178'1930 
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Calculation 2. I.ALi. 

Derivation of Hard Sphere Maps - Set ACo-ordinate 

These were derived by means of three different programs. 

These are described in the. Methods section (Programs (1), 

(1) and (iii)). 

Calculation 2...A5 

Derivation of Hard Sphere Maps. - Se B Co-ordinates 

The same procedure was used as in calculation 2.!.A4-

Calculations were carried out with programs (i), (ii) and (iii). 

Calculation 2. 1.46 

Derivation of Hard Sphere Map - Set D Co-ordinates  

This calculation was carried out using program (ii) 

(Methods section). The results could then be compared with 

those for calculations 2.I.A4 and 2.I.A5, and with the hard 

sphere map calculations made previously (37) with the idealised 

set of co-ordinates (Set W. 

Results (Calculations 2.I.A4, 2-1-M ,and 2.1.46) 

All four solutions of n and ii for Set A, Set B and 

Set D co-ordinates were found to lie outside the regions of 

full allowed and marginally allowed conformation, though 

one conformation was very close to a marginally allowed region 

of eontorinaticn. This conformation was conformation (2) 

(Set A co-ordinates) (See results, calculation 2.I.A7 for 

designations of conformations). 	Considerable steno 

restriction was also found, 	Only 0'2% of all conformations 

were fully allowed and a further 20 were marginally allowed 
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for Set A co-ordinates. 	The corresponding figures for 

other sets were 00% and 22% (Set B), 0- V1, and '13% (Set C) 

and 0'5% and 2'0% (Set D). 

The hard sphere map derived from Set A co-ordinates 

is shown in Fig'. 2.10. 

Models were built of conformations having n +3 and 

h = 41 33 for Set A and Set .B co-ordinates, and an approximate 

indication of unfavourable contacts was obtained by measure- 

ment. 	More.,exaot values were obtained by computer calculations, 

Model building results suggested that conformation (2) (See 

Results - Calculation 2.I.A7) was the most favourable. 

Calculation 2. I.A7 

Unfavourable Contacts - Conformations having, n ±3.h 

Co-ordinate Sets A, B and D 

These calculations were done using a modified version of 

program (1) (Methods Section) in which all unfavourable 

contacts of less than, the appropriate marginally allowed 

interatomic distance were printed out. 

Conformation (2) (see Results) showed the least steno 

compression of the four possibilities for all three sets of 

co-ordinates used in the calculations. This conformation 

is shown in Fig. 241. 

Calculation 2. LAB 

Effect of Variation of the Bridge Angles -Set A Co-ordinates 

Conformations (2) and (3) 

All previous calculations assumed a bridge angle of 117°. 

Hard sphere maps, and also n and b maps were derived (program 



Results (Calculations 2.I.A- 2.1.A6) 

Distribution of n and h values for 0 and ! values corresponding to fully allowed 
and marginally allowed conformations. 

% of sample . 
n 2'0-201 	26 1-211 2 20 2-23 23-24 2'4-25 2'5-26 26-27 27-28 28-29 29-3 0  >3'O 

, 	* 	- 	+ - + ,- 	+ 	- + 	- + -. + + - + 	- + 	- 

Set  7 	7 	7 7 7 ii 	L. 	li L. 	11 L. 7 0 	7 L. L. 0 	0 0 	0 0 

Set  1. 	8 	0 8 L. 08121212.0 8 80 L. L. 0 	0 L. 	0 0 

Set  7 	7 	7 7 7 11 	L 	7 7 lL. 0 	7 Lj. 0 Li, 	Li, 0 	0 0 

Set  36 	63 66.39 99 90 09 60 03 30 6 

h (A) 422-425  426-4'29 4'30-4'33 4'34-'37 438-441 I4-5 46-4'49 L50-4- 55 >.'55 

Set  0 .j, 16 28. 5. 0. 0 

Set B 0 	. 0 0 Li, 4 22 21 48 0 

Set C lii, 15 49 21 0 0 0 0 0 

Set  0 0 3 3 19 31 1,1 3 0 

a Positive sign denotes right banded helix. Negative sign denotes left banded helix. 



0'50 
0- 36 
o - 63 
01214. 

071 
075 
O'57 
O'17 
0 314. 
0071 
0'63 
(a) 
027 

0 • 27 
0'56 

0'62 

0052 
0'21 

O 145 
1.31 
0•38 
0 so  56 
0'56 

0:44 
078 
033 

032 
031 
0'69 
(b) 
O'35 

• 033 
0'83 

033 
0-28 
075 

Results (Ca1u1ation 2.I.A7) 

Designation of Co- 	Handed- 	0 	T 	Atoms involved, 
Conformation ordinates ness 

used 

(1) Set A Right. 170 125 H(1)04'C(61 ) 1090 
0(2) 	*C(6 #  2'144 

2'57 
C(l)''c(s') 296 

Set. B Right 180 110 R(1)''0(6') 169 
Q(l)C(6') 245 
0(2)''0(5') 193 
0(2)'"o(5') 2'63 

• C(1)'o(5') 286 

Set D Right 173 1114 H(1).'0(61 ) 169 
C(1)C(61 ) 257 

2172 
293 

(2) Set A Right 130 155 H (5)'O(3') 213 
Set B Right 120 170 H(5).4*O(31) 

. 	 10814. 

Set D Right . 	120 	. 168 11(5)'0(.3') 	. 178 

(3) Set A Left 230 210 0(2)H(14') . 	 188 
299 

Set B Left . 	214.0 190 H(3)'C(6 9 ) 195 
109 

0(2)'c(14.') 1182 
2'2L1. 
2'2 

Set D Left 2.86 192 H(3)'0(6') 196 
1-62 

0(2) 4 C(L'). 2'14.7 

(14.) 	. Set A Left 185 214.0 C(1)1'0(3') 288 
C(1)''0(32 ) 2049 
H(1)'''OW) 	. . 	1'71 
0(5)"o(3') 2'99 

Set B Left 180 	.250 O(1) ... C(3') 2'85 
C(1)''O(3') 247 
H(1)O(3') 157 

Set D Left 186 2144 C(1)''C(3') . 	2'87 
C(1)'0(3') 26 52 
ff(1)'0(3') 165 

(a) 	and 	(b) represent possible hydrogen bonds. 	The latter would be rather weak. 

o 	This is the difference between the "fully allowed" distance (see codsstc;oi') 
and the calculated Interatomic distance. . . 

Overlap 



Results - Calculation 2.I.A8 

Variation of Steri.e Clashes with Bridge Angle Set A Co-ordinates 

Bridge Designation 
Ale Of T Atoms Distance (A) 

Cof ormat ion Invoi.ved 

115°  (2) 130 154 B 	fl. (5).'O(3 216 
1170  131 154 217 
1190  132 154 H(5) 0 ".0(3'). 218 
110 133 153 a 

1150 (3) 230 207 0(2) wli(4? ) 183 
H(3)0(61) 217 

117°  230 207 0(2)0•H(4') 1'89 
2'19 

1190  229 205 0(2)•H(4') 1*96 

1210  226 206 0(2)•'H(Li.') 207 

overlap--(If 

0
* 
 O 

0  
O'02 

0'37 
003 
0'31 
001 
O2L. 
O'13 

a No steno clashes outside the marginally allowed region. 

b Overlap measured relative to marginally allowed distances. 

* These values of 0 and T for S bridge angle of 1170  are probably more exact than 
the ones quoted in results for calculation A7.  The difference is not suffic.ient 
to affect steno compressions significantly. 
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(ii) Methods section) for bridge angles of 115°, 1190  and 

1210  also. Relatively little.change was found in 0 and 

corresponding to n = 3, h.=  433. 	Steno compressions for 

conformations (2) and (3) were calculated for each bridge 

angle by the procedure used in calculation 2.I.A7. 

Conformations (2) and (3) both showed a progressive relief in 

steno compression on increasing the bridge angle. 

Conformation (2) emerged more favourably. This conformation 

came within the marginally allowed region of conformation 

when the bridge angle was increased to 1210. 

Calculation 2. I.A9 

Investigation of possible intramolecular Hydrogen Bonding 

Conformation (2) - Set A Co-ordinates 

Inspection of models suggested that a hydrogen bond 

involving a carboxyl group might be possible. 
OW - - - .. -0(311) . 

OITC 	 0- 

/> 	
H . - 

O6'. 	Fig. 2.40 

Two possibilities were considered. These were 

between 0(2) and 0(61) and 0(6) and 0(31). 	(Fig. 2.L). 

A hydrogen bond of the former type was found to exist 

in guluronan chains (48). 

The minimum 0(2)-'-0(61) ditance for galacturonan 

(conformation •(2) - Set A co-ordinates) was calculated by\ 



rr 

petting 0(6') in the plane of 0(5'), C(6') and o(2). 	This 

gave an 0' *00 distance of 23 A and a C(51 ) -  o(6')'O(2) 

angle of 1120. 

The other possibility for intramolecular hydrogen 

bonding, between 0(6) and OW), gave a minimum-0(6) - #"0(3) 

distance of 3'15 A when calculated on a similar basis. The 

a(5)-C(6)'''OW) angle was calculated to be 510. 

Calculation 2.i.A1O 

Derivation of GalacturonioAe.id  Co-ordinates (10 conformation - 

Set E) from. -D-G1ucOSe Co-ordinate 

These were derived by inversion of the ring conformation 

by reflection of the ring atoms, followed by inversion of 

configuration at 0(2), 0(3) and 0(5)9 as described previously. 

Calculation 2. I,A11 

Derivation of Galacturotlic Acid Co-Ordinates.. (C conformation - 

Sot F) from Sot B Co-ordinates 

These were darived as for calculation 2.I.A1O, with 

additional configurational inversions at 0(1) and c(t). As 

a result of these Inversions, the resultant residue cc-

ordinates bid to be translated and rotated in order to refer 

them to the appropriate axes for subsequent calculations. 

The procedure used to do this is described in the Methods 

section. 
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Calculation 2.1.Al2 

Derivation of Hard Sphere Maps - Set E Co-ordinates 

These were derived using the programs described in 

the Methods section (i.e. programs (I), (ii) and (iii), 

n and h were also calculated for each conformation, as before 

(program Ii). 

Calculation 2.I.A13 

Derivation of Hard Sphere Maps - Set F Co-ordinates 

The same procedure was used as In the previous 

calculation. 

Results (Calculations 2.I.Al2 and 2.I.A13) 

A higher proportion of allowed conformations was found 

for both sets of co-ordinates in these calculations (4V 210 

fully allowed, 42% marginally allowed (Set E) and 46% fully 

allowed, 53% marginally allowed (Set F)). However, the 

conformations corresponding to n = +3 1  h = 433 were much 

further from the regions of allowed conformation than those 

for the Cl conformation (Set A, Set B and Set D co-ordinates). 

The conformations corresponding to n = ±3 and h = 433 were: 

(1) 0 = 200°, T = 700; 

(3) 0 = 1600, ' = 2e00; 

(1) 0 = 2400 9 T = 600;  

(3) o = 1300, , = 2950; 

(2) 0 = 50, 'i = 2450 ; 

(Li,) 0 = 2950, T = 1200  (Set E co- 
ordinates) 

(2) 0 = 500, Y = 235°; 

(Ii.) 0 = 3000, '1 = 1300  (Set F co- 
ordinates) 
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Calculation .2I. A1L, 

Calculation-of Unfavourable Contacts for. Conformations 

corresponding to n = ±3,h33 (Co-ordinate Sets E and F1 
The same procedure was used as in calculation ;2.I.A7. 

It was found that all four conformations of this type for 

each set of co-ordinates did indeed show considerable steno 

compression. At least two serious overlaps were found for 

one or both sets of co-ordinates in every case. 

Calculation 2.1, A13 

Effect of Variation of the Bridge-Angle-on  Steric Compression 

(Set E Co-ordinates) 

Bridge angles of 11500  1170, 1190  and 1210  were used, 

as before. The same procedure was used as in calculation 

2.I.A80  but stone clashes were calculated for all four 

intersections of the contours corresponding to n = +3 and 

h = L33. 

It was found that the; severe steno compressions could 

not be relieved by increasing the bridge angle and in some 

oases they were made worse. 

All subsequent calculations were therefore made with 

the galacturonlo acid residues in the Cl eonformat ion. 

Calculation 2. I.A16 

Investigation -of the Possibility of Double Helix Formation 

for Galacturonan Chains - Co-ordinate Sets A and B 

All conformations corresponding to n = ±3 and h = 41 33 

and also all fully allowed and marginally allowed conformations 



Results -, 0aeu1ation 2.I.AlLt. 

Unfavourable contacts for Galacturonan Chains where the constituent residues have the IC ring 
conformation. Some chain conformations (marked.*) bad .a large number of such contacts, and 
only the worst steno clashes for these are listed here. 

Designation Co- 	Handed- 
of 	ordinates ness 	0 	 Atoms Involved 	Distance 	Ove1a 

Conformation Used 	 (A) 

(1) Set E Right 50 245 0(5)w
'

H(3') 179 061 
o.(5)• 	c(3') 251 0 0 29 

255 0'25 
20L1. 0I.6 

o(l)''•0(3') 284 036 

Set F Right 50 235 0(5)"H(3') 206cii? g: 
2'26 O2Lj. 
2'91. 025 

(2) Set E Right 200 70 H(l)H(5') 157 043 
H(l)'0(5') 2'12 028 

150 0 1 90 
c(i)'C(5') 259 0'61 

262 0'58. 
236 0'8L. 

Set F Right 214.0 60* H(2)''C(5')' 1'69 071 
H(2)'''C(6') 195 045 

• C(l).1.C(5') .258 062 
214.9 0'71 
2Li.8 0'72 
lL9 1'7l 

c(3)•'c(6') 2'58 o62 

(3) Set E Left 160 280 H(l)WH(3') 156 0141. 
H (1j: ':0(3* 2'li 029 

2'67 O'13 
C(1)0'C(3') 2'61 059 

• Set .F Left 130 295 H(l.)'H(3') 181 0'19 
C(1)'0(3') 21i& 032 

1'89 0'61 

• 

o(1)'0(3') 2'58 062 

(L) Set E Left 295 120* 0(.2)'H(51 ) 066 1 714. 
• C(2)''ff(5') 1'86 0514. 

1'73 	• l"07 
• C(2)'''C(L'} 258 0"62 

0(2)'G(5') 2'93 0'27 

Set F Loft 300 130* 0(2)"H(5') 103 137 
0(2)"C(5') 

• 

1'98 082 
0(2)''C(.') 258 	• 062 

286 03Li. 

a The overlap is measured relative to fully allowed interatomic distances. 



Results (Calculation 2.I.A15) 
Variation of Steno Compressions with Bridge Angieb Set E Co-ordinates 

Bridge Desig- 
Angle nation 	6 	T 	Atoms Involved 	Distance 	Overlap5  

of con-
formation 

:115 	(I) 	52 238 0(5)"'li(39 	 177 	0 43 
• 0(2).0(3*) 1.92. 058 

2144 0!26 
C(1)''•C(3') 285 0'15 

1l7 49 252* 0(5.)'''H(3')' 
• 

179 014J. 
0(2)'"0(3') 1480 070 

2'14.6 0*214. 
• . . C(l)h1C(3S) 286 0114. 

1190  116 2145 o(5)."11(3') ' 	1.33 0*37 
0(2)''•0(3') . 	171 079 

2'14.9 021 
0(1)'C(3') 287 013 

121° . 	141 250 0(5)'"ll(3') 1'87 033 
0(2)'''0(31 ) 156 0 914. 

• 0(5)''0(3') 253 0017 
286 	I 0'114. 

1150  (2) 	187 80 H(2)"0(61 ) 157. 0'63 
c(i)C(6') 214.8 052 
0(2) 0 C(6'). 2314. 0066 

117°  1914. 
75* 

H(2)'C(6') 114. 076 
• . C(i)''C(6') 2'14.4 0'56 . 

2'23 077 

1190  200 70 	. H(2)C(6') . 	1'35... 085 
• . (1)'C(6') 214.0, 0160 

C(2)'°C(6') 215 o8 

1210  20-4 67 (2)*.10(6t) 1132 0'88 
214.0. 060 
2'13. 0,187 

115°  (3) 	157 277 C(1)'O(3') 2q4 0'26 
. 0(4)0(3') 227 0123 

0(1)5*140(31) 2158 0442 

1170 * 	..........155 '278 C(.1)"0(3') . 	. 	.2'L7. 	. O'23 
2'28 0'22 

• .. 0(1) 4 4*0(3') 2'61 	. 039 

1190  150 282 C(1)'0(3') 
• 

2*145 	. 025 
0(14)"0(3') 223 	•. 0027' 

• o(1)'''c(3',) . 	265 035 

121°  114,6 285 C(1)0(3') 214.6 	. 0'214. 
• 0(14.)5***O(3 1 ) .222 	. 028 

0(1)'''C(3') . 	2'69 031 

1151  (4)• 	295 120 0(2)H(5') 060 1'60 
0(2)''c(5') .. 	1'63 1907 
C(2), 	C(5"') 250 	., 050. 

117°  297 117* 0(2)'°•H(5') 062 158 
• 0(2)'c(5') 1614.. 	. 1'06 

252 	. . 
1190 . 	300 1114. 0(2)'H(5') 065 155 

166 i0L. 
c(2)'C(5'J. 2'56 	•. 0014.5 

121°  3014. 110 0(2) 0 'H(5') . 	067 1*53 
0(2)e*.C(51) 1•68 1'02 
C(2)'C(5') 258 014.2 

 Overlap is measured relative to marginally allowed contact distances 

 In view of the large number of steno clashes found for some 
conformations, only the worst ones are tabulated here. 

* 
These values for 6 and ! for a bridge angle of 1170  are probably 
more exact than the ones quoted in the results for calculation 2.1.A14- 
The difference is not sufficient to affect conclusions regarding 
steno compressions. 

S. 
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found for each set of co-ordinates were investigated. 

Co-ordinates of several residues of a galacturonan 

chain with respect to the helix axis were derived by a 

modified version of program (ii) (Methods section). 	For ,  

each conformation investigated, the distance, r, of each 

atom from the helix axis was noted and the atom which was 

furthest from the helix axis was used to define a cylinder 

of volume rt.rn.h, where i'm  is the distance of this atom from 

the helix axis. For a double helix, this cylinder must be 

able to accommodate 2n residues, and thus the volume per 

residue is, 	
IT. r2 .h/2 

The density () of crystalline carbohydrates is usually 

around 15 - 1'6 g. am-3, and the expected volume per 

repeating residue is M/No, where N is the molecular weight 

of each repeating residue and No is Avogadro's number. Even 

allowing a 10% reduction in volume for the possibility of 

better packing in the helix, this gives a value of 175 A3. per 

residue. Thus, the possibility of multiple helix formation 

is rejected for chain conformations for which tr.r.h< 350 13. 
In these calculations, i'm  was measured to the centre of 

the appropriate atom, thus excluding half of the Van der Wasis 

volume of this atom. 

For the four n and b intersections (Set A co-ordinates) 

the range of Tr.r.h values was 92-121 13. The values for 

Set B eo-ordinates,and also those for all other conformations 

investigated for both sets of co-ordinates, all tell within 

this range. 



An increase in the cylinder radius by the Van der Waals 

radius of oxygen, with further addition of the volume of two 

oarboxylate ozygens, only increased the volume to the range 

242-286 13 for all conformations investigated. 

Section B Investigation of the Effect of Insertion of 
L-Rhamnose Resigues on the Chain Conformation of. Poetic 
Substances 

Calculation p. LB1 

Derivation of -L-Rhamuoo Co-ordinates (Set G) from 
Crystal Data for -L-Rhamnose 

Co-ordinates were derived from tractional atomic oo-

ordinates for this sugar (69). The unit eell is monocnic 
= 95037t), 	Co-ordinates referred to rectangular axes 

on an Angstrom scale were derived and these were transferred 

to the required origin and axes. The procedure used for 

these calculations was the same as that described for 

calculation 2.I.Al. 

Calculation 2 .LB2 

Derivation of -L-Rbamnose Co-ordinates (Set H) from 
-I-Glucose Co-ordinates 

These were derived by reflection, followed by oonfigur-

ational inversion at C(l) and 0(2), as explained previously. 

Calculation 2. I.B3 

Derivation of -L-Rhamnos.e Go-ordinates. (Sets J and K) 

Two sets of co-ordinates were derived. 	One set (Set J) 

was derived from a-L-rhamnoae co-ordinates (Set a) by inversion 



-L-Rhaznnose 
Set 3 	Set i' 

14796 	1'I.200 

15093 

1-4200  

107 24.9 

1095000 

54' 1994 

1-5262 

1.3965 

109- 4994 

109 0087 

608901 

of configuration at. C(l). 	The other set (SetI) was 

derived from --g1u000e co-ordinates, by reflection 

followed by configurational inversion at C(2). 

Calculation 2.I.B4 

Calculation, of Residue Parameters for Co-ordinate ,Sets-  
J and  K 

These were calculated by the procedure described 

previously (Calculation 2I A3). 

Results 
a-L-flhamnose 

Set G SetH 

R12  14796 1'1200 

R23 
 1'5092 15262 

R31  1'3758 1'4200 

107h12L48 109'4995 

108- 8339 109001 

Ir 

23 171'1104 -1752369 

Calculation 2.1.85 

Derivation of Hard Sphere Maps 

These were derived for the Gal A a-l-2 Rha linkage, 

and for the Rha 1-4 Gal A linkage, for both linkage oonfigur- 

ations. The program used for these calculations is 

described in the Methods section (program (iii)). 

Each of the four sets of rhaDmose co-ordinates was used 

in conjunction with (1) Set A co-ordinates 
(ii) Set B co-ordinates 



for galacturonic acid (Cl conformation), giving a total of 

eight pairs of maps for the Gal A-Rha and Rha-Gal A linkages, 

four for each Rha l Gal A linkage configuration. 

The a configuration was found to be more restricted 

than the 0 configuration for this linkage. The bard sphere 

maps derived from Set A co-ordinates and Set G co-ordinates 

(a linkage configuration) showed that no conformations were 

fully allowed and only Ot% of all conformations were 

marginally allowed. Maps derived from Set 3 co-ordinates 

(0 linkage configuration) showed that 02% of conformations 

were fully allowed and 4'3% were marginally allowed. Similar 

results were obtained for other combinations of co-ordinate 

sets, though those involving Set H and Set K co-ordinates 

were generally slightly less restricted than the others. 

This variation was less noticeable and agreement between the 

maps was closer when the fully allowed and marginally allowed 

distances were decreased slightly. The total percentage of 

fully allowed and marginally allowed conformations for the 

Gal A a 1-2 Rha linkage was around 6% for all combinations of 

so-ordinates investigated, aa the regions of conformation 

were in good agreement. 

Calculation 2.I.B6 

Calculation of Co-ordinates for a Mai n containing a Rhamnose 
Residue 

In order to investigate the effects on the overall 

chain conformation of insertion of L-rhamnose residues Into 

the galacturonan chain, co-ordinates were derived for a 



seobion consisting of two chains, eai containing four 

-l- linked galacturono acid residues, linked by an 

L-rhamriose residue i.e. 

Gal A a-1-34 Gal A 	Gal  l- 	Gal A -lRa? 14 

Gal A l- Gal A Gal A 	-1-4 Gal A. 

Calculations Were carried out for a range of Y and 

values for the Gal A a-l- Rha linkage and also for the Rha 

Gal A linkage, for both linkage configurations. The values 

of & and f used were chosen to cover the region of allowed 

conformations toundfor these linkages. 	Owing to theH 

large amount of computer time which would be required, it was 

decided not to investigate all possible combinations of 

allowed conformations for each linkage. For the same reason, 

calculations were made using Only one set of co-ordinates 

for each type of residue. Set A co-ordinates were used for 

galáot.i.onio acid, Sot G co-ordinates for a-rbamnäse and 

Set 3 for -rhamnoae. For each combination of 0 and ! values 

for the two linkages, the "angle of kink", ct, in the chain, 

due to the rhatinosa residue, was calculated. 'This was taken 

as the angle between the helix axes for galacturonan chains 

on either side of a rhaninose residue. 
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The required oo-ordnates were calculated thus: 

(1) The co-ordinates of the first four galacturonie acid 

residues were obtained with respect to the helix axis, 

using a modified version of program (ii).. (Methods section). 

Conformation (2) (See results - Calculation 2.X.A7) was 

assumed for the galaoturonan chain  . 

"Dummy" atom co-ordinates were inserted to define the 

axes for this set of co-ordinates and also the helix axis. 

These were later used to transfer co-ordinates backr.to this 

axis. 

The origin was transferred to 0(1) of the residue 

adjacent to the rhamnose residue to be inserted.. Rotations 

were carried out so that .0(1) and C(L) of the former residue 

defined the 0(x) axis and the Oxy plane respectively. 

Rhamnoso co-ordinates with 0(2) as origin, and 0(2) 

and 0(1) defining the Ox axis and the Ozy plane respectively, 

were added. These were rotated by the appropriate value 

for the bridge angle for the Gal A Rha linkage. The 

required rotations through 0 and Y for this linkage were then 

carried out. The co-ordinates for the whole system (i.e. 

(Gal A)-Rhs) were than transferred to the axes defined by 

O(l)(origin), C(l) (Ox axis) and 0(2). (Oxy plane) in the 

rhamnose residue. 

Co-ordinates for the four galaeturonlc acid residues 

derived in stage () were transferred to axes defined by 

OUJ, C(L) and 0(1) of the galaeturonio acid residue to 

be attached to the rhamnose residue. 
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These co-ordinates were then rotated through the 

appropriate bridge angles. 	The required rotations through 

0 and i' for the Rha, l-. Gal A linkage were then carried out. 

These cO-ordinates were then transferred back to the 

original helix axis, defined by the "dummy" co-ordinates 

ment ionpd previously. 

"Dummy" co-ordinates, used to define the origin and the 

helix axis for the chains of galacturonic acid residues, were 

then used to calculate the "angle of kink" () in the chain 

due to the rhamnose residue. 

All 

(X1 ,Y Z, 

Ifandrepresent the "dwrn7" atoms at the origin 

and along Oz in the original co-ordinates with respect to 

the helix axis, and and©represent the same atoms in the 

second set of galacturonic acid chain co-ordinates beyond the 

rhamnose residue, with co-ordinates as shown in the diagram, 

then ct, the angle made -by -©Withi5 given by 

ct=tan 	(/x2 +y2 /.) 

This angle was calculated for all the values of 0 and ' 

investigated for the Gal Aa.-l-2 Rha and Rim l-)L. Gal A 

linkages. 



A program was written to perform all of the above 

calculations.. 

Results 

A kink was found for all 0 and T values investigated 

for both Rha - Gal A linkage configurations. For -rhamnosyl 

residues, values of 6. were in the range 610  to  1630, with an 

average of 1130.  For aQay] residues, the valuesbf a 

were from 150  to  1090,  with an average of 6 0. 

Calculation 2. L7 

Cal cuLation of Long Rane Contacts between Req 14uegdjaoent 
to 1thamnose Residues in the Chain 

Co-ordinates for the galacturonlo acid residues adjacent 

to rhamnose in the chain were used to calculate interatomic 

distances for all pairs of atoms on each residue. These 

were then checked for steno clashes. The process was 

repeated for all values of 0 and Y investigated for each 

linkage. 

For -rbamnosy1 residues, it was found that 42 of the 

54 conformations, sampled could be rejected b.oause of stone 

clashes of this type. The revised range of a was then 610  

to 1000  with an average of 84°. 
There were no steno clashes for any of the conformations 

sampled involving a-rhamnoayl residues. 

Infrared, Spectroscopy 

A cellulose film was prepared by saponification of 

cellulose acetate and oriented by mechanical stretching. The 
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method of preparation is described in the Methods section, 

A sample of the film was deuterated and examined by 

polarised Infrared radiation for a range of polarisor 

settings (See Nothoda section for description of infrared 

spectrometer). This procedure was used to determine the. 

positions of the parallel and perpendicular polariser 

settings. 

Deuterated samples of a range of pectins and peotates 

were a.ls.o examined by polarised infrared radiation. Various 

methods were used to prepare oriented samples for this 

investigation. These Were: 

Brushing a small quantity of an aqueous solution of the 

pectin Was spread onto a silver chloride plate. This 

solution was dried by warming the plate. The brushing was 

continued, until the solution had almost dried. This  method 

was tried for a range of solution concentrations. 

As in (1), followed by mechanical extension along the 

axis of orientation (i.e. the direction of brushing) effected 

by milling the silver cboride plate. This method was Un-

satisfactory as a small extension of the plate In this way 

was sufficient to break up the film. 

As in (1). A glass plato was used inatead.of a àilver 

chloride plate, and the film was stripped from this after 

drying. 

It was found that these samples deutorated very rapidly, 

leaving little or no residual Oli stretch band. Where a 

residual O-1 band was observed, spectra were run for parallel, 

perpendicular and intermediate polarleer settings, but no 

orientation was observed. 
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II - Solution CopforatiQn 

Section A - 'H NMR Spectra in D20 Solution 

Experiment 2.IL.Al 

Assignment of Monosaccharide Spoc4ra 

ct-D-Gaiaetur.onlc Acid 

Spectra were run of the samples listed below: 

(I) Galacturonic acid dissolved In D20. 

Sample (I) with a few drops of trifluoroacetic acid 

added. 

This exchanges with HOD. 

+ 	rapid 	+ 
H +HOD 	HOD+H 

causing a downfield shift of the HOD signal (seen as an 

average of HOD and H). 

Galacturonic acid in D20 solution, converted to the 

sodium salt by the addition of a small quantity of dii. IaOD 

solution. The formation of the sodium salt results In the 

replacement of the electron withdrawing 0()Oli group on 0(5) 

with the electron donating 000 group, thus shifting the 

H(5) sial upfield. 

The resonances observed for spectrum (i) are listed below: 

It J(Hz) 

 4'68 30 doublet 

 5629* 195 doublet 

 540  7 4 5 doublet 
(14.) 5'62 1'5 doublet 

 5 ,7 mu].tpiet 

 6'0 	6'6 multiplet 

* very close to HOD peak. 
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Signals (1) and (3) have chemical shifts and coupling 

constants corresponding to H(i) and H(31) respectively, 

whore H(al)refers to the H(l) signal for the ct anomer and 

H(1) refers to the H(i) signal for the 0 anomer. 

Signals (2) and (Li.) have similar peak tape and coupling 

constants and probably correspond to the same proton. 

Taking the peak area of (1) plus that of (3) as 

corresponding to one proton, the area of (2) plus that of (Li.) 

also corresponds to one proton. Similarly, the area of 

signal (5) corresponds to one proton and that of signal (6) 

to two protons. The signals (2) and (4) were thought to be 

duo to H(5), as all other C-li protons in the ring, except 

C(l)H, are coupled to two other protons. This assignment 

was verified by addition of a small quantity of dii. NaOD 

to the solution. This caused an upf laid shift in signals 

(2) and (Ii) to 56r and 5'987 respectively. 

Addition of trifluoroacetic acid (spectrum (ii)) to 

the solution of galacturonie acid in 1)20  showed that no 

signals had been concealed by the HOD peak. 

Spin-spin decoupling by irradiation of H(i) caused a 

collapse In a pair of doublets within the multIplet (6) to 

give a doublet. The coupling constants for the signal 

assigned as U(2) on this basis were 3Hz and 10Hz. The 

former. corresponds to (a) from the asignment of signal (1), 

giving J23 = 10 Hz. 

A similar pair of doublets at the upfield and of the 

spectrum had coupling constants of 75 Hz (corresponding to 

from the assignment of signal (3)) and 10 Hz 
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(corresponding to J23). This signal was therefore assigned 

as i2). H(2) and H() appear to be present in distorted 

AX systems (as proton 4). (Fig. 2.7). 

_   _   
1114 	 - 

H(c3) and H(3) are the proton 8 signals in these 

systems and were assigned on this basis. 

These assignments give 33)4  = 

H(Lt) apparently appears as two pairs of doublets centred at 

5681 and 5'74fl. The splitting is consistent with coupling 

constants observed for HOW 3)4) and H(5)(J 45 ). Ntzta-

rotatIon studIes, in which spectra of -DgalScturonio aoid 

were run i=edlately after dissolving in D20, and again after 

allowing some time for mutarotation to take place, are 

consistent with these assignments. The signals assigned to 

enamors were found to lncz'eóso in intensity relative to 

those assigned to a anomers. 

The final assignments were: 

anomer: Rl) )4'69; H(2) 621r; H(3) 6'06i-;  H(4.)  568,rj 

H(5) 529' 

anomer: }t(l) 5440r;  11(2) 6.521 	11(3) 629 	11(). 5'74V; 

11(5) 5•62v 

Coupling constants: j1,2 	3 	J() 7'5 Hz; J,23  io Us; 

j 34 3 Hz; 3
45  145  Hz. 
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Methyl -D ala eturonosiide Ca salt 

This compound baa a much simpler spectrum than that of 

galacturonlo acid, as it does not niutarotate in solution. 

The signals were assigned by analogy with those for 

galacturonic acid. The observed chemical shifts and coupling 

constants were: 

1l) 5691r; 11(2) 6'19r; 11(3) 6•30'r. R(E) 5'781*; 11(5)5.951 

312-.6011z; 
23 

= 84 0 Hz; 
34 

= 3'0 Hz; -. i'O Hz. 

The  assignment of 11(2) was verified by spin-spin. 

decoupling, .byirradiation at 11(1) resonance frequency. 

The assignment of the H(5) signal was verified by 

addition of trifluoroacetio acid. 	This signal was shifted 

downfield from 5'98Tto 5'64r. Other signals were shifted 

slightly downfeid. This process was reversed by addition 

of NaOD. 

Experiment 2. 11.42 

Analysis of Olgps4eebar14e spectra 

The oligosacobaridea were first converted from the salt 

form to the free acid. Spectra were run in D20 for di-, 

tx'i and tetragalaturonic acid. The resolution .of these 

spectra was not sufficiently good for detailed assignments 

to be made, based on coupling constants. Assignments 

could, however, be made by analogy with the monomers. These 

are shown in the table. The assignments for galacturonic 

acid and methyl -D-galaeturonoside are included for 

comparison. 



Chemical Shifts ' for the 'FL NNR Spectra of Galsoturonic Acid Monomers and 03. igomers 

o-.Anomersb 
Proton   Gal A di Gal  tri Gal A tetra Gal A 

P1(1') 169. 470 4973 44  
11 (1) - L.'93 19I 494 

H(2),H(3) 6'0 	6'6 5'9 - 6'7 59 	6'8 59 	6'8 
568 5'60 5'61 5'61 

P1(5') 529 5033 c 

P1(5) 5'33 c 

8Anomorab 

Proton Methyl-P$ 

gala cturonosido GalA 	d. Gal A tri Gal A tetra Gal  

5'40 	5'40 59d 

P1(l) 569 50 93. 4'94 4* 94 
H(2),H(3) 6'3 - 6'5 6'0-6•'6 	59-6'7 59-6'8 5' 9-6'S 

5'76 5174 	5"60 5'61. 5•61 

P1(5') 5'62 	572 5'7I. 5'74 

P1(5) 595 C c c 

a 	Primed numbers refer to reducing residues; 	uprimed numbers to non-reducing residues 
or both types of residues. 

b 	Measured frynuterotatIon mixtures, except for methyl--galaeturonoside 

o 	Signal obscured under ROD signal 	 Id 	Signal partly obscured by ROD signal 
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A spectrum of the sodium salt was of trigalactuxonio 

was run, and re-run after the addition of trifluoroaoetie 

acid. The spectra were rather weak, but there appeared to 

be no changes which could be attributed to a shift in E(5). 

The addition of trifluoroacetie acid did, however, produce 

a sharper 11  (1) signal at 1 91T (J=i. Hz), thus further verifying 

the assignment of this signal. 

2-0-D-gala0turonO8yl L-rbamnose (sodium salt) gave a 

less well resolved spectrum than the other disaccharides and 

oligosacoharides. A single resonance at a'ouidL6t was 

observed, presumably due to -UM resonances. The resolution 

was inadequate for any further assignments to be made. 

Section B - $pectx'a tn DO-dolutiQfl 

cper1ment 2.11.81 

Sonie Modelqopoun43 - McnosaQoh8ridea 

Spectra were run of a-D-gluooae, z-D-galaotosa and 

-D-mannose. Sharp bydroxy protonresonanee8 were observed 

in each case. For the first two monosaccharides those were 

similar to those reported previously (33). 

permen1L2. 1I. 82 

Model Cornpound3 - Disaceharides  

Spectra were run of -nia1tO8e, I3-eelloboaa,, c-lactoae 

and mannobiose. The apeeta for the first two were Similar 

to those reported by Casu (33). Naltose shows two 

"Internal" hydroxy proton signals (0(2)11 and 00e)E) 	The 

0(6)11 signals, assigned by Casu (33) occur slightly further 
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upfield than those for 0(2)11, 0(3)11 and o(L)H. 	Cellobioso 

and lactose both show one 'internal" hydroxy proton (0(3')H, 

which forms 'a hydrogen bond with the ring oxygen 0(5)). 

OH 

Ia 
MM 01 

Ci4ON 	 CHO4 

p-Coos 

Io 	 \L—OH 

140 

Fig. 2.8.. 

Other hydroxy proton signals oresponding to one, 

two and three protons were observed for lactose, and two 

signals each corresponding to three protons were observed 

	

for cellobiose. 	The 0(1)11 signals were assigned by 

deuteration. No further assignments could be made with 

	

\ 	 S 

any certainty. 

The observed chemical shifts and coupling constants 

for assigned signals are tabulated. The corresponding 

figures for -D-galactose are included for comparison.. 



cdel compounds 	(Experiments 2.II.B1 and 2.II.B2) 

Observed Chemical Shifts and O2upiin1g Constants (the latter in brackets) 

$.Naltose o(l)R cLu)II 	 "internal!' 	"external" 
a (2H, 01')u ___H 7-0 17H 

UWE 
_______ - 

3214(60) 486(3'0) 51561,7hb0,7.0) I'47() 14'I.9(6) 1495,5•00,5'03 5143(30) 

S-Oeliobloae 	0(l JR.  C(l)E "iz"• "external" OH's 
a, 009H 

3'23(6'5) 5'50(80,8•0) 162(10) 492, 526 
5'60(70) 

c-Lactose, 	O(l)U C(l)H "thernal"O(3')H "exerna1"OR's 

3'56('5)b.'9 
a 	a 

4v80 511, 5'23, 538 
(13.' 0,14.' 0) 

z-D-Galactose 	011 O-(?JH*-0U)Hz O(Li.)R 	 AQH 

3' 82(14' 0 ) 14'.96 	(14'O,3'O) 549(5•5), 5'66(7'0), 5 68(4.' 0) 	5143(60) 



Experiment 2.L3 

Spectra of Uronic Acids in DO-d6  Solution 

Spectra of galacturonio acid, gluourouio sold, 

galacturonosyl rbatrnose and digalacuronie acid all showed 

very diffuaa hdroxy proton signals 

Another sample of galacturonic acid was deuterated, 

freeze dried and dissolved in DMSO-d6.. The spectrum was 

similar to that in D20, but the resolution was not as good. 

The spectrum óould be assigned by analogy, with that in 1)20. 

Experiment 2.I1.B. 

InvoUgation of the Reason ror the Diffuse HXdroxj Proton 

Signals ,observed in the Previous Experiment. 

Two possible explanations were investigated. 

Galaoturonio acid crystallises as a monohydrate. The 

possibility that the water of crystallisation present in 

this may facilitate chemical exchange between the hydzoxy 

protons in galacturonic acid was therefore considered. 

The probable effect of the Mater of crystallisation on the 

hydroxy proton reaonanóes was investigated by running a 

spectrum of galactose plus an equimolar quantity of water. 

Some loss In resolution was observed relative to that 

observed for anhydrous galactose, but this was only slight 

and certainly Insufficient to account for the diffuse 

hydroxy proton spectrum observed for galacturonie acid. 

The possibility of bydroxy proton exchange ostalysed by 

carboxylate groups was considered (See NI sotion general 

introduetion, also introduction to this chapter), as diffuse 
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h.ydroxy proton signals were observed for all uronic acid 

monosaccharides and disaccharides investigated. 

A spectrum was run of galactose plus an equimolar 

quantity of sodium benzoate. This gave a very 
11 
diffuse 

bydroxy proton spectrum similar to that observed previously 

for urcmio acids, thus verifying that rapid hydrexy proton 

exchange is being catalysed by earboxylate groups. 

Experiment 2.II.•B5 

Investigation of te Usefulness of Other 8QlVfltS ;  

Two other solvents were used, deuteropyridine and 

nitrometbane (71.). Spectra were run of maltose in deutero-

pyriditie and galacturonto acid in the same solvent. The 

diffuse hydroxy proton resonances observed for the former,. 

and the single sharp signal observed for the latter showed 

that bydroxy proton exchange is . in fact faster In this 

solvent than in DO-d6. 

Nitromethane was also unsatisfactory, as the sugars 

were not sufficiently soluble in this solvent for spectra 

to be run. 	 was therefore used as solvent in all 

subsequent Investigations.. 

periment 2.ILB6, 

Preparation and Spectra of Glactux'Onio Aoid t, Methyl Ester, 

MothylGlyeoside and Digalacturonic Acid, Dimethyl Ester, 

Methyl Glycoside. 

These were prepared by a similar procedure to that 

described by MoCx'eady and Seegmiller (72). The, free acid 



was refluxad with dry. O'lN methanolic. 1101 for three hours.. 

The 1101 and impurities in the product were removed by DEAR 

a ephadex. 

The products were then examined by chromatography 

(solvent (b)). The sugars were detected by 

(1) p-anlsldinë spray 

or (ii) benzidine periodate dIp. 

The chromatograms ftrthe disaccharide derivative showed 

that a considerable proportion of monosaccharide was present 

also (greater than the proportion of monosaeehaide found in 

the original disaccharide sample), indicating that some 

cleavage of the glycosidlo linkage had occurred under reflux 

conditions. 

The NM spectra for the methyl glycosides were not very 

informative. The hydroxy proton signals were almost as 

diffuse as for the free acid. 

These spectra were re-ran after deuterat.icn. 	A large 

signal at 5'267, and a smaller one at 492 were observed 

for the disaccharide. These signals are presumably due to 

0(1)11 resonances. 

Experiment 2. IL E 

Preparation and, Spectra of Gala cturcnic Acl4. Metl Eater 

and Dlaoturonic Acid, D1methlB3tgr. 

These compounds can be prepared under milder conditions 

than the methyl glycosides and hence cleavage of the g1yco 

sldic linkage is less likely. 

The methyl esters were prepared by a similar procedure 
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to that described by Jensen and Jang (73). 

Reactions were carried out in 0' 02 N dry methanolic 

HO? at 5C for 66 hours. Unreaoted acid and HO1 were 

removed from the product, by DEAE sephadex. 

Paper chromatography results showed that no cIoavag 

of the glycoaldie linkage had occurred and also that no 

glycoside formation had ooarxed. 

The spectra of both methyl eaters showed rather diffuse 

hydroxy proton resonances. No indication of any "inteal" 

bydroxy protons was obtained. : 

The preparations were repeated using different 

concentrations of methanollo 1101 and different reaction 

times, but no appreciable improvement could be obtained 

in the quality,  of the product. 

The spectra of deuterated samples of the methyl esters 

(in DMSO-d6  solution) were also run. The C-H resonances 

were, however, rather weak and no conclusions regarding 

ring conformation could be drawn. 
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DISCUSSION 

I 	SOLID STATE C0N0RMAT ION 

The interpretation of the results of the galacturonan 

chain conformation calculations depends on the values, of n 

and h assumed for the helix (see general introduction p.10 

for definition of these parameter's). 	The calculations of 

n and h (calculation 2.1. A7) have shown that any reasonable 

variations In the value assumed for h would not be sufficient 

to affect the conclusions of the calculations. The possibility 

of non-integral helices was also considered. This type of 

helical chain conformation occurs quite etenaively.in  

polymer chemistry, and its existence in at least one poly-

saccharide, namely amylese triacetate (74),  has been established 

Any departure from integral screw symmetry for sodium peetatè 

must be small., since, for non-integral helical conformations, 

the layer lines would not be separated by a constant spacing, 

whereas, in fact, measurements show good internal agreement 

(59,60). Two arguments can be put against even a small dis-

placement from integral screw symmetry, namely: (1) the 

intense meridional reflection on the third layer line and the 

spacing of this (see Introduction to this chapter) show that 

any movement from intersections (2) and (3) (Pig. 2.10. 

Oslo. 2.I.A7) would involve a displacement along the 4r37 

contour within the error of measurement of the film. The 

maps show that, for such a move to arrive close enough to 
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the 	allowed zonet.o achieve a significant dèorèaaé 

in energy, a large change in screw symmetry would be 

required. This would almost certainly be seen on the 

diffraction photograph. 

Conformation (2) (SetD coordinates) is eiosorto' 

fully allowed region than any other conformation corresponding 

to n = + 3 and h = 133 for this or any other set of starting 

coordinates used In the calculations, but even the fully 

allowed conformation which is closest to conformation (2) 

on the map has significantly different n and h values 

(274 and 4146 ) from those determined experimentally. 

Conversely, any departure from the intersection that 

would be small enough to be consistent with the diffraction 

evidence would not give a worthwhile decrease in conformational 

energy. (2) Even a small departure. from Integral Screw: 

symmetry would cause disorder In intermolecular contacts-

which 

ontacts

which would be especially unfavourable for a polymer such as 

sodium pectate, which, by its, chemical nature involves 

strong directional forces in its packing. Polymers which 

do crystallize in non-integral helices, such as polypeptides 

and amylose triacetate, have non-polar surfaces with-,  

relatively little directional attraction - or, at least, have 

stronger directional forces within than between the chains. 

In conclusion, it appears that a departure from screw 

symmetry small enough to be consistent with experimental data 

would not give rise to a cberease In intramolecular 

(conformational) energy, sufficient to compensate for the 

increase in intermolecular (packing) energyi The integral 
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helix is therefore favoured.. 

The results for the 10 conformation, depend in detail 

On assumed residue eo-ordinates. No suitable crystal 

structure determinations are available to assess the 

accuracy of these oo-ordinates. This was also true of the 

two sets of co-ordinates for the Cl conformation used In 

the original calouiatiøns, (i.e. Set A and Set B) though 

probably to a lesser extent, as the co-ordinates from crystal 

structure determinations used in these calculations did not 

have to be modified as extensively as those forthe IC 

conformation. The good agreement observed on comparison 

Of the two original sets of co-ordinates for the .01 conf or-

mat ion (Set A and Set B) and the results derived from them 

with those derived more recently from sodium strontium 

galacturonate (Set D co-ordinates) provides further 

justification for the methods used to derive residue co-

ordinates of required naonosaocharide units from those for 

other sugars. Similar arguments can be advanced for the 

rhamnose co-ordinates. The good agreement observed between 

hard sphere maps for both sets of rhamnose co-odinStoS (i.e. 

those from the crystal structure of this sugar and those for 

-D-glucose) for the Gal A a-l- 	a linkage and also for the 

Rha 1-4 Gal A linkages, for both linkage configurations, when 

the allowed interatomic distances were deoreased Slgbtly, 

shows this. The rather more restricted Rha 1 Gal A 

linkages found for rhamnose co-ordinates derived from the 

crystal structure of this sugar than for those derived from 

a-glucose are thus most probably due to minor variations in 
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the starting co-ordinates, such as the rather short 0(l)-0(l) 

distance found for -L-rhamnose from X-ray data. 

The method of derivation of residue co-ordinates from 

those for other sugas also provides reasonable agreement in 

terms of steno compression for chain conformations consistent 

with X-ray data. Though the Steno Osshes for each .galacturo 

nan chain in this category for both ring conformations did vary,  

somewhat with the residue co-ordinates used in the calculations, 

the results for each set of co-ordinates did agree in 

predicting which atomic contacts would be responsible for the 

most severe steno clashes for each chain conformation, and 

discrepancies were generally only in the extent of the 

compressions. 

The co-ordinates for the Cl ring conformation from the 

crystal structure of sodium strontium galacturonate (Set D) 

and the results derived from them for conformations consistent 

with X-ray data are probably in slightly closer agreement with 

Set B co-ordinates than with Set A co-ordinates. This is 

perhaps not surprising, as the former required only one 

alteration at 0(5)  from the original set of co-ordinates whereas 

the latter set were derived by configurational inversion of the 

original set at 0(1) and CUj. However, the agreement between 

all three- sets is good, bath in terms of the conformations 

consistent with X-ray data and the positions and proportions 

of (fully and marginally) allowed conformations. Thus, though 

Set A co-ordinates were used for subsequent calculations, 

similar cone lus tons would almost certainly have been obtained 

for Set P co-ordinates. 



104 

Conformation (2) (calculation 2.1. A7, Fig. 2.0) 

appears to be the most favourable on steno grounds, and was 

therefore used in subsequent calculations on the offset on 

chain conformation of insertion of L-nhamnoae residues into 

the chain. 	Conformation (3),. which appeared to,bè almost 

as favourable for Set A co-ordinates, appears to be rather 

less favourable for Set D and Sot B eoordinate3. The. 

stex'ic compression associated with this conformation ion appears 

to be particularly sensitive to minor variations 'in starting 

co-ordinates. 	However, the considerable 0(2)'H(4!) 

compressions predicted (Calculation 2.1.. A?) for all three 

Sets of co-ordinates and other sizeable compressions predicted 

for co-ordinate Sets B and D are sufficient to suggest that 

this conformation is unlikely to oecur. The results from 

Set D co-ordinates also agreed with those from Sets A and B 

in predicting at least one steno compression of. over 0-61' 

for conformations (1) and (L). 	These results., and the relief 

in steno compression found, particularly for conformation (2), 

on increasing the bridge angle, indicate that this conformation 

is by far the most likely. The conformationsuggested-by 

Palmer and Hartzog (.9) appears to correspond to conformation 

(Lii, which I. considered unlikely on the basis. of these 

calculations. 

Though there were no suitable crystal structure determin- 

ations which could be used as a basis for the galacturonie 

acid co-ordinates in the 1C conformation, the results from 

the two independently derived Sets of co-ordinates used in 

these calculations did agree in predicting considerable steno 
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compression for all tour intersections corresponding to 

= + 3 and .h = 	For this reason and also the failure 

to relieve these compressions by increasing (or decreasing) 

the bridge angle, and also the positions of all the inter-

sections and the whole contour for h = I33, which are so 

far from the allowed zone that non-integral helices are also 

unlikely, it was concluded that it is not possible to build 

a plausible model consistent with X-ray data when the residues 

are In the 10 conformation. 

The chain stiffness for galacturonan chains, when- the 

residues are in the 01 conformation, as indicated, by the:. 

small proportions of fully allowed and marginally allowed 

conformations for co-ordinate seta A, B, C and D (Results - 

calculations .2,X Ai - 2.1. A6) is even more marked than for 

other polysacobarides such as cellulose. This can be 

understood as the glyoosidio oxygen atom is axial to both 

sugar rings, resulting in a more crowded arrangement. This 

Is also shown by the relatively higher proportion of 

allowed conformations, for galacturonan chains In the 10. 

conformation, wb?re both linkages are equatori.al.. 	The effect 

of sterlo restrictions for the Cl conformation I. to keep the 

chain extended and ribbon-like, as shown by the allowed .ranges 

of n and b (Results 	calculations 2.1. AL - 2.1. £6). 	In 

the formation of gels, the chaIns are, therefore, likely to 

pack In bundles. This type of assocIation is different 

from the double helices which occur in oarrageenan gels and 

possibly also In glyoosaminoglycuronane and from the triple 

helices which have a corresponding function in gelatin (3)' 



IM 

The results of the calculations of volume per galacturonic 

acid residue (calculation 2.1. A16) show quite clearly that 

multiple helix formation ofthis type cannot occur for. pectic,  

substances. 	 . . . . 	 . 

The original method of calculation used for investigation 

of possible double helix formation (calculation 2.1, .A16) 0  

in which the cylinder of volume was taken as having radius rm 

measured to the centre of the outermost atom from the helix 

axis, appeared to be a.reasonable treatment as the surfaces 

of the helices are unlikely to be smooth and some inter-

penetration would be expected wben they pack. 

owever, when computed on this basis, Tvrm2*h values 

were found to be even smaller than the value which would be 

expected for a single helix. 

Because of the more efficient packing which is possible 

for regular helical conformations, particularly those with 

integral screw symmetry, these conformations should give rise 

to the smallest possible volume per residue. 	It would there- 

fore appear that this method of calculation overestimates the 

degree of Interpenetration if  the calculations of volume per 

residue based on the assumedcbnsity of the polysaccharide 

are assumed to be accurate, though this conclusion is 

surprising In principle, in view of the expected interpene-

tration of the helices. 

The increase allowed in rm  in the second set of 

calculations allows for no interpenetration of the chains 

except for carboxyl oxygens and other atoms which are free 

to rotate about side chains. 
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The results of these calculations therefore indicate 

that multiple helix formation is impossible for pectins and 

pectates, both for conformations consistent with X-ray data 

and for any other,  steriosily reasonable conformation. 

The chain conformation of guluronan appears to be 

a similar extended type. Though the screw symnetrya 

different, being two told instead of the three fold screw 

symmetry found in galaoturouari chains, the chain conformatIon 

In terms of 0 and T is probably not greatly different,:. The 

value of h (436 A) is almost the same as that for galacturonan 

chains. As the constituent residues are enantiorners except 

at 0(3), the ri and b maps for guluronan will be closely 

related to those for galacturonan. The preferred conformation 

for guluronan may thus be estimated by analogy with the ti and 

b maps for galacturonan chains. Of the two conformations on 

these maps corresponding to n = ± 2 and h 436, one 

200, 0 160 for Set D co-ordinates) is quite close to 

the preferred conformation for galacturonan chains 

conformation (2) ealeulation2.I.A7and appears from inspection 

of models to have favourable geometry for the formation .of 

an 0(2)•'0(6') hydrogen bond of the type shown recently to 

exist for guluronan chains (48). The preferred conformation 

therefore most probably corresponds to the optical enantlomer 

of this with configurational inversion at C(3). 

Calculations (Calculation 2.1. A9) indicate that an 

O(2)'0(6') hydrogen bond is also likely to be present In 

galacturonan chains, assuming conformation (2) (Calculation 

2.1. A7) for these. 	The calculated 0(2)0(6') distance 
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of 2'3 A Is rather low for a hydrogen bond but could be 

increased by rotation about the C(5t)_C(61) bond. 	The 

calculated 0(5)C(61')w0(2) angle of 1120  appears to be 

rather favourable for hydrogen bonding. The other possibility 

for hydrogen bonding, between 0(6) and 0(3'), is much less 

1Ike1, as the m1nimu O(6)'O(3') distance of 3'15 A appears 

to be too large for hydrogen bonding. 	The C.(5)—C(6)'0.(3') 

angle of 510  is also less favourable. 

It is difficult to estimate the extent of the kink 

caused in galacturonan chains by the insertion of L-rhamuosa 

residues, in view of the large number of combinations of 

and ' values for the Gal A.-Rha and Rha-Gal A linkages 

corresponding to fully allowed or marginally allowed confor-

mations, but, considering the average "angle of kink" for 

all conformations investigated in the calculations.. It 

appears that the kink would be quite sharp for either Eha-

Gal A linkage configuration. 

The very high values of the angle of kink, a, which 

were found for some allowed conformations for -rbaimisy1 

residues (Results - Calculation 2.1. B6) suggestedthat the 

kink might be sharp enough to cause steno clashes between 

galacturonic acid residues adjacent to the rhamnose residue 

in the chain. 	Calculations were therefore made to *beck 

for this. Though a large proportion of conformations 

involving -rbamnosyl linkages were found to give n15e to 

steno clashes of this type, the remaining possibilities all 

involved a rather sharp kink. The conformations involving 

-rhamnosyl linkages were generally less sharply kinked than 
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those involving P.rb9moSyl linkages, though a definite kink 

Was found for all conformations investigated. 

thusY it seems oertan that the rhamnose residues do 

have a kinking function in the chain, no matte whIch linkage 

configuration for the Gal A-Rba linkage Is correct.. 

It appears that natural polysaeoharide$ which form:gela, 

whether the chains are extended and ribbon-like or fiexble 

and helloal, always contain a proportion Of kinking re3idues. 

Residues of this type are often joined by the same linkages 

but have a ring conformation which is Inverted with respect 

to the other residues in the chain. 	Examples of this are 

galactose 6-sulphate [Cl(D) or 1C(L)J which occurs in place 

of 3,6-anhydrogalactose [1C(D).or C1(L)) in polyssocharides 

of red seaweeds; guluronlo acid [lC(L)]., which occurs in 

place of mannuronic acid [01(n)] In alginates and iduronic. 

acid [10(L)] which appears to be Interchangeable with 

glucuronic acid [01(n)] in several mucopolysacobarides., 

In pectic substances, however, the linkage position 

at the kink is different as well as the ring conformation 

[10(L) instead of 01(n)]. 

Ii - Solution Conformation 

The 'H NMR spectra for galacturonlo acid, di-, tn-

and tetragalacturonic acid verify the existence of the 

Reeves 01 ring conformation in D 2  0 solution. 

The large coupling constants observed for 	'and 

for galacturoulo acid 	for 0 anomer, J23 
 for both anomers) 
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And methyl -ga1acturonoside (Expt. 2.11. Al) are character- 

istic of axial-axial proton coupling. 	They are quite 

incompatible with the Reeves 1C conformation, which would 

show no such axial-axial coupling, as 11(2) is equatorial 

for this conformation 

Pig. 2.9. 

OW 
1 

Cl conformation 	 10 conformation 

The peak- at Ca. 4V9T in the spectra of the di-, tn-

and tetrasacchanide (Expt. 2.IIA2) can only be due to an 

equatorial proton at 0(1) on thenon-rducing residue(s) 

(an axial proton would have a higher chemical shift). 	This 

assignment was verified by the increase in the size of this 

peak relative to that of 11(1t)  observed in the order di-, 

tn-, tetragalacturonic acid. 	The general simi1anities, 

between the spectra and those of the monomer verify-that the 

ring conformations were the same for all of these compounds. 

The ring conformation of thegalacturonic acid residue in 

galacturonosyl rhamnose (Expt. 2.11. A2)  also appears to be a 

Cl chair. 	The single proton resonance at ca. L8+ has a peak 

area corresponding to between one and two protons, suggesting 

an equatorial proton at 0(1) and hence the Cl conformation 

for.the galacturonic acid residue. 

The hydroxy proton exchange catalysed by uronic acid\ 
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groups in DNSO-d6  solution is unfortunate, as it means that 

no useful information can be obtained on the chain confor-

mation of poetic substances in solution either by !H NMR  

spectra in this solvent in view of this effect or., byoptial 

rotation in view of the complications involved in the 

pretation of optical rotation data caused by these groups, 

as explained in the introduction to this chapter. No method 

could be devised to overcome this problem, as no other 

solvent could be found in which acid-catalysed h-c1roxy proton 

exchange was slower than that in DO-d6  and attempts to 

prepare derivatives In which this acid-catalysed hydroxy,  

proton exchange would not occur were unsuccessful in thia 

obj eotive. 

However, where resolution was sufficiently good for 

any assignments to be made, it appears from deut.eratiOfl runs 

In DO-d6  solution that the Cl ring conformation is 

retained in this solvent. This appears to be the oa.ae.for 

galacturonic acid, on the basis of similarities in the 

spectrum to that in D 0, and also for the methyl. glycoside 

of the methyl ester of dgalaoturonio acid, prepared in 

Experiment 2.11. B6, on the basis of the chemical zhifts.of 

the signals assigned as C(l)H(4-927  and 5261). The larger 

signal at 5'261 suggested an equatorial G(l)11 proton and hence 

the Cl conformation. The latter inference is not really 

conclusive as the methyl glycos ides gave rather poorly,  

resolved spectra. 

The spectra for the disaccharide model compounds in 

DO-d6  are interesting. The observed spectrum for 
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celloblose, containing two "external" hydroxy proton signals 

each coi'esponding to three protons could be explained in 

terms of an upfield shift of 0(2)H to the same t value as 

that for the 0(6)H protons, which normally occur further up-

field than other hydroxy proton resonances (33), due to ateric 

shielding of this proton from hydrogen bonding to the solvent. 

If this were the case, xnannobiose, which differs from. 

coflobiose in having 0(2)H axial, would not be expected to 

show this effect. The hydroxy proton spectrum for mannobiose 

was, however, rather poorly resolved and no definite 

conclusions could be drawn. 

In conclusion, the conformation for the constituent 

residues In galacturonan chains in pectic substances in the 

solid state, and that for the constituent residues in related. 

oligosaoobarides in D20 solution has been shown to be a Cl 

chair. The absence of multiple helices in the galacturonan 

chains and the kinking function of L-rbamnose residues as 

insertions in the chain have also been established as a 

result of these Investigations. A preferred conformation 

is suggested for the galacturonan chains in the solid state, 

though no experimental evidence for the expected 0(2)'0(61 ) 

hydrogen bond could be obtained, either In the solid state 

or in solution. 



0 
0 	" 600 	1200 	1 0 	2400 	3000 	3600  

60e 

1200 

160°  

2600 

300°  

3600 

Fig. 2.10. 	(See Calculation 2.I.A4) 

Restriction of galacturonan conformations by steric 
clashes between consecutive residues., assuming the Cl ring 
conformation and using Set A, co-ordinates. 	The angle 
at the glycosidic bridge was 1170. . "Fully allowed" 
conformations are boxed within the solid lines and 
"marginally allowed" conformations within the dotted lines. 
The distances used for the contact criteria were those 
1istd in the Methods section. 	Thq 00 distances were 
27 A (marginally allowed) and 28 A (fully allowed). 
Conformations with integral screw symmetry lie on the broken 
diagoials, and those with a projected residue height of 
433 A lie on the broken loop. 	The intersections are 
labelled to correlate with the text and the table of results 
(Calculation 2.I.A7). Positive and negative values of 
n represent right- and left-hand helices, respectively. 



Fig. 2.11. 	(See Calculation 2.I.A7) 

Projection of a possible conformation for sodium 
pectate, plotted from computed co-ordinates which were 
derived to fit the parameters of Palmer and Hartzog 
(see introduction to Chapter 2.). 	The chain has a 
right-handed screw sense and corresponds to 0 = 1300, 
= i °  (Set A co-ordinates), to 0 = 120°, V = 1700 

(Set B), and to intersection 2 in Figure 2.10 and in the 
table of results for calculation 2.I.A7. 



(Bee Calculation 2.I.A7) 

Projection of a possible conformation for sodium 
poctate, plotted from the computed co-ordinates which 
were derived to fit the parameters of Palmer and Hartzog. 
The chain has a left-handed screw sense and corresponds 
to 0 = 1850, T = 2400  (Set A co-ordinates), to 0 = 1800 , 

= 2500  (Set B) and to intersection 4 in Figure 2.10 
and in the table of results for calculation 2.I.A7. 
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Fig. 2.13. (See Calculation 2.I.Al2) 

Restriction of galacturonan conformations by steric 
clashes between consecutive residues assuming the IC ring 
conformation and Set E co-ordinates. Conventions and 
other details are as for Figure 2.10. 



Fig. 2.14. (See Calculation 2.I.B6) 

Effect of inserting a single -rhamnose unit, linked 
through its 2 position, into a galacturonan chain which 
has the structure and conformation shown in Figure 2.11. 
The change in direction of the helix axis is characterised 
by the "ange. of kink", a., which is the, angle Z' O Z. 
Conformations at the galacturonosyl-rhamnose and rhmnosy1-
galacturonic acid linkages are specified by 

0Gal A-Rha = 

1700\Gal"ARha= 110 'ha-Ga1 A = 200°, Rha-Gal A 

1700, giving a. = 89'80. 	All these angles are close 'to 
'the respective averages of sterically possible values. 
Note that 0' Z' is not •in the plane of the diagram but 
projects upward at an angle of ca'. 300,  and that the 
polysaccharide chain is shown as a projection plotted 
from computed co-ordinates. 	Residue co-ordinates were 
Set A and Set G. 
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Fig. 2.15. (See EXpt. 2.U.Al) 

'H NMR spectrum for galacturonic acid at 100 MHz. 	The crystalline solid 
was dissolved in deuterium oxide and allowed to reach mutarotation equilibrium, 
then sufficient trifluoroacetic acid was added to shift the solvent signal downfield 
and leave sugar protons unobscured. 	Only the a- and -pyranose forms are seen, and 
the following assignments are internally consistent as well as being consistent with 
the spectral change during muta±'ot,atibn and with change of pH, and with the spectrum 
of the methyl -glycoside; they are confirmed by spin decoupling. 	A is at T 469 
and corresponds to H(cLl), i.e. to the H(1) signal for the a anomer, showing J2(a) 
3 0Hz, B, at T 5'29, is H(ct5), and shows 	5(a) 1 5Hz, 0, at ¶ 5 -140, is H(, and 

shows 1,2() 7 5 Hz, D, at T 5 62, s H(5) and shows J ,5()l 5 Hz, E, at ¶ 5-.68, 

is..H(a4), and shows J3,(a)1 	Hz; F at T 574, is H(04), and shows J3,()  3'O Hz; 
G at ¶ 606 is H(a3), arid shows 2,3(a) 10•OHz,  l2(a) 7511z; H at 621T, isH(a2), 

and 	shows J 23(a)  10'0 Hz, 12(a)  3'0 Hz; J at 
T 6•29, is H(3) and shows J2,3()  

100 Hz, J3()30 Hz; K at ¶ 6'52, is H(2), and shows J23()  lO'O Hz, J12()  75 Hz. 
Other peaks are the solvent signa -rid corresponding side bands.. 	Details of the method 
of assignment are given in Ebcpt. 2.II.Al. 
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CRAPT ER  

Conformational Studies on -D-l3 Gluoan 

Introduction 

Conformational studies on-D-1-+3 glucan are considered 

here in conjunction with those on -D-13 xylan, in view Of 

the similarities in structure and probable similarity in 

chain conformation of the two polysaccharides. 

Both polysaccharides occur in marine algae, although 

the occurrence of -D-1-3 gluoan is also more widespread. It 

occurs as an energy reserve in brown seaweeds, notably 

Laminaria species, from which laminaran is obtained, and also 

in protozoa. 	It also occurs as a skeletal component in yeast 

cell walls and as an extracellular product of certain bacteria 

and as a constituent of certain fungi, for example, pachyman 

from Poriacocos. 	f-D_l-*3-yian occurs in certain green 

seaweeds as a skeletal component of the cell walls. 

The two polysaccharides are very similar structurally. 

The constituent residues of both polysaccharides are likely to 

have the Reeves Cl conformation and differ only at 0(5) where 

a hydrogen atom in D-xylose replaces the -CH 2OH group in this 

position in D-glucose. 

The crystalline nature of some -D-1-3 glucans was 

inferred from powder diffraction photographs of lamiriaran, 

yeast hydro-glucan and paramylon, a marine algal reserve poly-

saccharide (75). The photograph for paramylon from Euglena 

species was almost identical to that for yeast hy&o-glucan. 

Frol and Preston (76) noted a similarity between the 

above X-ray diagrams and those for -D-1-*3 xylan, and 
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suggested that both polysaccharides might be helically 

constituted. 	The nature of the helical conformation of 

-D-1-3 xylan was later established by means of a detailed 

analysis of X-ray diffraction photographs of cell wall 

material from some siphoneous green algae (47). 

The structure proposed for -D-1--3 xylan, on the basis 

of the best agreement betwenn observed and calculated 

structure factors, is a triple helix in which each individual 

helix has exactly six residues per turn in a pitch of 

1836 A. 	The helices have a right-handed sense and are 

related to one another by a three folds rotation axis (the 

helix axis). 	The -OH groups on C(2) in each residue point 

roughly towards the helix axis, giving rise to a hydrogen 

bond system of the type illustrated below, where I, II and 

III denote the individual chains of the helix. 

Fig.3.l. 
I 	 Hydrogen bonds are 

OW 	 represented by dotted lines 

• 	and the arrangement is 

I - 	 : 	drawn with all nine atoms 

O 	 coplanar. 

The three strand helix was initially favoured, rather 

than the alternative two and four strand helices, on the basis 

of unit cell dimensions and density measurements. 	Infrared 

dichroism results for deuteratod specimens provide further 

evidence for a three strand helix. 	A strong perpendicular 

0-H bond was observed at 3477 cm, corresponding to an 0"0 

distance of 29A. 	This agrees reasonably well with the 
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O'0 distance of 27 A for the triple helix predicted by 

X-ray data. Two- and four-strand helioes could not give 

rise to any hydrogen bonding perpendicular to the helix axis. 

The observed parallel and perpendicular bands in the C-H 

stretch region were also as expected for the three-strand 

helix. 

It is probable that -D-1-3 glucan could exist in a 

similar chain conformation, as the -CU2OH groups on 

would point away from the helix axis, and thus would be Un-

likely to interfere with triple helix formation on steno 

grounds. Also, fibre diffraction photographs (77) for 

3-D-1-3 gluoan indicate values of n and h*of around 6'0 and 

30 respectively, which would be consistent with such a 

conformation. 	Thus, it was decided to explore this 

possibility by means of computer model building techniques, 

making use of two independently derived sets of co-ordinates 

for r3-D-glucose, to check the effect of any variations in the 

starting assumptions, as before. 	The co-ordinates used were: 

(1) A set of co-ordinates with idealised bond lengths and 

angles (Set L). 	This set has been used in previous 

calculations (37). 

(ii) An averaged set of co-ordinates (22,46) derived from a 

refined set of cellobiose co-ordinates (65). 	The hydrogen 

atoms in this set of co-ordinates (Set N) were replaced so 

that the C-H bond lengths and angles were idealised. 

Samples of -D-1-*3 glucan were also examined by polarised 

infrared radiation, in an attempt to obtain experimental 

* See general Introduction p40 for definition of these 
parameters. 
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evidence for this type of hydrogen bonding. 

The average conformation of this polysaccharide in 

solution may.also depend to some extent on the temperature 

and the solvent. The presence of an intramolecular hydrogen 

bond between the ring oxygen (0(5)) and 0(2)11 or 0(4)H from 

the adjacent residue was suggested on the basis of a single 

"internal" hydroxy proton in the 'H NI'1R spectrum in DMSO 

solution (33). 	Earlier computer calculations (22) suggested 

that a hydrogen bond might exist between 0(5) and 0(4'). 

However, it appears that an 0(2)0(2') hydrogen bond is 

favoured between -1->3 linked residues (24(b),37). 	This 

influence would be stronger in oligomers, because of the co-

operative nature of hydrogen bonding, and would account for 

the more positive values of 77 calculated on the basis of 

optical rotation data from previous literature, assuming IT 

values in common with other -g1ucosyl di- and oligosaceharides 

((37), see also general introduction - optical rotation section) 

H 

cO4 

H 
Fig. 3.2. 

However, the possibility remains that the triple helix 

conformation may occur in solution under. some conditions. 

Certain 1-3 linked -D-glucans (curdlan, yeast-hydro-glucan) 

form.gels in aqueous systems if the molecular-weight is 
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sufficiently high. 	This indicates some form of chain 

association, which could occur in the form of triple helices. 

These polysacoharides are, however, soluble in DMSO, and are 

thus likely to be in a random coil conformation in this 

solvent. Laminaran may be too low In molecular weight to. 

form a gel In aqueous systems, but current optical rotation 

evidence suggests that the conformation in aqueous solution 

may be triple helical. Further 'H Nffi Investigations were 

therefore carried out on laminaribiose, laminaritriose and 

laminaran over a range of temperatures in both D20 and DMSO-d6  

solution In an attempt to obtain further information on the 

nature of hydrogen bonding In solution and also to look for 

any temperature-induced and solvent-induced changes in the 

spectra which could indicate helix 	coil trthisitions. 

The results of these experiments and calculations are 

described in the following section. 
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ExpeDient al 

$olid State 0o±nfoxmat ion 

0a1ti1ation 3.1 

Derivation of Xdea.1iseiy4rGgen Atom PQSItIOn (Set M 
ordinates) 

Hydrogen atoms were replaced to give bond lengths of 

110 A and tetrahedral bond angles with their neighbours 

by the method described in the Introduction to Chapter 2. 

Calculation 3.2. 

DerivBttonof 00-ordinates for the Heduing Residue (Set M 
Ooordinates) 

Only co-ordinates for the non-reducing residue Were 

available for this set. Co-ordinates for the reducing 

residue (i.e. with 0(3) as origin, 0(3) defining (x) and 

0(1) defining the Oxy plane) were derived from these by the 

procedure described in the Methods section. 

Cal eula rL33 

Glationof Residue Parameters (Co-ordinate Sets L and M) 

These were calculated by the procedure described In the 

Methods section. 

Results..  

Set  Go-ordinates  
R12  l'13OO 
R23  2'51I47 

H31 
 1- 3900  

143- 8966 
t3  144 7160 
T23 14-92.57 

Set M Coordingtos 
l239 

2' !6 18 

16 3970 
145- 7102 

14 46 9756 
-OL837 
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Calculation 3. 

Derivation of n, h and Hard Sphere Maps for Triple Helical 

Conformations 

Method of Calculation 

Calculations were made using a modified version of 

program (ii) (Methods section). 	The program was. modified 

to calculate steno clashes between adjacent residues on 

different strands of the triple helix as well as those 

between adjacent residues on the same strand. 	As the 

strands of the triple helix (1, 2 and 3) are related to one 

another by a three fold rotation axis, 1 will be related to 
- ID 3I 

2 in the same way as 2 is related to 

3 and  3 is related to 1, and there-

fore-only two of the three helices 

need be considered in calculating the 

Fig. 3.3!contaots between different strands. 

The second helix can be generated from the first by a 

rotation of 1200  about the helix axis z thus: 

xf = x cos 120°  - 	sin 1200  

= x sin 1200  + y 005 1200  

Considering any one repeating residue (x) in one helix, 

the five residues on the second helix which are closest to 

this residue and therefore most likely to give rise to 

steno clashes are shown in the diagram overleaf. 
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These five residues are the residue 

(X1) related to X by the threefold 

rotation axis and the two pairs of 

residues immediately above and 

immediately below this residue in 

the chain B,i.e. X2  and X , X and 

X. 	The contacts between residue X 

and residues X, - X5  on the other 

3J 	strand are represented in the diagram 

by the contact types (l)-(5). 	
H 

The program was modified to generate the appropriate 

residues to calculate the inter-strand contacts. 	Owing to 

the large amount of computing time involved, no further 

residues on the chain B were considered for possible contacts 

with X. 	It is unlikely that any of these would be close 

enough to 'X to give rise to any further steno compressions. 

In addition to the usual categories of "disallowed", 

"marginally allowed", "fully allowed" and "allowed" confor-

mations containing an intramolecular hydrogen bond, some 

additional categories were included, in the hard sphere maps 

to give some indication of the degree of steno compression 

introduced by the formation of tr5.ple helices. 	These 

categories were: 

"Disallowed" through inter-helix contacts 

"Marginally allowed" through inter-helix contacts 

"Allowed" conformations having an inter-helix 

hydrogen bond. 
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The "fully allowed" and "marginally allowed'! interatomic 

distances used in these calculations were the same as those 

used in previous ealaulationse 

Derivation ofn,and tiard. SpbereMas Set L Co-ordinates 

Those were derived using the method explained above. 

A bridge angle of 1170  was assumed, and 0 and Y were scanned 

In 100  Intervals. 	 .. 

Considerable sterie restriction was introduced y triple 

helix formation. 38% of all conformations scanned were 

disallowed in this way (Category (I) above). 	Only O' 	of 

all conformations scanned were allowed, 0'3% being fully 

allowed and 06% being marginally allowed. 

Only one conformation was found in which hydrogen bonding 

was possb1e. This was of the inter-helix type and occurred 

at T  =230°, 0 = 1600. This corresponds to values of n and 

b of 641 and 352 respectively, and is close to the 

conformation corresponding to n = 6 and h = 3. 

Derivation of n,h and Hard SphereJYJap.. - Set M Co-Ordinates 

These were derived as for Set L co-ordinates. The 

regions of allowed conformation were similar to those for 

Set L co-ordinates, but no hydrogen bonded conformation was 

found in this case. 00% of conformations were fully 

allowed, O 	were marginally allowed and 2 	were disallowed 

through triple be1ixbrniat ion. 

More Exaot Determination of the Contormation(s) containing 

Inter-Helix Hydrogen oud(a.) 

The calculations for Set L co-ordinates were repeated, 
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this time scanning the region in which the inter-helix 

hydrogen bond was found in 20  intervals of 0 and Y. The. 

00 distanee of each possible hydrogen bond was calculated 

and. the oxygen atoms involved were noted. 

Hydrogen bonded conformations were found for a narrow 

range of 0,, T values extending from T = 2200, 0 = 1680  to 

= 2380, 0 1500. 	In each, case, the possible hydrogen bond 

was between 0(2) on one residue, and 0(2) on the residue from 

the neighbouring helix related to the, first residue by the 

three fold rotation axis: i.e. the same hydrogen bonding 

system as that found for D-1-3 xylan. The 0'0 distance 

varied from 254 A to 2'88 A. The calculations were also 

repeated for Set M coordinates, scanning in 20  intervals, 

However, no Intermolecular hydrogen bonding was found for 

any of the conformations scanned In this region. 

The range of OWO distances considered for possible 

hydrogen bonding was 2-5-  3'0 A. 

Infrared Spectroscopy 

Yeast hydro-gluoan was used for this investigation. 

This gives good quality X-ray photographs. However #  

difficulties were experienced in preparing suitable specimens, 

as this material would not form solutions or gels in water, 

even at 1000. A gel could, however, be prepared by 

dissolving the yeast hydro-glucan in dilute aqueous potassium 

hydroxide, followed by removal of the alkali by dialysis. 

This process resulted in the formation of a rigid gel which 

could not be melted. The process was repeated at decreased 
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concentration of yeast hydroglucan, but this resulted in 

precipitation of a similar gelatinous material from solution. 

Thus, specimens for infrared examination could only be 

prepared by cutting the gel into strips, and drying these 

on a silver chloride plate. The specimens showed a residual 

OR band on deutoration. Spectra were run for both parallel 

and perpendicular polariser Settings, but the results were 

inconclusive. 

Attempts were also made to prepare specimens by a 

similar process, using DO as the solvent. 	This process 

was unsatisfactory, as the yeast hydro-glucan was found to 

re-precipitate during dialysis. 

Solution Conformation 

'H NM Spgctroaeopy. 

(A)Spectra inD2O Solution 

Ep eriment 3. Al 

Methyl-Dglioranqside - Varibl Taigrate  _§Reotra  

Spectra were run of methyl-D-gluoopyranoaide at 280, 

1400 and  600,, Little difference was observed in the Spectra, 

though the resolution improved at higher temperatures. Only 

G(l)H eould.be identified with any certainty. This signal 

had a chemical shift of 568T 12 = 8Hz) at 600. 

Experiment 3.A 

Laminaran - Variable Ten eratwe Spectra 

Spectra were ran of laminaran at 280, 140,  O and 800. 

The spectra at 280  and 1400  showed very poor resolutions 
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though the latter improved on re-running after boating to 800  

then cooling. Apart from the Improved resolution at hIgher 

temperatures, little difference was observed in the spectra 

at 14 00, 600  and 5 0 • 	Theccbserved signals wore. omewhàt. 

similar to those for the monosaccharide (Expt. 1) but the. 

chemical shifts were generally lower (C(l)H 525'V,.  J .7Hz 

at 600). 

(B) 'H N 	pect 	.D0-d6 $olutIon 

!xereTzt 3.131 

Variable Temperature Speetrg Lanilnaribiose 

Spectra were run at temperatures of 280, 400, 600, 800  

and 1000.  The 0(i)H resonances were clearly resolved at 

lower temperatures, but no "internal" hydroxy protons were 

observed. The other hydrozy protons. occurred In two 

separate regions. The resolution was generally good but 

other bydroxy proton signals were too close together for a 

detailed assignment to be made. Apart from the usual 

broadening of OH proton resonances and sharpening of OH ones 

at higher temperatures, no significant variations were 

observed In the spectra at different temperatures. 

Experiment 

Variable Pemperature Spectra - Larninapitrlose 

Spectra were run at 280, 400 j, 600, 800  and  1000  as 

before. The O(?)H resonances were less Clearly resolved 

at low temperature than those for laminapibiose. An 
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"internal",  bydrozy proton signal corresponding to one proton 

was observed at 280, but this merged with other hydroxy. 

proton signals above LO°.. No,  other significant variations 

In the spectrum with temperature were observed. 

ExerIinent 3.B3 

Variable Ternperatuz'o $pee- Laminaz'an 

SpeotrA were run at 280,, 400, 600, 80°  and 100  as. 

before. The spectrum was of the typo shown in tie diagram. 

JJL Fig. 3.5. 

The signal l corresponds to an "internal" hydroxy 

proton signal. Signal 3 corresponds to "external" bydrozy 

proton signals and also C(l)H signals. This was shown by 

high temperature runs, In which the signal 3  became rather 

more broad and die and a sharp C(l)H signal also emerged 

in this region. It was thought that signal 2 might 

correspond to a different type of "internal" hydroxy proton, 

perhaps an inter-helix 0(2)')2 hydrogen bond in a triple 

helical conformation. As this type of hydrogen bonding 

would occur in the interior of the belices, it might be 

resistant to deuteration, at least to some extent. 	This 

possibility was investigated for a series of deuterationn runs 

for laniinaran. Similar deuteration runs were carried out 

for laminai.ibioae and lamiriaritriose. 
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Experiment 3.BLi. 

Deutoration -. Lamiriaran, Laminaribiosoand Lamlnartt lose 

A few drops D20 were added to the solution of laminaran 

in DO-d6  (previous experiment) and a spectrum was run 

(1) immediately after deuteration 

(Ii) about an hQU1 later. 

Spectra for laminariblose and laminartrlose, deut orated 

by the same procedure, were also run 

(I) immediately after deuteration 

(ii) about an hour later 

as for laminaran. 

No significant variation in the spectra for (1) and (ii) 

was observed for any of these samples. For the laminaran 

spectra, the signal 2 (Expt. 3.3) was still present one 

hour after deuteration, thou. it decreased in size 

immediately after deuteratlori. 

Duoteration also verified that thesignal 3 for 

laminaran Included the C(i)H resonance and that the signal 1 

was due to a hyth'oxy proton zesonance. 



Some of the Main Features of Interest in the Spectra (Experiments 3.B1 - 3B 

Variable Temperature runs Deuteration PUnS (2800) 

28°C 9O°C 

Proton Resonance Approximate 
number of 

J(Hz) Protons9  J(Hz) T .  J(Hz) 

Laminapibiose 

O(1)H() - 	3'25 70 	) 

) 1 - 
O(l)H(ci) 3, 55 4-!5 

Other bydroxy 4'9l 
proton resonances 

5157 5b 

• L92 LO 44 91  5'0 
556 740 554 m 

Lamlnarltriose 0 

O-(l)U() 323 ) 1 

O(l)R() 3'53 
) 

) 

0 

"internal" hydrox 
•- 

proton resonance 1 

Other bydrozy 196 1b 
proton resonances 

52-56 
8b 

C(l)H 4'92 L.'O 14'92 3'0 
5'40-556 m 5'38-555. in 

Laminaran S  

"internal"  hychoy li'- 73  
proton resonance - 

- 	- 	-? 4'91. 092 

Other hydroxy 
- 	 - 	- proton resonances 530 

- b 3•1. - -- 

c(l)- 
- - 	538 	- 80 70 

- 	- 5'54(?) 	- - 

a 	Refers to the number of protons per molecule, except for laminaran, 
-- 

where the numbers 
refer to the number of protons per residue. • - 	 -. 

b 	Including C(1)R proton resonances in -Muitiplet 



.Discussion 

The computer calculations show that triple helix 

formation is sterically feasible for -1-3 linked giucan 

chains and that hydrogen bond formation of the type found in 

-D-1-+3 xylan helices is also sterically feasible. These 

calculations also show that this is the only type of hydrogen 

bonding (intramolecular or intermolecular) which is sterically 

feasible. 	Only a narrow range of such conformations appear 

to exist. For these conformations, n ranged from 583 to 

740  and h from 294 to 388 (Set L co-ordinates). 	This 

range included the conformation corresponding most closely 

to the values of n and h (60 and 30 respectively) suggested 

for 8-13 gluoan from X-ray data (see-introduction to this 

chapter). This conformation was ! = 2360 , 0 = 1500, the 

values of n and h being 599 and 303 respectively. The 

O''O distance for this conformation was calculated to be 

286 I t  which agrees reasonably well with the OWO  hydrogen 

bond length found for -D-13 xylan. 

Similar calculations using Set N co-ordinates, though 

showing no inter-strand hydrogen bonding, did show a 

similar conformation (! = 211.60, b = 1580) in a marginally 

allowed region, for which n = 60 and b 30. 

However, no conclusive experimental evidence for such 

a conformation or for a hydrogen bonding system of this type 

could be obtained. Infrared spectra gave some indication 

of a weak parallel band, particularly after prolonged 

127 
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deuteration, instead of the expected perpendicular one, 

assuming orientation parallel to the long axis of the strips 

of dried gel. This does not necessarily indicate 

hydrogen bonding parallel to the chains, such as the 

0(2)0(2') co-operative hydrogen bonding mentioned previously, 

as the nature of orientation of the specimen is uncertain, 

owing to the method of preparation. Also, the band shapes 

for the parallel and perpendIcular polarizer settings were 

not reproducible, though the paraflol.band was consistently 

larger. 

calculation of [A]D  (36), based on the values of 0 and V 

corresponding to n = 6'0, h 3'0 (Set L co-ordinates) gave a 

value of around 530. This result is of interest in 

Interpreting optical rotation data for this polysaceharide 

In solution. The oonformational behaviour In water, in 

D0 and In mixtures of these solvents has been studied by 

optical rotation, and there Is some evidence for an ordered 

conformation in aqueous solution which Is destroyed by DO. 

The NMR spectra In D 2 0 showed no variations with 

temperature which could be attributed to helix 	coil 

transitions, though the resolution was not good enough below 

400 for any useful comparison to be made with spectra at 

lower temperatures. 

The spectra in DMSO-d6  were generally eor.atent with an 

Increased tendency for 0(2)'' '0(2')intramoleoular hydrogen 

bonding to form, in the order laminaribiose, laminariti loge, 

laminaran, owing to the co-operative process mentioned in the 

introduction to this chapter, rather than with the formation 

of triple helices. 
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The apparent absence.of "internal" hydroxy proton 

resonances for lamnaribiose, the presence of only one' for 

laminaritridnd also the presence of an "intrna1" hydroxy 

proton signal corresponding to approximately one third of 

the total hydroxy proton resonances for laminaran. can be 

explained in these terms • 	The One liflterfla1"proton in 

lathinarltriose is 0(2) on the middle residue (2) as this 

proton has statistically greater chance of being hydrogen 

bonded than Q(2) hd3.'oxy protons on the end residues (1), and 

(3)•. 	.' 	 ' 

The donfield shift of 0(2) relative to other proton 

,' signals was greater for laminaran than 	laminaritriose, 

consistent with, the increasing co-operati.re nature of 

hydrogen bonding for higher homologues. , This effect is also 

shown by the merging of the "internal" and "external" proton' 

signals for 23minaritriose above 460, suggesting that intra-

molecular bdrogen bonding is broken above this temperature, 

whereas the •'Jjnternal" hydroxy proton signal for la minaran is 

quite clearly resolved from other signals even at 1000• 	
, 

I, 
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suggesting that intramOleGUlar hydrogen bonding is retained 

at much higher temperatures for laminaran than it is for 

laminaritrioee. 

A ratio of 1:2 would be expected for "internal": 

"external" protons for laminaran, both for 0(2)'0(20 ) intra-

molecularly hydrogen bonded conformations and for •0(2)"0(2) 

intermolecularly hydrogen bonded triple helical conformations, 

"internal" hydroxy proton signals being observed for 0(2)E 

and "external" ones for QUjE and 0(6)H. 

The actual ratio of signal 	:signal ® (See diagram 

Expt. 3.3) for laminaran at 2800 was approximately 1:35  and 

that of (signal 1 + signal 2):signal 3 was approximately 

1:27. The Intensity of signal 2 appears to diminish 

rapidly on deuterat ion to about half of its original intensity, 

but not appreciably further after more prolonged deuteration. 

Thus, signal 2 may be partly due to a second type of 

"internal" bythozy proton which is also rapidly deuterated. 

This would explain the relative intensities of the signals 1 

and 2. (Expt. 3.133) and gives the expected "intexinal": 

"external" bydroxy proton ratio of 1:2, as the signal 3 also 

contains the C(i)H reaonanc•e, corresponding to one proton. 

This possible second type of "internal" hydroxy proton could 

only be present in very small proportions and does not appear 

to be appreciably resistant to deuteration, which it might 

be expected to be for a triple helical conformation. 

In conclusion, it appears from computer calculations 

that the conformation corresponding to n = 6, h = 3 suggested 
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by X-ray data Is Indeed triple helieal, and oonainø the same 

hydrogen bonding system as -D-1-3 zylan. However, no 

additional evidenee was obtained for this eontormaticn or 

hydrogen bonding system in th1s investigation, etthor. in the 

solid state or In solution. 

U 
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CHAPTER IL 

Investigation of the Crystal Structure of Strontium 
Di1a oturona te. 

4.1. Intro&uction 

I. The Sipnificanoe of this Structure- and those of  other 

GalaoturonatoS4tsinrelation to the Struetuz'e and 

Chan Conformat ion of Pectic Substances. 

The cross-linking function, which cations such as Ca 

appear to have in poetic gels of low aiethoxy content has 

already been discussed (p.6). 	However, the fundamental 

interactions involved in this process, for example, the 

patterns of hydrogen bonding between chains, the arrangement 

of any water of crystallization and the co-ordination 

geometry around the calcium ion, are not clearly understood. 

It is likely that crystalline salts of galacturonic acid 

and its oligomors, which could be studied by X-ray diffraction, 

would be useful model compounds for studies of such inter- 

actions. 	Iu;ow of this, the structures of sodium calcium jy. 
gaiacturoriat and sodium strontium galacturonate have been 

investigated in thslaboratory. 	These structures are also 

of interest as they might suggest some important principles 

n the packing of the p1ymer chains because poctin/pectate 

gels, both artificial and natural, often exist in systems 

containing mixtures of cations. 

It would also be of interest to investigate the crystal 

structure of a suitable oligosaceharide salt by X-ray 

diffraction, as this would provide information on the 

orientation of the sugar residues with respect to one another 

across the glycosidic bridge (i.e. the conformation in tens 



OH 

H J OH 

Fig. 4.1.1. 	Strontium-4,5-Digalacturonate 

The t-4,5-digalacturonate Ion is drawn with the non-reducing residue in 

the H half chair conformation. 
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of the angles 0 and T mentioned previously (p.20)) as well 

as providing a further model for the types of interactions 

already mentioned. 	However, it is very difficult to obtain 

crystalline salts of this type, and the only suitable salt 

which was available for such an investigation, which 

emerged from an earlier survey in this laboratory, was 

strontium Ai4,5-digalacturonate. 	This structure should 

suggest a conformation for galaoturonan chains in the Same 

way that other disaccharide structures have been related 

to polymer conformations. 	Also, the conformation of the 

unsaturated sugar ring is interesting. 	It would be 

expected that this would be a half chair. No other carbo-

hydrate of this typo has been examined by X-ray diffraction. 

In some respects, this compound is not a good model 

for the polysacebaride. 	The disaccharide has features, 

especially the t -4,5 double bond and its influence on ring 

conformation, which do not occur in the polymer, and to 

this extent it is a poor model for the polymer. Also, 

salts of polygalacturonic acid, because they are long chain 

molecules, may be subject to packing influences on their 

conformation which cannot be involved for disaccharide salts.. 

Indeed, the evidence available from fibres of the sodium 

salt of this polys,acoharide (p.100) suggest that packing 

influences load to a conformation with integral screw 

symmetry at the expense of repulsions between neighbouring 

residues in the chain. These over-riding influences are 

of course peculiar to long chain molecules. 

However, the local geometry around the bridge is likely 
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to be similar to that in the polymer and any principles 

about interaction across the bridge would be relevant to 

any discussion of polymer chain conformation. 	The same is 

likely to ble true for the coordination mode of 	which 

is also expected to be a good model for the co-ordination 

of Ca 	(see subsequent discussion). 

The structures of sodium calcium galacturonabe and 

sodium strontium galacturonate have recently been solved in 

this laboratory by Dr. S.E.B. Gould and these are described 

in the following section. 

II. The Crystal Structures of Sodium Calcium Galaoturonate 

and Sod.ium Strontium Galacburonate, 

The sodium calcium salt was the first galacturonate to 

be investigated by X-ray diffraction. Early attempts to 

solve this structure were unsuccessful and it was eventually 

solved by analogy of sodium strontium galacturonate, with 

which it is isomorphous, and which wasimuoh more readily 

solved by the heavy atom method. 

Both salts were prepared by similar procedures to those 

described by Isbell and Frush (78). Sodium calcium galac-

turonabe was prepared by neutralisation of galacturonie 

acid with reagent grade calcium carbonate in an attempt to 

prepare calcium galacturonate, but on repeated crystalli-

sation, the analysis of the product corresponded to the 

double salt. We presume that there was an appreciable 

amount of sodium carbonate in the calcium carbonate and 

that the double salt was less soluble and crystallised out. 
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The sodium strontium salt was prepared by neutralis-

ation of a solution containing two equivalents of ct-D-ga].ao-

turonio acid with strontium carbonate and combination of 

this with one equivalent of sodium galacturonate, prepared 

by neutralisation of galaoturonic acid with sodium 

carbonate, as described by Isbell and Frush (78). 	Both 

salts were recrystallised from aqueous solution by isothermal 

distillation. Ethanol was used for this process for the 

sodium calcium salt and isopropanol was used for the sodium 

strontium salt. 

The hexagonal unit cell is slightly larger for the 

sodium strontium salt (a=b=1356, a= 9- 70A0 ) than for the 

sodium calcium salt (a=bl50, o963A). 	The wilt cell 

volume and density measurements indicated six galacturonate 

anions and also twelve water molecules in the unit cell for 

both salts. This and the presence of hexagonal symmetry 

observed in Welssenberg photographs for crystals mounted 

parallel to the needle axis, and the presence of 000t, 

reflections for even orders only for crystals mounted perpen-

dicular to the needle axis indicated a space group of P63  

for both salts. 

The unit cell for both salts contains four cations, two 

Na+ ions and two Sr2+  (or  Ca2+) ions. 

In the sodium strontium salt, the sodium ions are 

spaced along the Oz axis (i.e. the 63  axis)., the spacing 

being half of the ô axis translation. Each sodium ion is 

co-ordinated by six oxygen atoms having a slightly distorted 

octahedral arrangement. 	These are 0(2) and 0(3) on each of 
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the three galacturonate ions. 	The galacturonate ions, in 

which 0(2) and 0(3) co-ordinate Na, are related to one 

another by a three fold rotation axis and to the galacturonate 

ions co-ordinating the neighbouring sodium ion along the Oz 

axis by a combination of a three fold rotation and a two 

fold screw axis. 	An inter-residue 0(2)''0(31) hydrogen 

bond is also present. 

The two strontium ions in the unit cell lie on the 

three fold rotation axes and are related in position by a two 

fold screw axis. 	Each strontium ion is co-ordinated by 

nine oxygen atoms. 	These are 0(5) and 0(6) from each of 

three galacturonate ions related by the three fold rotation 

axis, and also three oxygen atoms from water molecules. 

0(5) for each of the galacturonate ions Is almost coplanar 

with the strontium ion. oU) is hydrogen bonded to a water 

molecule which in turn is hydrogen bonded to 0(7),  a carboxy-

late oxygen atom on a neighbouring galacturonate ion. The 

co-ordination about strontium is similar to that of the 

calcium ions In apatlte (9). 	The environments of the Na+ 

and 3r2+ ions are shown in projnction down the three fold 

axis in Fig. 4.1.2. 

The same arrangement occurs in sodium calcium galac-

turonate.. Ca2+ ions being present instead of Sr2+  ions. 

The isomorphism of these two galacturonate salts is 

highly significant, as it shows that Ca and Sr are 

analogous in their co-ordination. 

The absence of cation co-ordination to 0(L) for both 

salts is also Interesting. 	This suggests that the selective 
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Sodium strontium -D-ga1acturonat 
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Potassium 8-D-
glucuronate 

Ficj.4•12 	pytal structure of some uronate salt 
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binding of Ca Ions in the gel, which is much more marked 

for galaoburonie aoid(and guluronic acid) polymers, where 

0(L1..) is axial, than for mannuronic acid poly'mera.(80), where 

0(L1..) is equatori1, probably cannot be explained, in terms 

of eoordinat ion involving 0(4). This is also, surprising 

because the stability constants of the caloium,.uronate 

complexes in solution parallels the number of axial groups 

(81) suggesting that these have a role in co-ordination. 

It is perhaps worthwhile to oorrrpare this co-ordinat ion 

scheme with that found for potassium glucuronate (82). 

The K ion has very distorted octahedral co-ordination 

involving 0(1), 0(3), both carboxyl oxygens in the gluouronabe 

ions and also two water molecules. There are, in fact, two 

close approaches of 2'97A and 2'991 of two different 0U.) 

atoms to the K+  ions. 	In this structure, the carboxyl group 

bridges two neighbouring K ions, 0(6) co-ordinating to one 

and 0(7) to the other'. 	Each K ion is co-ordinated by 0(3) 

and 0(7) from one gluouronate ion 0(1) from another and 0(3) 

from a third. The co-ordination distances for this 

structure and those for the galacturonate salts are QJstod 

in Table 4.6, together with the final co-ordination 

distances found for strontium 6-I.,5-digalacturonate. 	The 

ring oxygen, 0(5), is not involved in co-ordination to K+. 

The environment of the K ion is shown in PIg. 4.1.2. 

III. Strontium -k.5-D1a1aoturonate - Preliminary Work 

The investigations described in this section were 

carried out by Dr. D.A. Roes, using a sample of the salt 

provided by Dr. C.W. Nagel, prior to the more detailed in- 

vestigations described In subsequent sections. 	The salt 
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had been prepared from the modified digalaoturon±e acid 

produced from pectic acid by a pectolytie enzyme of 

Bacillus po1rnyxa (83). 	The modified digalacturonic acid 

was shown to be 4_0.c_D_(4,5_dehydrogalaoturofl08yl)_DgalaO 

turonic acid*(84). 	Galacturonic acid and (unmodified) 

digalacturonic acid were also obtained in smaller quantities. 

The modified digalacttironic acid was Isolated as the strontium 

salt (83). 	This material was microcrystalline. Details 

of the method of preparation and the method of crystallisation 

used for the sample provided are given in the Methods Section. 

The space group and approximate unit cell dimensions of 

a crystal prepared by this procedure were deduced from an 

oscillation photograph and a zero layer Weissenberg 

photo'aph.' The relevant observations were: 

Oscillation photographs showed no two rold symmetry 

about the axis of rotation, and gave a spacing of 128A 

along this axis. 

The Weissonberg photograph showed prominent rows at 

intervals of 900,  both of which were mirror lines. These 

observations indicate a monoclinic lattice rotated about 

one axis perpendicular to the unique axis. The only 

systematic absences were for O)sO, which were observed only 

for k = 2n, indicating a two fold screw axis. 

(C) The cell constants could not be unIqueyidetemined 

from these two photographs but there was sufficient infor-

mation for an approximate estimate of the cell volume to 

be obtained, taking the axis of rotation as a. 

* A less obvious, but more correct name for this compound 
would be L -O- (_deoxy__&_threo_hex__eflOSY1)_a_ 
galacturonlo acid. 	 - 
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a = 120 6A (from oscillation photograph) 

b = 1l'4A ) 
)(from Wei ssenberg photography 

osin3 = 128A ) 

Cell, volume 	abc.sin =. 1870A3. 

The number of molecules in the unit cell was estimated 

by analogy with sodium calcium galaoturonate, for which the 

unit eel]. volume was l52Oi and which contained six 

galacturonic acid residues. The disaocharjde unit cell 

is therefore more likely to contain eight galacturonlo 

acid residues with four strontium ions rather than four 

residues with two ions. 

It was concluded that the space group was P21  on the 

grounds of the systematic absences and the chiral nature 

of the molecule. This would mean that the asymmetric 

unit must :comprise two disaccharide ions and two strontium 

ions, plus water of erystallisation. 

An interesting feature in the oscillation photographs 

is that layer lines in which h is odd are very weak In 

comparison with those in which h is even. This would 

suggest that the strontium ions are lined up paxallel to 

a in such a way that they tend to halve this translation 

period. Odd layer lines then show the contributions from 

light atoms only. 

Subsequent work on this structure is described in 

the folioing section. 
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1.2. Unit Cell and Cell Constants 

Approximate Unit Cell Dimensions 

Approximate unit cell dimensions were obtained from 

the a axis oscillation and Weissenberg photographs already 

mentioned (p.13% ) and from a similar set of photographs 

for a b axis rotation. 

The oscillation photograph gave b = 11 34A2 an average 

value for the first six layer lines. 

The hOl Weissenberg gave d* = 0120 as an average 

value for 001 reflections for values of 1 of up to 16. 

Similarly, a* = 01138,, and 0 	600  from the separation of 

hOO and 001, reflections on the Weissenberg photograph. 

Thus, the approximate unit cell dimensions were: 

asinO = 11'171 	$ = 120° 	a = 12089A 

b 	= ll'3LA 

csin$ = 1285A 	 a = 

Accurate Unit Cell DLtena1ons 

More exact unit cell dimensions were obtained from the 

separation of the Cu Ka and Cu E 2  reflections for outer 

reflections. 

It can be shown (85) that the angle 9 made by the 

reflected beam from a reflecting plane bid is related to 

the spacing(/) perpendicular to the camera axis of 

and Ka reflections from this plane by the expression: 

cot 9 = 	
+ 

where A. is the wavelength of copper Ka 2  radiation and & is 
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the difference between this wavelength and that for copper 

Ka 1 radiation and r is the radius of the camera. 

Sin $ was derived using this relationship. 

It can.also be shown that this angle 9 is related to 

the reciprocal unit cell dimensions by the expression: 

	

4sin2 	h2a*2 +k2b*2 + 	+ 2hka*b*003Y* + 2hla*c*oos * 

+ 2klb c cos 
* 	* 	0 	 * 	* 

Hero 	= y = 90 and therefore ooSCL 	cosy = 0. 

The terms containing cosa and cosy therefore vanish. For Oki 

reflections, the terms in h also vanish, giving: 

4sin29 k2b*2 + 120*2 

451fl2 k2b*2 
.......,.•.. (1) 

1 

and 	b* = A 	, 120* 2 

Similarly, for hOL reflections: 

4ain29= h2a*2  + 120*2 + 2hla*e*cos * 

.V4—;—in2,4 'a 12,*2 - 2h ].a*c*cos * 
a = 

	

	 - 	..•.... (3) 
h 

	

* 	L sln2Q - h2a*2 - 12e*2 
cos 	= 

2hla*o* 	 .............. (4) 

d, b*,  a* and  oos* were evaluated by plotting expressions 

(1), (2), (3) and. (Li.) respectively against )4.s 1n29 and extra-

polating to 4sIn29 = Li.. The approximate unit cell dimensions 

were originally used to evaluate these expressions. 	These 

were then replaced with the extrapolated values and the 

process was repeated. 
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The final set of unit cell dimensions obtained from 

this process are listed below: 

Reciprocal Cell Dimensions 

a 0').379 

b* 01365 

0* 0' 1193 

003 
3* 

011489 

sin 0'872 
5* 

60'7° 

0'001958 

Direct Cell Dimensions 

a 12'811 

b 1129A 

c ]4'8lA 

003 8 -0'489 

sin 0 0'872 

119'3°  

V 186813  

where V = volume of unit cell = abc sin 

Unit Cell Content 

The density of the crystals was determined by suspension 

of the crystals in a mixture of carbon tetrachloride and 

lodomethane, the density being obtained from the weight of a 

known volume of the mixture. This gave a density of 1836 gm 

cm 30  implying a cell weight of 2066. Assuming four 

formulae in the unit cell, this corresponds to a molecular 

weight of 516'5. 

Possible formulae consistent with the density and the 

analysis figures for carbon and hydrogen are given in the 

table below: 

Anai7tical data for strontium -4,5-digalacturonate 

Experimental Results Calculated for SrC12H
14 

012flH20 
(Average of two 
determinations) 	n = L. 	n = 4v5 	n = 5 

27'78 	 2827 	27'78 	27 0 31  

	

432 	LLi.Lj. 	455 

Molecular Wt. 516'5 	 509'8 	51868 	527'8 
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4.3. The Intensity Data 

Serious difficulties were encountered In obtaining 

suitable crystals. 	Even the best crystals gave split 

reflections, particularly for upper layers. As they were 

plates only ca O'4 mm longest dimension and <0405  mm in 

thickness, exposure times of up to 120 hours were required. 

Some deterioration of the crystals was observed, and they 

were not used for more than three or four long exposures. 

Equl-inclination Welssenberg photographs of layers 

zero to five were taken of crystals mounted about the b axis, 

and of layers zero and one of another crystal mounted about 

the a axis. 

Photographs were taken using two packs of three films. 

One long exposure and one short exposure were taken such 

that the reflections of the inner film of the former,  were 

of comparable intensity to those on the outer film of the 

latter. 

The intensities of reflections of the eight layers 

were estimated visually by comparison with the spots on a 

standard intensity strip, which contained spots of relative 

intensity proportional to the squares of numbers from three 

to twenty. 

The: lowest intensity (9)  was only just visible and the 

highest intensities (> 300) were not readily distinguished. 

Where the a and a2  reflections were resolved, or where 

diffuse or split reflections were observed, the integrated 

Intensity was estimated. 

A program was written to calculate inter film scale 



factors within a layer (see Methods Section for description) 

based on all observable reflections within, the intensity 

range 25 300 on two adjacent films. 	Lorentz and polari- 

sation corrections were applied to each layer, but no 

correction for absorption was made. 

Inter-layer scale factors were derived from common 

reflections. 	Graphs were plotted of the ratio of the Lp 

corrected common intensities (Ilki/Ihol  etc.) for each pair 

of layer lines as a function of sin 2'.'®'. 	It was found that 

the scale factor could be satisfactorily represented either 

as a constant or as a function of 5j2Q  of the form 

a + b sin 0 (where a and b are constants) for all layer 

lines except (h0]-), to which a lateral correction across 

the film was also applied. 

All layers were put on a common scale with the iki 

reflections, which appeared to be the most reliable, and 

consisted entirely of systematically weak reflections. 

The number of independent reflections measured was 1928. 

L.Li. Two Dimensional Patterson Work 

The strontium ion positions were determined by means 

of two dimensional Patterson (86) functions for the 

projections 04 and hEl. 

P(y,z) = Ayz 1-k1-kl r 
2 
obs 

P(x,z) = 	Eh 1 Fobs 

(01<1) cos [25(ky + lz)] 

(hol) 308 21T(hx + is)] 

There are four strontium ions per unit cell in positions 
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x, y, z 	 (3) x', y', z' 

, 	+y, 	 (Li.) i', 	+y', ' 

These give rise to vectors in the Patterson function 

for an Oki projection 

 s, 	2z ((1) (2)) 

 y - y' 	z —z' ((I) - 	(3)) 

(3) 4  +(y 	7'), 	z + z' ((1) - 	(14.)) 

(Lb) , 	2z? ((3) 	- (14.)) 

 y'-•y, 	z 	* 	z' (Ui.) 	- (2)) 

 + (y' -y), 	z + z' ((3) 	- (2)) 

and their negatives. 

In fact, apart from the origin peak, Only two peaks 

were observed, at (, ± 0308). 

Thus, it appears that the two pairs of orysbaliograph-

ioaUy unrelated strontium ions are aligned roughly parallel 

to the a axis, so that y' ~ y and z' 	z and thus (1) and (L) 

appear as coincident peaks, (2) and (5) appear at the origin, 

and (3) .  and (6) coincide with (1) and (4)- Li.). 

Thus s Thus, z = z I  = 0.1514.. 

As the y co-ordinate of one atom is indeterminate in, 

this space group, 7 =y' was taken as 0. 

For the hOL projection, the corresponding vectors are: 

(1) 	2x, 	2z 	((1) 	- (2)) (Lv) 2x', 	2z' 	((3) - 	(Li.)) 

(2) x - x', z - z' ((1)- (3)) (5) x - x', z - z (Q)— (p)) 

(3) x+x', z+z' ((1)- 	(Lv)) (6) x+x', z+z' ((3)— (2)) 

and their negatives. 

In fact, strong peaks were observed at (+ 0.00, 0'000); 

± 0'714.2, 0308); and ± 0242, 0308). 	There are two 
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possible solutions, assuming that x - x' = ± . 	In either 

case, peaks (1) and (Li.) become (2x,,2z); peaks (2) and (5) 
become (, 0) and peaks (3) and (6) become (2x + , 2z). 
As the observed peaks not at (i-, 0) may be assigned to 

either (1) and (Ii.) or (3) and (6), the following possible 

co-ordinates may be taken for the pairs of symmetry related 

strontium ions in the cell. 

(I) 
	

(2) 

x y z x y z 
A 	0371 0 0'154 0'121 0 0154 

B 	0,629 05 0' 846  0879 05 0846 

C 	0'871 0 0154 0621 0 0'154 
D 	0'129 05 0846 0'379 05 0846 

Both of these sets describe essentially the same array 

of strontium ions, but relate them differently to the 

symmetry elements. The two possible sets of strontium 

ion positions are shown in Fig.441 

4.5. Solut ion 5f the Structtire inhreeCimensions 

Three Dimensional Patterson Function 

P(x,y,z) 	hklFbs(hkl)cos2Tr(hx + ky + lz) 

Two 3-dimensional Pattereonumaps were derived. 

These were (1) A map derived using only reflections having 

even values of h. 	If the crystaliogzaphically unrelated 

strontium ions were separated by exactly a half unit cell 

translation along the a axis, as they appear to be from 

results of two dimensional Patterson projections (Section 



a 

n a 

A 

)ns 

A 	 C 	 A 

4.4.1. 
The two sets of strontium ion positions consistent with 
Patterson data. 	The Lositions of the four stintium ions 
in the unit cell (shown as a projection onto the 010 plane) 
are indicated by the letters A, B, C and D. 
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Lj.), they would not contribute towards the intensities 

of reflections with odd values of h, 

(2) A map derived from all observed reflections. 	If 

the strontium ions were displaced somewhat from the above 

arrangement, some contribution to reflections with h Gd'd 

would be expected from these ions, which should result in 

a broadening of some of the strontium-strontium vectors. 

This effect was not observed, suggesting that any displace-

tnnnt of the strontium ion positions from this arrangement 

must be small. 

Both sets of strontium ion positions found from the 

two dimensional Patterson projections were therefore 

Investigated. 	Calculations were first made for set (1) 

positions. 

Establishment _ofOverall Temperature Factors and Scale Factors 

In order to estimate the effects of thermal vibrations 

of atoms in the unit cell, and to place the intensity data 

on an approximately absolute scale, an overall temperature 

factor, B. for all atoms in the unit cell, and an absolute 

scale factor, K, were estimated at this stage. K and B 

may be considered in terms of a normalised structure 

factor, E 

IF2 62Bsin2/X2 

where F obs 

B is calculated so that there is no significant variation 

in E2  with 8in2Q/X2  and K is given the appropriate value 

to put E2 	1. 
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2 -- - 
Mean values of FbsI 2 and Eob$ obs = Fobs 

were calculated for ranges of s1n28/X2  values. 

The expression for E2 may be rewritten in logarithmic 

form: 

In 2 2 	;72 
E 	0 = in Fobs  - in 	+ 2Bsin2€/X2  + inK 

or in 	 = -113K -2B1n2Q/X2  obs 

B was obtained from the slope of a plot of 

obs f.21 against sin2 /X2  and K was obtained from the 

intercept. 

The value obtained for the overall temperature factor 

from this process was 17. 

The relative intensities of different reflection groups, 

expressed as mean values of E2 0  is Interesting. Reflections 

with h even are much more intense than those with h odd, 

owing to the pseudosyimnetric arrangement of strontium ions 

along the a axis. Reflections with k even are also more 

intense than those for •k odd, but to a lesser extent. 

Probably the strontium ions are aligned sufficiently close 

to the b axis for reinforcement to occur for reflections of 

even orders. As might be expected, no significant 

difference was found between intensities of reflections 

with 1 even and those with 1 odd. 

The ratios of mean E values calculated for thee 

reflection groups were: 

hever/bodd 1 9732; 

1/ldd 1'0296 

even/odd 1' 2785; 
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Calculations and Other Work us irig Set 1 Strontium Ion 

Positions. 

Structure Factor Calculations and Difference Fourier Synthesis. 

Structure factors were calculated for strontium ions 

in Set 1 positions. These calculations gave 11 = 058 

where R = E 

E IlFob.l'- - I-F cale"ll/ ' obs 

Maps were then calculated, using FobsFoale as co-

efficients. Because of the positioning of the strontium 

ions, this map had additional symmetry to that present in 

the unit cell. 	The positioning of the strontium ions in 

the planes y = 0 and y = L 
2 results In mirror planes in the 

electron density at these positions. 	Also, the separation 

of the two pairs of crystallographically unrelated strontium 

ions by a half unit cell translation along the a axis 

effectively halves the repeat distance along this axis $0 

that each atom with co-ordinates (x, y, z) should appear in 

eight separate positions within the unit cell, namely: 

(I) x, y, z 	 (1i1) x + , 7, z 

(ii) is y, z 	 (Iv) x + 120  , z 

plus those related by genuine symmetry to each of these. 

Thus, one asymmetric unit would occur within the region. 

x = 0 to x = 0'5 
y0 toy= 0025 

z0 tozl 

The difference Fourier synthesis was computed for such a 

section. 
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Owing to the pseudosymmetry effects mentioned above, 

considerable difficulty was experienced in obtainingany 

useful information on the positions of the digalacturonate 

ions. However, one fragment was found which appeared to 

correspond to a reducing residue with two carbon atoms 

missing. 	The bond lengths, angles and interatomic 

distances within this fragment were generally favourable. 

These were checked by computer calculations and by building 

a model of the atomic positions which showed good agreement 

between the observed 'atom' positions in the fragment and 

those expected for a reducing residue in this orientation. 

Structure factors were calculated and a further 

difference Fourier synthesis was computed including the 

proposed atom positions from the fragment found. Rwas 

reduced to 046 but no further reasonable atomic positions 

were found, either for the remainder of the proposed reducing 

residue or for the non-reducing residue in the digalsoturo-

nate ion. 

Investigation of the Effect of Small Shifts in the Strontium 

Ion Positions. 

In view of the lack of success of other approaches, it 

was decided to investigate the possibility of small shifts 

in the strontium ion positions from complete psoudosymmetry 

which would be too small to show up on the Patterson maps. 

(1) Effect of Shifts in the y co-ordinate 

A series of structure factor calculations was carried 

out for strontium ions only, using the x and z fractional 
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co-ordinates given previously for sat 1 positions. 	The 

y co-ordinates of the two strontium ions were shifted by 

equal distances in opposite directions from  = O.to y 

+ Q'O4 in intervals of 001 unit cell translation. A 

considerable decrease in R resulted for shifts of up 6u 

+ 0'02 giving a minimum of R = 046. For shifts of greater 

than 0'02, R increased slightly. The most favourable 

positions appeared to be for values of y of around ± 0015. 

	

y was then kept oonstantrat 	4015 and the effects of 

variation of x and z were investigated. 

(2) Effect of Shifts in the x and  Co-or1nates 

Structure facöopa were calculated for combinations 

of strontium ion positions, the position of one strontium 

ion being kept constant while the position of the other 

strontium ion was varied. A range of positions in which 

x and z were varied by ± 0015 from the original positions 

was investigated. A further decrease in H resulted for 

some sets of positions, the most favourable giving H = 0'L2. 

This set of positions was refined using a crystallographic 

least squares program, keeping y constant and varying x 

and z for both atoms. The final set of strontium ion co-

ordinates derived by this process was: 

	

I 
	 z 

Sri 
	

0"378 	-O'015 
	

O'162 

Sr2 
	

o'852 	0'015 
	

01138 

giving R = 0'39. 

A three dimensional difference Fourier synthesis was 

computed, using these strontium ion positions and this time 
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covering an entire asymmetric unit in the unit cell. 

The map was searched for possible molecular fragments, 

as before. 	The missing two carbon atoms of the proposed. 

reducing residue found previously were located.. a(i) of 

the non-reducing residue of this digalacturonate ion was 

also found. 

Further structure factors and difference Fourier 

calculations in which these atoms were included failed to 

yield any further information. 

The reducing residue found at this stage appears to 

correspond closely to an average of the two reducing residues : 

finally found in the correct structure. 	The: co-ordinates 

of this residue and the averaged and the 'average' of the 

two reducing residues from the. correct structure are, given 

in the table overleaf. 	, . .. .. 

Sr 
- 	 Diagram showing the 

approxate 

orientation of the 

/ 	
proposed reducing 

residue with respect 

Sr 	- 	 Sr 	to the strontium ions. 

Other Methods Tried 	,. 

Difference Fourier Maps - Thre Dimensional Representation 

A three dimensional model of . a difference Fourier map 

was constructed in an attempt to locate further.  fragments. 

Details of the procedure are given In the Methods Section. 



I-'cL 
Comparison of co-ordinates for reducing residue found from Set I strontium ion 

positions with the 'average' set from Set 2 positions. 

'Average' Structure 	 Reducing Residue - Average of 	and 02n 
Set 	1 positions 	 0 n  and 

Set. 2 positions Ar(A) 

c(1) 
x 

0'323 
V 

0'29 053 
Z 

a(1) 

0(2) 0353 0'382 0100 0(2) 

0(3) O'14.71 O'14.28 0•'106 0(3) 

0(14.) 0578 0339 0147 C(L) 

0(5) 0'52L1. C203 0087 0(5) 

0(6) 0'587 0•098 00 127 0(6) 

0(1) O 302 0'315 -0'069 0(1) 

0(2) 0'274 0503 0'057 0(2) 

0(3) 0'532 0'517 0 4 173 0(3) 

o() 0'606 0313 0'245 0(14.) 

0(5) 0'399 00 183 0,, 069 0(5) 

0(6) 0'569 0*007 O'162 0(6) 

0(7) 0'7014.  0126 O'135 0(7) 

I. 
0•311 0"281 

0351 0395 

0'L72 0'14.37 

O'566 0- 343 
0'I2 0229 

0'5.9 0'116 

O'290 O316 

0'256 0'480 

0'511 0'536  
o'6o8 0317 

0L01 01187 

O'562 0032 

O'699 0128 

Z 

O'097 

0-104 - 
0-139

'1014.

O•139 

0'075 
01214. 

-09 074 
0.104 
0166 

O'21j5 

O'067 

0- 154 

0132 

00 20 
O'15 

0'li 
O'15 

0' 314. 
0,4 25  
0.14 

087 
032 

005 
007 

0- 45 
0' 06 

* Atoms on the first and second reducing residues are designated n and 2n 
respectively. 
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However, no additional information was obtained by this 

process. 

Investigation of Possible Co-ordination Patterns 

In view of the co-ordination system found in sodium 

calcium galaoturonate and sodium strontium galacturonate 

involving the-ring oxygen and a carboxylate oxygen and. also 

the geometry of the disaccharide,. mnwhich 0(2) would 

probably be, close to 0(5') and 0(6') and 0(3') to 0(5) and 

0(6) in the preferred conformation, it was decided to 

'investigate the possibility of co-ordination of 0(5), 0(6) 

and 0(31) to one strontium ion and 0(5'), 0(60) and 0(2) to 

a neighbouring one'. 	' 

'0(3) 

, 	 -'Fig.45IllustratiOn of a possible co-ordination 
pattern described in the text. The oxygen 
.at'oms which would be involved in co-ordination 
are connected by.dotted lines. 

Calculations . were made covering all allowed conformations 

fcund for set D co-ordinates for galacturonie acid (Oh-2) 

and also the surrounding region of 0 and !values. 	These 

calculations suggested that such a co-ordination system yas 

unlikely, as, the oxygen atoms would be too far aprt.' • No 

conformation was found in which both the 0 (5)Q 4-&0(3) and 

0(2)'"0(5') distances were less than 3'81. 
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Also, attempts to locate a fragment having this type 

of co-ordination using a model of the three dimensional 

Fourier map were iinsuceessful. 

Calculations using Set 2 Stro 
I 

ntiuml Positions 

The best set of strontium ion positions found from 

small shifts in set 1 positions were shifted by a 

quarter unit cell translation along the a axis. These 

positions were thai refined by a crystallographic least 

squares program, keeping y  constant and varying z and z, as 

before. y was then refined for one ion, keeping the y CO-

ordinate constant for the other ion. The refined strontium 

Ion positions (Set' 2 ) gave an Improved fi factor of 032. 

The refined positions were: 

I 

Sr 1 0111327 	-00150 	01652 
Sr 2 06059 	 00107 	01441  

A difference Fourier synthesis based on these strontium 

Ion positions indicated the possibility of two approximately 

pseudosymmetricully related reducing residues being present 

In the unit cell, these being separated by a halt unit cell 

translation, along the a axis • The fragment found from 

set 1 positions corresponded approximately to an "average 

structure" of these two rings. No indication of the 

positions of atoms in the non-reducing residues was obtained 

at this stage, except for C(l), All atoms in the reducing 

residues, except for C(2) showed up as prominent peaks. 

A further difference Fourier synthesis was computed 
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in which the atoms from one reducing residue were included. 

Atoms from the second reducing residue were not included 

at this stage, as it was thought that this would introduce 

further problems due to pseudosymmetry effects. However, 

no indication of the position of the non—reducing residue 

was obtained from the Fourier map. 

The co-ordinates for the reducing residue and 0(1) 

for the non-reducing residue were used to calculate an 

approximate value of the angle ' (see p. 20 for definition). 

A program was written to place the non-reducing residue in 

the unit cell, given values for 0 and T. This program is 

described in the Methods Section. The calculated value of 

was used in conjunction with sterically reasonable values 

of 0. Attempts to locate the non-reducing residue by this 

procedure were, however, unsuccessful. 

Further Calculations based on Set 2 Positions 

These calculations, which led to the solution of the 

structure, were carried out by Dr. S.E.B. Gould and are 

described in outline In the following paragraphs. 

Structure factors were calculated and .a further 

difference Fourier synthesis was computed, this time 

including all carbon and oxygen atoms from both reducing 

residues and also 0(1) from both non-reducing residues. 

The origin was shifted by a quarter wilt cell translation 

along b, putting the strontium. ions approximately on a plane 

at y = 00 25. This would place a centre of symmetry for the 

pseudosymrnetrle structure at the origin, giving pseudo-

symmetric phases of 0 or ii to all reflections. 
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The R factor decreased to 028 and the difference 

Fourier map showed relatively little pseudosyimetry. One 

non-reducing residue was found from this map. Structure 

factor calculations including the atomic positions for this 

residue resulted in an Improved H factor of 026. A 

further difference Fourier synthesis Indicated four possible 

positions for water molecules. Structure factor calculations 

were made and a difference Fourier synthesis. Was computed 

in which the four possible water molecule positions were 

included. The Fourier map showed possible positions for 

the second non-reducing residue and also for a further four 

water molecules. Further structure factor calculations 

(H = 025) and a difference Fourier synthesis indicated 

that the atomic positions for the second non-reducing residue 

were incorrect except for the ring oxygen. A possible 

alternative ring was indicated, though the peaks for this were 

rather weak. Further structure factor calculations 

(R = 024) and a further difference Fourier synthesis including 

the proposed atomic positions for the second non-reducing 

residue, and retaining the same water molecule positions, 

indicated that the atomic positions for this residue were 

essentially correct. Two water molecule positions appeared 

to be Incorrect and possible positions for three further 

water molecules were indicated 	These were used in place 

of the two incorrect positions In subsequent calculations. 
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RefInement of the Structure 

A crystallographic least squares refinement was 

first applied to the strontium parameters only, those for 

the remaining contents of the asymmetric unit (i.e. two 

digalacturonate ions and nine water molecules) being kept 

constant. The strontium atom positions were refined 

together and individual aristropic temperature factors 

were derived. The considerably improved R factor (0203) 

provided a further indication that the overall structure 

was essentially correct. Throughout the refinement, 

the yco-ordinate of first one and then the other strontium 

atom was held constant. 

Refinement of other atomic parameters was carried 

out by means of a large block least squares refinement, 

using fixed anisotropie temperature factors for strontium 

atoms and an overall temperature factor for other atoms. 

The blocks Were chosen as follows 

scale factors and strontium atom positional 

parameters 

ring atoms in reducing rings 

peripheral atoms In reducing rings 

(L) atoms in one non-reducing ring 

atoms in the other non-reducing ring 

water molecules. 

This refinement resulted in a further improvement of 

the R factor to 0'156. 

Further refinement was carried out by a block 
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diagonal least squares process in which the positional 

and thermal parameters for eabh atom were refined together. 

All atoms except strontium were treated as isotropic. 

The R values after each cycle of this refinement were: 

Ol26 

O'115. 

The final refinement of the structure was carried 

out by three cycles of a large block least squares 

process. The blocks were chosen as before, but, as. 

cross terms between atoms in pseudosymmetrically related 

rings appeared to be unimportant, all of the atoms in one 

ring were placed in block 2 and all of those from the 

other ring were placed in block 3. Thermal parameters 

were included in this refinement. 

Positions were calculated for hydrogen atoms 

bonded to carbon atoms, assuming idealised C-if bond 

lengths and idealised bond angles with neighbouring 

atoms. 	Inoluion of these hydrogen atoms in a structure 

factor calculation did not improve the R factor. 	It 

was, concluded from this and from the irregular scatter 

in a final difference Fourier synthesis of peaks with 

a density of up to 0'5 electron 	that the accuracy 

of the data did not warrant further attempts to locate 

hydrogen atoms. 



iAlOK X Y Z SIG ' 	SIG .Y 5102 
Sri .13192 .24038 16424 .00019 .00000 .00017 
Isz -039300 .25395 .14533 .00018 .00041 .u00 
Cl 	.. .04958 .52515 	' .02328 .00233 ' 	.00333 .001.9' 

o08728 .64542 .08250 .0021/ '; 9 0036 .0023 
c3 .2086 .65677 .09109 .00288 .00369 .U024 C. 
C4 .30S43 .b964 - 12234 .o047 .00339 .00201 

.24756 	'. .40203 .06268 .00199 .00297 .0016? 
'CO p33965 .31476 .1056 0 0256 003/7 .0021( 

03. .01905 	., .55981 -.08250 .00166 ..00227 .0013 
04 -00805 .72866 .03549 .00151 .9 00251 .0012 
03 .2439 .7199 	: .15338 .00212 ..0025Y .0017c 
04 	,• ,,.35140 .57518 .23126 .001b8 ' 	.0020/ oO13 

105  I 	.14261 	. . 	•0 .00155' .00223 ' 	.0012 
'809 1 	.30 .2931 .14400: .00215 .00204 .0018 

0/ .1+3413 .38 /30 .*1069 9 .00176 ..,00254 .00147 
C21. ' -.42692 	1 ..3522 , .02691 '.00245 , .00362 .00206 
C22 	. -.37752'.. .63310", .10/06 . 	.00243 .00335 .00202 
1C23 	' -.2017 , .679/4 .11818 ,' 	.0026/ .00346 .0022 
C24 .17929 ,5c33 .15366 .00218 .00201 .00174 
C25 - '22518 .47191 .00519 .00192 .00291 .00165 
C26 '' -.14420 .36194 	' .14034 ',. .00231+ .00335 '.00192 , 

021 -4390 .57078 	, .0,6662 .00159 '.00216 .00132 
024 -.47398 .7321 .05875 .00162 .00277 .00136 
1023 .-.22066.'.  978086 	''..1813o ...001/7 :.00253 .00156 
1024 ... .1'b2...; .55469 026063 'o00168 .00234 .00139 
1025 .4049 .1+3766 .01275 .00156 .00228 .00151 
026. -.1897 .26466 '. 161-9,8 .00170 .00279 .004 
027k .03941 .3318 .15296 .00168 .0021+ Ll. 

Cli .47520 .56282 .261+25 .00217 .00292 .00177 
'C12 .53321 .54541 .40197 .00i25 .00456 .00276 
C13 .4/992 .63761 .44009 .0026/ .003/8 .00223 
C14 .49b31 .76478 .40680 .00225 .00405 .00195 
C15 .51132 ./7913 .3242S...00221 .0050 .00193 
C16 .51408 .89223 .27876 .0024/ 036 .00202 
012 .1+879 .43070 .41028 .00115 .00239 60147 
013 .551c.4 63567 655494 .00198 .002/2 00166 
015 .54993 .67934 .272b8 .00181 .002.54 .00151 
0±6 .3-3 760 .8916 .20323 .00198 .00253 900162 

10  .1636' .9300 .32242 .00263 .00330 .002u0 
C31 -.01093 .55394 .33063 .00261 .003/1  .00215 
C34 .00399 .49680 .42722 .00319 .00415 .002/2  

1.  .50435 	".51189 .00213 .01)3/2  0024i 
C34 .20215 .61983 .5094 .00393 .00509 .00321 
C3S .14864 ,53544 .4l69 .00306 , .0383 .00251 
'C36 .20537 80698 .4.518 .00320 .00403 .00264 
032 -.05302 .b9/3 .46643 .00221 .00295 .00187 
033 .19844 	' .403.05 .48949 .00262 .00332 .00215 
035 .03306 .67588 .34409 .00220 T .00274 - .00185 
036 .28805.84008 .51259 .00262 .00310 .00215 
037 .17815 .85235 .33700 .00271 .00330 .00231 

1051  .37492 	. *32167 '  .00218 . .00279 .0011 
o5 .244O8 .05891+ 14018 .00226 .00299 .00185 
T03 .96035 .1102 .31773. .0030b .0037) .00251 
054 -.28024 ,0518 .18121 .00252 .00334 .00210 
J05b .' .46070. , .19337 ,. .27581 .00198 , .00257. .00168 
056 -.28806 .39074 3u083 .00198 .00262 .00162 
105/ -.21073 .71+099 .36950-400239.,..00399 .00201 
058 .02140 .86205 .17460 00206 .00274 .00171. 
05 	' 63.93/6 .09512 .32618k .00223 .00279 .00132 



Table 4.je 	Final Anisobropic Temperature Factors 

Sri and Sp2. 

U11  U22  U23  U12  U13  

Sri '0200 '03311. '0240 -0026 '0089 

Sr2 0 0177 0 0259 90221 -'0030 '0085 

Final Isotropic Temperature Factors - 
Carbon and Oxygen ,,.Atoms  

Atom U Atom U Atom U Atom 

Cl '0185 021 '0230 Gil '0099 031 

02 '0301 022 10224 C12 0439 032 

03 '0316 023 02149 013 00272 033 

C4 '0194 0214. '0097 011.1. 00269 0314. 

05 '0096 025 '0083 015 00233 035 

06 '0211.5 026 '0193 016 '0161 036 

01 '0213 021 '0187 012 '0252 032 

02 '0261 022 00318 013 '0367 053 

03 '01.1.214. 023 '0328 015 '0245 035 

04 '0171 0214. '02142 016 '0329 036 

05 '0176 025 '0178 017 e0 596 037 

06 '011.37 026 '0311.5 

07 '0252 027 00221 

051 0406 0514. '0579 057 '0678 

052 0463 055 '0378 058 '0395 

053 '0787 056 '0336 059 '014.10 

U23  

-003L1. 

0017 

U 

'0263 

'011.09 

'0289 

0559 

'0311.0 

'0380 

'01.1.71 

'057.3 

'01433 

'0578 

0652 
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The Final Structure - Description and Discussion. 

Description of the. Structure 

The final structure Is shown projected onto the 010 

plane in Pig., 4.6,1. The network of hydrogen bonds and 

the co-ordination to the strontium ions are also shown. 

The hydrogen bonding network was Interred from Oxygen-Oxygen 

distances As hydrogen atom positions were not determined 

in this structure. 

There is relatively little hydrogen bonding involving 

the ring oxygen atoms. Those in the equatorial-axial 

(e- a) linked. digalacturonate ion (i.e. 025 and 035)  do not 

form any hydrogen bonds at all. 	In the axial-axial (a -a) 

linked digalacturonate Ion, 05 forms one hydrogen bond to 02 

in a erystailographically related reddng residue. The 

corresponding 0'90 distance for the other two reducing 

residues (i.e. 022-02) was 3121 A. 	There is a possible 

weak hydrogen bond between 015 and a water molecule. The 

bridge oxygen atoms are not involved in hydrogen bonding 

except for a possible weak hydrogen bond between 024 and 

a water molecule. Two carboxylate oxygen atoms In the 

reducing residues, 07 and 027, which are involved In co-

ordination, are not Involved in hydrogen bonding. 03 does not 

appear to be hydrogen bonded, but there is one close approach 

of ca. 302 A to a water molecule. 	Most of the remaining 

oxygen atoms in the digalacturonate ions form two hydrogen 

bonds. 

Only one short contact was found in the final set of 
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co-ordinates, between 06 and 011, a distance of 314 A. 

The bond lengths and angles in the final structure and 

their estimated standard deviations are listed in Tables 

4.6.1 and 4.6.2. 	In general, these are not sufficiently 

accurate for a meaningful discussion of individual bond 

lengths and angles to be made, though a few discrepancies 

which may be significant are mentioned hare. The 

average bond lengths do, however, show reasonable agreement 

with those quoted for previous crystal structure determinations. 

In Table 4.6.3., average bond lengths and bond angles 

for strontium t-4,5-diga1acturonate are compared with the 

corresponding values for sodium strontium galacturonate, 

sodium calcium galacturonate, potassium glucuronate and 

also for other carbohydrate crystal structures reviewed 

by Jeffrey and Rosenstein (24(a)) and for some disaccharide 

and oligosacoharide structures solved more recently. 

The average value for the C-C bond lengths (1'53 A) 

Is similar to that found for most other carbohydrates, 

while the average 0-0 bond length of 145 A i slightly 

higher than the normal value. The average value for 

the angle at the ring oxygen (1110 ) is slightly less than 

the values quoted for most crystalline carbohydrates, but 

Is similar to the values found for the galacturonate 

salts and for potassium glucuronate. The cUt) - 0(5) bond 

lengths of 129 A and 134 A are close to the normal values 

for carbon-carbon double bonds. The average carboxyl 0-0 

bond length of 126 1 is slightly longer than the corresponding 
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bond lengths found for the galaoturonate salts and 

potassium glucuronate, but the average 0-0-0 angle at 

the carboxylate group is similar to the 0-0-0 angle 

found for each of these compounds, and somewhat greater 

than 120°. The bridge angles (1120  for the a-a linked 

disaccharide, 115°  for the e-a linked one) are smaller 

than might be expected, particularly for the a-a linked 

disaccharide, as other disaccharides of hexopyranose 

residues linked lriP4 whose crystal structures have been 

investigated by X-ray diffraction have all shown values 

in the range 11570 - 11760  with an average of 116'50 (91). 

Three of the 0(5) - 0(6) bond lengths appear to be longer 

than the average C-C bond length in this structure, as 

they are in sodium strontium galaoturonate and potassium 

glucuronate. The fourth, 015 - C16 is markedly shorter 

than the others, by ca. 2xscdeviQtion. 
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Fig. L.6.1. 

he Final Structure 

This is shown projected onto the 010 plane. 
Probable hydrogen bonds are indicated by broken 
lines between the oxygen atoms involved 
(i.e. 0 --- 0). 	Co-ordination is indicated by 
alternate dots and dashes (i.e. Sr'-O). 
The numbering system used here for the carbon 
and oxygen atoms in the asymmetric unit has. been 
used in subsequent discussion and is explained 
below: 
01-06 ) Atoms in the reducing residue, axial-axial 
01-07 ) linked disaccharide 
011-016) Atoms in the non-reducing residue (211i  half 
012-017) chair), axial-axial linked disaccharide. 
021-026) Atoms in the reducing residue s  equatorial-
021-027) axial linked disaccharide. 

031-036) Atoms in the non-reducing residue (1F12  half 
032037) chair), equatorial-axial linked disaccharide. 

In each case, the last figure in the numbering 
system corresponds to that for the atom under the 
conventional carbohydrate numbering system, for 
example 033 corresponds to 0(3) (equatorial-axial 
linked disaccharide) and 05 corresponds to 0(51 ) 

(axial-axial linked disaccharide). 
051-059 are oxygen atoms from water molecules. 



0.13 

Fig. 4.6.2. 

Best Plane 
906.  

axial-axial linked 
disaccharide 
The disaccharide is shown as a projection onto the best plane through the 
atoms 05,  C2, 013 and C14- 
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The disaccharide is shown as a projection onto the best plane through the atoms 
021, 023, 033 and 035. 
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Table 4.6.1. Final Bond Lengths. Estimated standard 

deviations (in hundredths of an Angstrom) 
are given In brackets after the bond length. 

Atoms Bond Length Atoms B9n& Leflgth 

Cl - 02 156 (5) 021 - 022 152 (5) 

02 - C3 152 (6) 022 - 023 1'52 (5) 
03 - OI. 1'50 (5) 023 - 024 148 (5) 

CLj. - 05 1'57 (5) C24 - 025 156 (Li.) 

05 - 06 159 (5) 025 -026 157 (5) 

Cl - 01 1'.7 (Li.) 021 - 021 1'3:7 (1) 
Cl - 05 1•4 (L) 021 - 025 147. (Li.) 

05 - 05 10 45 (Li.) 025 - 025 1'45 (3) 
02 - 02 142 (Li.) 022 - 022 1'56 (Li.) 
03 - 03 1 44 (5)-023 - 023 1 40  (L.) 

CL. - 04 145 (3) 024 - 024 146 (3) 

06 - 06 1'23 (5) 026 - 026 ].33 (5) 

06 - 07 1'23 (Li.) 026 - 027 126 (L) 

011 - 012 1'54 (4) 031 - 032 1'49 (6) 
012 - 013 1'50 (7) 032 - 033 160 (Li.) 

013 - C14 1'56 (6) 033 * 034 1'52 (7) 
ClL - 015 1'34 (5) C34 - 035 1'29 (6) 

015 - 016 145 (5) 035 - 036 156 (6) 
Cli - 01 1'39 (3)  031 - 024,  143 (3) 
all - 015 154 (Li.) 031 - 05 146 (5) 
015 - 015 145 (5) 035 - 035 1*39 (Lv) 

012 - 012 1'45 (6) 032 - 032 1'40  (6) 
013 - 013 1'49 (Li.) 033 - 033 I'48 (6) 
016 - 016 1'29 (5) 036 - 036 1'26 (Li.) 
016 - 017 122 (5) 036 - 037 1'29 (5) 



Table 1.6.2. Final Bond Angles. Estimated standard 

deviations (in degrees) are given in brackets 
after each bond angle. 

Atoms 	Anjzle 	Atoms 	 .Augle 

05. - Cl - 01 	Ui(.3) 	025?. 21 	021 	112 (3) 
05 - Cl - 02 	11L. (2) 	025 	021 - 022 	105 (2) 
01 - Cl - 02 	102 (3) 	021 - 021 - 022 	112 (3) 
Cl - 02 - 02 	110' (2) 	021 - 022 	022 	.,103 (2 
Cl - G2 - 03. 	110 (3) 	021 - 022 - 023 	110 (3 
02 - 02C5, / 115 (3) 	022 - 022 - 023 	3.09 (3) 
02 - 0 - 03:..f 109 (3) 	G22- 023 - 023 	rn (3) 
02 - 03 - Cli. 	119 (3) 	022 - 023 - 021. 	110 (3) 
03 - 03 	111 (2) 	023.- 023 - 0214. 	113 (2) 
03 - 011. - 011. . 107 (3) 	023 - 0214. - 0211. 	.108 (3) 
03 -C1- 05 	106 (2) . 	023- C21- 025 	11.0(2) 
04-04-05 	107 (3) 	024.-02L-C25 	109 (2) 
014. - 05 - 06 	13.1 (2) 	0211. - 025 - 026 . 109 (2) 
011. - 05 - 05 	119 (3) 	.0211. - 025 - 025 	1111. (2) 
06 - 05 - 05 	103 (3) 	026 - 025 - 025 	103 (2) 

- 06 - 07 	116 (3) 	025 - 026 - 027 	117 0 
07 - 06 - 06 	130 (11.) 	027 - 026 - 026 	120 (3 
05 - 06 - 06 	115 (3) 	025 - 026 - 026 	123 (3) 
Cl - 05 - 05 	109 (2) 	021 - 025 - 025 	11.0 (3) 

014. - 014. - Cfl. 	112 (2) 	0214. - 0214. - 031 	115 (3) 

015 - 011 - 011. 108 (2) 	035 - 031 - 024 	108 (3) 
015 - 011 - 012 1014. (2) 	035 - 031 - 032 	115 (3) 
014. - 011 - 012 116 (3) 	024 - 031 - 032 	106 (3) 
011 	012 012 103 ( 3 ) 	031 - 032 - 032 	107 (3) 
011 - 012 . - 013 106 (3) 	031 - 032 - 033 	3.07 (3) 
012 - 012 - 013 108 (4) 	032 - 032 - 033 	105 (3) 
012 - 013 - 013 106 (3) 	032 - 033 - 033 	105 (3) 
012 - 013 - 0114. 112 (3) 	032 - 033 - 0311.. 	1111. (3) 
013 - 013 - 01.4 -106  (3) 	033 - 033 - 0311. 	112 (4) 
01 - 0114. - 015 120 (14.) 	033 - 0311. - 035 	118 (3) 
0111.- 015 - 016 125 (14.) 	0314. - 035 - 036 	119 (3) 
0114. - 015 - 015 122 (11.) 	0314. - 035 - 035 	129 (LI.) 
016 - 015 -015 113 (3) 	036- 035- 035 . 111 (3) 
015 - 016 - 017 118 (3) 	035 - 036 - 037 	118 (3) 
017 	016 	016 123 (4.) 	037 - 036 - 036 . 126 (11.) 
015 - 016 - 016 118 (3) 	035 - 036 - 036 	1114. (3) 
CU - 015 -015 1114. (3) 	031 05 035 	111 (3) 



Table 	...6.3. 	Comparison, of Average Bond Lengh, Angles, etc. for strontium 
-5-da1acturonate with those of other cl7atalline carbohydrates. 

Sr D1&ai 	NaSrGal NaCaGal KGIu Other 	Refs. 
Bond Lengyhs 
	 trueturea 

Average C-C 
Average 0-0 
Average C-Or* 
Average C-OH 
Average 0-0(carbox7l) 
Bond Angles 
Average C-Op-U 
Average angle at tetra-

hedral C atoms 
Range of angles at tetra. 

hedral C atoms 

1'53 1530 1'522 1545 

1 46  1'425 145 1'427 
1*" 1' 1i2  3 1- 42  1-401  
1.26 12 1'245. 1224  

1100  1130  1110  1100  i090 1200  

109110° 

102°-119°  1060-1120  107°- 1060
- 	1O2-l15°  

112°  lie 
6I,6S1TT. 

151-154 ) 
24 (a) 

lil-l16 ) 
114_1h1h4.3 ) 

Average angle at 

	

trigonal C 	 11981  

	

Bridge angles 	 112°,115°  

 

111°-122°  87-90,91 
Average O-C-O(oarboxyl) 	1250 	1270  126° 	128°  

  

* 
Or represents the ring oxygen atom. 
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Table 	00 Distances for Probable Hdroen Bonds 
The probable hydrogen bonding arrangement is shown in 
Fig. 0''90 distances of up to 30 A were considered for 
possible hydrogen bonding. The numbering system used in 
this diagram is used here. The estimated standard deviation 
(in hundredths of an Angstrom) is given in brackets after 
each bond distance. 

Atom 1 Atom 2 Disanoe (j Atom 1 Atom _g Distance (J 

2'62 (Li.) 
2'86 (3) 
262 (Li.) 

2'86 (3) 
278 (5) 
286 (3) 
272 (Li.) 
2'78 (3) 
289 (3) 
a89 (5) 
2'99 (Lv) 

2'70 (3 
27l (L 
289 (5) 
257 (5) 
2'70 (3) 
27L (Li.) 

2'76 (14.) 
2'76 (Li.) 

29L (Li.) 

2'74 (Li.) 
281 (5) 
286 ~4~  
2'65 5 
2'85 (5) 
271 (5) 
272 (Ii.) 
282 (5) 
2'52 (3 
2'75 (5 

051 012 
033 

052 06 

053 026 
032 
0514. 
5 9 

0514. 026 
053 

055 06 
017 

056 02. 
03 

057 015 
023 
032 
033 

058 01 
02 
023 
037 

059 013 
037 
053 

2'78 (3) 
285 (5) 
278 (5) 
2'75 (14. 
2'86 (Li. 
2'90 (L) 
2094 (5) 
281 (5) 
290 (14.) 
2'86 (3 
257 (5 

291i. (L) 
2'82 (5) 
2'99 (L) 
2'76 (Lv) 
265 (5) 
2'71 (5) 
2'62 (14.) 
2'62 (14.) 
2176 (14.) 
252 (3) 
2'89 (3) 
275 (5) 
29L (5) 



Table 1.6.5. 

Close 0•'Oapproaches 

Distances of 30 32 A are listed 

Atom 1 Atom 2 Distance () 

01 052 303 	(Lv) 
03 052 3*02 	(5) 
07 055 309 	(Li.) 
016 0514. 3*01 	(5) 
021 054  3*03 (3) 

055 3905(3) 

023 035 318 (3 
051k. 3'20 (5 3 
057 3'07 (5) 

0211. 056 315 	(3) 
025 023 3'18 (3) 
035 058 308 	(Lj.) 

052 01 303 	(Lv) 
03 302 (5) 
059 3'07 	(5) 

P-54 016  3' 01 	(5) 
021 3*03 (3) 
023 320 (5) 

055 07 3*09 ( 
021 305 	(31 

056 025 315 (3) 
057 024 3'07 (5) 
058 035 3'08 	(Lv) 
059 052 3*07 	(5) 



Co-ordination 

Both strontium ions in the asymmetric unit 

have eight fold co-ordination. 	In each case, three 

water molecules and three reducing residues from the 

digalaoturonato ions are involved in co-ordination. 

The oxygen atoms from the reducing residues which 

are involved in co-ordination are 0(1) and 0(2) from 

one residue, 0(5) and 0(6) from a second one and 0(7) 

from a third residue 

The geometry of co-ordination of the two 

strontium ions in the asymmetric unit is somewhat 

irregular. The two co-ordination patterns, shown 

in Pig. 4.6.6, resemble one another quite closely 

except for the position of one water molecule. The 

shortest and longest 'nearest neighbour' distances 

of the co-ordinating oxygen atoms are listed in 

Table 4.6.6., together with the co-ordination distances 
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Fig. L.6.6. 

Geometry of Co-ordination of tbe.Strontium,jons  

The environment of Sri is shown in projection 

on to the beat plane through 02, 05, 06 and 052. 

The corresponding projection plane for 8r2 was 

the best plane through the atoms 022, 025,  026 

and 05I.. 



056

9 °26 
/ O25 	

\ / 

•• Sr2 

- 054 

\ 	055 

\ 07. 

/ 

022 

b021. 

Fig. Li.  6.6. 



Table 4.6.6. Final Co-ordination Distances 

Estimated standard deviations (in hundredths of an Angstrom) are given in brackets. 
Co-ordination distances for the galacturonato salts and potassium glueuronate are 
included for comparison. 

Strontium -,Dialaeturonate Sodium Strontium Sodium Calcium Potassium 
Galacturonate alacturonate Gluouronate 

Sri . 8r2 to Na 	to Sr 2+  to Na 	. 	to Ca2  to  

01 	266 (2) 021 279 (2) 0(2) 	237 	0(5) 287 0(2) 238 	0(5) 281 0(1) 280 

02 	20 59 (2) 022. 266 (2) 0(3). 	253 	0(6) 2'52 0(3) 29 	0(6) 247 0(3) 280 

05. 	2'70 (2) 025 258 (2) .. 	o(w)*2.52 0(W)*240 0(6) 281 

06 	2e48 (2) 026 255 (2) . 0(7) 2031 

027 253 (2) 7 2'50 (2) 0(wi)*2.84 

051 256 12)054. 2'55  (L) . 0(W2)*2*79 

052 260 (3) 055 256 (3) 

059 269 (3) 056 254 (2) 

* W, Wi and W2 represent water molecules. 
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Conformational Desoript ion of Rings 

Saturated Rings--  Descrit1on 

The reducing rings in both dialacuronate ions 

were found to exist in the Reeves CI chair conformation as 

expected. 	In both rings, 0(1) has the a configuration, 

as it does in the sodium strontium galaoturonate and sodium 

calcium galactuz'onato crystal structures. 

Unsaturated Riflgs - Description and Discussion 

The non-reducing rings exist in two different half 

chair conformations. These are designated 2H and H 

according to the rules suggested by Dr. J.C.P. Schwarz (92) 

where H represents a half chair conformation and the super-

script and subscript represent the loeante of ring atoms 

lying outside a reference plane comprising the tour co-

planar ring atoms. The conventional carbohydrate 

numbering system for six membered rings is used for the 

carbon atoms, the ring oxygen being numbered 0, the locant 

of the ring atom lying on the side of the reference plane 

from which the numbering appears clockwise is written as 

a superscript and that of the ring atom lying on the other 

side of the reference planis written as a subscript. 

The two halt chair confrmat ions are Shown in Fig. 4.6.7. 

Nomenclature for Sub at it uen.t a 

Only aubstituonts on (l) and C(2) are genuinely 

axial or equatorial. 	Substituents on C(3)  are somewhat 

distorted from true axial and equatorial geometry. Those 

substituents have been designated quasi-axial (a') and 

quasi-equatorial (0') (93). 
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Orientation of Substituents. in the Nn-reduoin Residues 

An estimate of the deviation from true axial and 

equatorial orientation for 0(3) and also 0(1) and 0(2) was 

made by calculation of the dihedral angles between the 

0(2) 0(2) and 0(3) 0(3) bonds and also between the 

C(l) 0(1) and C(2) -  0(2) bonds. 	The results are given 

in Table 4.6.8. These show no appreciable deviation from 

the idealised values for axial and equatorial bonds for 

0(1) and 0(2), and a distortion of ca. 200  from these 

values for 0(3) for both half .chair conformations. 

Other Examples of Half Chair Conformations 

Relatively few structures involving a six membered 

ring containing a double bond have been investigated by 

X-ray diffraction. Structures which have been shown to 

contain an unsaturated ring in a half chair conformation 

include pentachiorocyciohexene (94), naphthalene tetra-

chloride (95)0 oholesteryl iodide (B ring) ,( 96)-, :I kind acid. 

(97) and D-glucal triacetate (98). As far as is known, no 

other structure in which the unsaturated ring exists in two 

different half chair conformations has been solved by X-ray 

diffraction. 

Halt-Chair Conformations in Solution 

Information on ring conformation may often be 

obtained from NMR data. The coupling constants for protons 

on adjacent tetrahedral carbon atoms have been shown to be 

related to the dihedral angle between the protons (see p.25). 
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Fig. 
Illustration of the two Half Chair Conformations found 
for the Non-reducing Residues in the Crystal  Structure. 



Table L.6.74 

Residue Parameters for the Dig.la ct'onate ions 

a-a linked disaccharide e-a linked .disaceharid 

Reducing Residue Reducing Rea idV& 

1'45 R, 2  1L.6 

R23  298 R23  293 

R 
34 1,047 R3  

T 
23 1780  23 

178' 

Non-reducing Residue Non-reducing .Residue  

2'85 R56L 2'82 

1'39 1 6i 10, 43 

f 'Y1
6  90 OL6 

156 

Bridge Angle 112°  Bridge Angle 11 0  

117°0  125°  

158° T 170°  

Some of the above parameters were calculated by 

X-ray system programs. The remainder were calculated 

using the residue parameters program described in the 

Methods sect ion. 

The notation for parameters in the reducing residue 

is that given in P.25 (Thesis), except that R3 	was used 

hero instead of R31. (See Fig. 	4.6.8.) 

(Contd. 



R56, R61 and a6  are the parameters for the non-reducing. 

residue, as illustrated In the diagram. 



lattedral *ngle$ btven the C(1) CU) and 

C(2) - OW boads and, *lao between the C (2) 0(2) :fl4 

Q(3) - 0(3) bonds for btb belt ebetr contoratiore 

are listed below. The 148411944 4ith*1 *ng1e for true 

azte1/eqt*etor.1 Seo.tr7 Is elso given. The ezpeetea 

ornatLie or 0(1), 0(2)*ad 0(3) are 0(1)4, 0(2)e, 

0(3)e' for the b*ltót*tr And 0(1)0, 0(2)a, 

0(3)e' for the 1142 bait obeir. 

 

Emit Moir 

 

0(1) * 0(2) 

0(2)'O(3) 

Rol A,  good lalme' 
600  

0(1) 0(2) 

2 al f CbLr  

630  

163°  0(2) 0( 3) Im 
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2111  and 1112  half chair conformations may be distinguished 

by this means,, as the 211i  half chair has 11(2) axial and 

11(3) quasi-axial, leading to a large coupling, constant 

between these protons. 	The 111  half chair would show no 

large coupling constants of this type. 	11(2) is equatorial 

and '11(3) is quasi-equatorial in this conformation. 

Analagous relationships have been developed for 

allylic systems which maybe applied to 6-membered ring 

compounds. 	These may be used to estimate the orientation 

of quasi-axial and axial-equatorial bonds. 	It appears 

that these subtend  angles of approximately 80°  and 400  

respectively with the vinylic 0-11 bonds in six-membered 
(99) 

ring compound implying a distortion of ca 100  from true 

axial and equatorial geometry. 

Recent NMR work has shown that a 4,5-unsaturated 

I -deoxyhexopyranos derivative'. (shoia below) adopts the 

2111  half chair conformation in solution (100). 

ooC H3  

08z. 

(3z. CH C6H5) 

Relative Stability of 2111  and 1112  Half Chair Conformations 

Angyal (63.). considered ring conformational stability 

in terms of the anomeri.c effect and two types of interaction 

energy. 	These were: 
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(1) Between two syn axial atoms (other than two 

hydrogen atoms) 

(2) Between two atoms (other than hydrogen atoms) 

gauche on adjacent carbon atoms. 

The 2H, and 1H2  half-chair conformations may be 

considered in terms of such interactions. The terms con- 

tributing to an overall interaction energy would then be: 

for the 2H confoznatton: 

One syn axial interaotion between 0(1) and R(3) and two 

gauche iziteractions,between 0(1) and 0(2) and also 

0(2) and 0(3) 

and for the }I conformation: 

One syn axial interaction between 0(3) and H(l) and one 

gauche Interaction between 0(1) and 0(2), plus the anomerle 

effect (See Pig. 4.6.7.) 

The syn axial interactions should be similar for the 

two half chair conformations,, as the distortion from true 

axial-equatorial geometry at C(3) is similar for the two 

halt chairs in the crystal structure. Also the interactions 

between 0(1) and 0(2) should be similar as the dihedral 

angles between the C(1) - 0(1) and C(2) - 0(2) bonds for the 

two half chair conformations are also similar. 

The relative stability of the two half chair 

conformations Is thus likely to be determined by the 

relative magnitude of the O(2)-O(3) gauche interaction 

in the 2Hhalt chair conformation and the anomerie effect, 

which will tend to destabilise the 1H2  half chair conformation. 

In aqueous solution, the 0(2) 0(3) gauche interaction 
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energy Is likely to be somewhat less than the value of 

1'4 kJ -mole- 1, given by Angyal in view of the. distortion 

from true equatorial geometry of 0(3) and consequent in-

crease in the dihedral angle between the C(2) 0(2) and 

C(3) - 0(3) bonds. 	The value for the anomeric effect 

should be between 36 kJ mole-1  and 02 kJ mo1e, the 

respective values given by Angyal for the anoeric 

effect where both 0(2) and 0(3) are axial, and where only 

0(2) is axial. 	Thus, it appears that the difference in 

free energy, AG,, between the two half chair conformations 

in aqueous solution is determined mainly by the anomoric 

effect and would be in the range ca. 2 -4  kJ mole, the 

former value being obtained by assuming true axial-equatorial 

geometry at C(3) and the latter value being obtained by 

ignoring Interactions involving substituents at CO).  This 

would be sufficient for the 21I conformation to predominate 

in solution, as indeed was found by NMR for one relevant 

example (see p. 165). 

In the crystalline state, the relative stability of 

the half chair conformations will also be determined to 

some extent by the anomerie effect, but this may be offset 

by other factors such as more favourable packing, which may 

be possible for two different half chair conformations. 

It Is also possible that the 1  H half chair could be 

stabilised In the solid state by Intramolecular hydrogen 

bonding of the type shown overleaf, Involving the ring 

oxygen 0(5) and the axial 0(2). 	Similar hydrogen bonding 

has been observed in some six-membered ring compounds in 

non-polar solvents (101). 
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Another factor which may favour the 1112  half chair 

conformation in this compound is the allylic effect, whereby 

large groups at allylic centres on unsaturated pyranoid. 

rings show inverted stereochemical requirements. This effect 

was indicated by rm.r. spectra of some 2,3—unsaturated 

compounds (111, 112). 

Ac 	 P 

oAc 
Aco 

The - and t—anomers of 1,2,4—tri-0—acetyl-2,3—didehydro- 

3—deoxy—D—glycero—pentOSe were shown by J45  values to exist 

in the conformations I and II respectively, and the (—anomer 

was the more abundant at equilibrium. The difference in energy 

between the anomers results solely from the difference at 

the allylic c(4) position. It was therefore concluded that 

the allylic acetoxy group favours a quasi—axial orientation. 

This effect should favour the adoption of the 1112  half 

chair conformation by the unsaturated ring in strontium 

—4,5—digalacturonate, enabling 0(3) to adopt a quasi—axial 

conformation (see Fig 4.6.7). The 1112  half chair should also 

be favoured fOr the 4,5—unsaturated compound investigated 

by n.m.r. (see p.  165) for the same reason, but the effect 

is presumably insufficient to offset other factors favouring 

the 211 conformation in that compound. 

Perhaps more important in the solid state is the 

possibility for internal hydrogen bonding in the 1H ring. 
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032 appears to be hydrogen 

bonded to two water molecules 

in the crystal. 

035 is in a reasonable 

position relative to these 

water molecules to form a 

third hydrogen bond with 

032 (See Fig. 4.6.1. for 

illustration of this possible 

hydrogen bonding arrangement.) 

Discussion of the Structure 

There appears to be some similarity between the co-

ordination pattern involving the saturated ring and Sr 2+  

in this compound and that involving the galacturonate ion 

and the divalent cation in sodium strontium galacturonate and 

sodium calcium galacturonate, although the co-ordination 

geometry is quite different. 	In all of these compounds, 

0(5) and 0(6) are involved in co-ordination and 0(L.) is not 

involved., 	However, one axial oxygen atom, 0(1), is involved, 

in co-ordination in the digalacturonate, whereas no axial 

oxygen atoms are involved in co-ordination in the galacturonate 

salts. The involvement of the second carboxyl oxygen in 00-

ordination to bridge' two neighbouring strontium ions resembles 

the arrangement found in potassium gluconate (82). The in-

volvement of the ring oxygen atom, 0(5), in co-ordination of 

Sr2 (or Ca2 ) in both galacturonate salts and in the digalactu-

ronate (saturated ring) may be significant as this oxygen atom is 
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not involved in co-ordination of K+  In potassium gluouronate, 

suggest lug that this type of interaction may be important 

In the selective binding of Ca2  ions in gels of 

galaoturonic acid polymers. (See P. 137) :.. .,. 

Apart from the similarities mentioned above, Sr 2+  

does not appear to have any characteria tie type of co- 

ordination pattern. 	The nine—fold co-ordination.,. lfl ; the 

sodium strontium salt is simar• to that for Ca2 .Inapatite79). 

Another strontium salt, a strontium glucoi3osaechax'ate (10.2) 

has eight—fold co-ordination in the form Of a distorted 

Arehimedian antiprism. . The arrangement In strontium 

-4,5-digalaotw.onate resembles this slightly but is too 

highly distorted to be classified in ,this manner. 

It is interesting to note that the unsaturated rings 

are not involved in oo-ordination at all. This results In 

an unbalanced charge distribution, an excess of negative 

charge being present around the unoo-ordinated carboxylate 

groups, and an excess at positive charge around the strontium 

ions. This uneven charge distribution and the irregular 

co-ordination geometry may be due, to the irregular shape of 

the digalaoturonate ion and consequent difficulty In packing 

In the crystal. It would appear that the relatively 

inflexible saturated rings pack to give maximum co-ordination 

and the relatively flexible unsaturated ones adapt their 

conformations and consequent orientations to fill the 

remaining space in the unit cell. 

The importance of packing influences in the 

crystalline regions of the polysacoharide in producing a 
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chain conformation having Integral screw symmetry has been 

mentioned previously (,Discussions  Ch-2). 	In this crystal 

structure there are indications of Various types of distor- 

tion which may be offset by packing influences and/or 

hydrogen bonding and co-ordination effects, viz.i 

(1) The existence of the two different half I chair conformations 

in the non-reducing residue 

(ii) The short contact between C6 and 011 in the a-a linked 

disaccharide 

(ill) The bond angles (possibly), notably the rather small 

bridge angles (see subsequent discussion), though there 

may be another explanation for this. 

(iv) The large charge separation, though not actually a 

distortion, seems to suggest that compromise between 

opposing forces has to be reached to form the crystal. 

The rather small bridge angles found In this 

structure are surprising, since, as well as being smaller 

than for other 	linked disaccharides, the hard sphere 

map calculations (described below) indicate a. greater 

degree of ster Ic compression for these bridge angles: than 

for the more usual values of ca 1170  (See Table; on p;173). 

The reason for the low bridge angles Is not knows, but it 

could be due to the type of packing in the crystal. It 

appears that the a-a linked disaccharide adopts aconfor-

mation and orientation which, In addition to maximising 

co-ordination by oxygen atoms In the reducing residue, also 

maximises inter-residue hydrogen bonding involving atoms 

in the non-reducing residue (viz. 012, 013, 016, 017) (See 
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Fig- 4.6.1. and Table 	If the orientation of the 

reducing residue Is assumed to be fled byóc-ordination 

and by formation of an O 	05 inter-residue hydrogen' bond 

formation of three of the hydrogen bonds, viz. 012"036, 

016-021 and 016"022 would be favoured by decreasing 

the bridge angle from the normal value of Ca 1170  and thus 

decreasing the 00 distances, whereas only the formation 

of the 013-017  hydrogen bond would be favoured by a larger 

bridge angle. The net effect should therefore favour a 

smaller bridge angle. This effect would offset the 

Increased steno interactions across the bridge resulting 

from the decreased bridge angle (probably Including the 

C6-Cll short contact, which should be relieved by increasing 

the bridge angle). The reducing residue in the a-a linked 

disaccharide is also likely to be fixed in orientation by 

co-ordination and Inter-residue hydrogen bonding. The non-

reducing residue In the e-a linked diaeeharide forms Only 

one inter-residue hydrogen bond (012-036). Formation of 

this hydrogen bond should be fav irci>by a decrease in 

the bridge angle. The resultant decrease in bridge angle 

Is smaller In this ease as the formation of only one 

hydrogen bond is involved. 

This explanation for the low bridge angles involves 

factors which are peculiar to this particular crystal 

structure and therefore does not imply that the bridge 

angles will also be small In the polysacoharide. 

The geometry around the bridge for the a-a linked 

disaccharide is similar to that in galacturonah chains in 
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the polysaceharide. The values of, , and ' calculated for 

this disaccharide (1170, 1580 ) were closer to those for 

the conformation suggested for the polysacoharide (1200, 

1680  for set D co-ordinates - see Gb. 2) than: to the 

corresponding values of 0 and T for any other galacturonan 

chain conformation consistent with X-ray data. This .  

observation provides a further indication that the confor-

mation suggested previously for the polyaaooharide is, correct. 

The geometry around the bridge for the a-s linked 

disaccharide is of course different from that in the a-a 

linked one and from that in the polysacebaride, even though 

the values of 0 and T happen to be similar. This 

similarity can be understood in terms of the similarity in 

the hard sphere maps obtained for both linkages (see below). 

The possibility that steno crowding around the 

bridge could be relieved somewhat by the presence of an 

equatorial glycosidie linkage in the I H half chair confor-

mation, relative to that found where the unsaturated ring 

is in the 2H conformation and the linkage is axial, was 

investigated by moans of hard sphere map calculations, 

similar to those described in Chapter 2. Program (1) 

(Methods section) was used, the required co-ordinates 

being derived as explained in Chapter 2, using coordinates 

for carbon and ogen atoms derived from the crystal 

structure and placing C-H hydrogen atoms at idealised bond 

lengths and tetrahedral bond angles with their neighbours. 

The bridge angles used In the calculations were those 

derived from the crystal structure and also the standard 

value of 1170  used in previous calculations. The two sets 
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of maps showed: a similar degree of steno compression and 

also similar regions of allowed conformation. Thus, it 

seems unlikely that ititer-residue atone compressions 

could be relieved appreciably by adoption of the 11, half 

chair conformation by the unsaturated ring. The 

percentages of fully allowed and marginally allowed confor-

mations found from the maps are listed below: 

a-a linked disaccharide 	bridge angle 1120  1170  
(Unsaturated  ring in 2Ii half 	% fully 
chain oonformab ion) 	 allowed 	02 	l'B 

% marginally 
allowed 24 18 

e-a linked disaccharide 	bridge angle 1150  1170  
(Unsaturated ring in U2  half 	% fully 
chair conformation) 	 allowed 	12 	1'2 

% marginally 
allowed 16 18 

The extent of steno compression showed relatively 

little variation with bridge angle, except for A slight 

relief of steno compression for larger bridge angles. 

The conformations in terms of 0 and ! adopted by the a-a 

and s-a linked disaccharides both lie near to the edge 

of the marginally allowed regions of conformation on the 

respective hard sphere maps. These are shown in Fig.4.6.9. 

There appear to be no intramolecular hydrogen bonds 

between the reducing and non-reducing residues for either 

disaecharlde, except possibly between 0(5) and 0(3') In the 

e-a linked disaechanlde,tbougb the 0'O distance (318 A) 

appears to be too long for a hydrogen bond. The a-a linked 

disaccharide could probably form an intramolecular hydrogen 

bond between 0(2) and 0(6 9 ), similar to that occurring in 



1 

3 

ill 

4g. 	Hard Sphere Map 

Hard sphere maps derived for the axial-axial linked disaccharide (left) and the equatorial-axial 
linked disaccharide (right). The maps shown are those derived using the bridge angles obtained from 
the final atomic co-ordinates obtained frbm the crystal structure. 	Other details are as described 
in the text. 	The boxed unshaded areas in the maps represent marginally allowed conformations and 
the shaded areas represent fully allowed conformations. 	The conformations actually adopted by each 
disaccharide in the crystal structure are marked on the maps by crosses. 
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guluronan chains and possibly in galacturonanchairis also, 

if the orientation of the earboxylate 	 In 

the crystal structure, however, this group adopts an 

orientation in which it can co-ordinate two adjacent strontium 

ions in preference to forming suob a hydrogen bond. This 

raises the possibility' that similar Interactions may exist 

between galacturonan chains and cations In the polysaccharide, 

58 polarised infrared Spectra tar various peotates (Cb.2) 

showed no Indication of any intramolecular hydrogen bonding. 

In conclusion, this structure has provided further 

evidence in favour of the conformation previously suggested 

for galacturonan chains in the polysaccharide. There 

appears to be no regular dominant co-ordination pattern 

in this compound and the galsoburonate salts which can be 

put forward as a model for Interactions involving 

galacturonan chains and cations in the polysaooharide. 

The existence of the 1H as well as the 	conformation for 

the unsaturated rings In the structure is more likely to be 

favoured by packing consideration and possibly by intra-

molecular hydrogen bonding in the H half chair than by 

steno interactions across the bridge. 
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GENERAL METHODS OF INVEST IGAT ION 

Dialysis  

Solutions were dialysed using dialysis tubing of a 

suitable width and either a continuously flowing supply of 

tap water or a reservoir of distilled water, which. was 

renewed as required. 

Concentration of Solutions 

Solutions were concentrated under reduced pressure 

using a rotary evaporator. The temperature was kept below 

40°C- 

Isolation of Polysacoharides from Solution 

Polysaooharides were isolated from solution by freeze-

drying. 

Eydrolysis of PolsaccharIdes 

Two methods were used. 

(1) 72% w/v Sulphuric Acid Hydrolysis 

The polysaccharide or polysaccharide-containing material 

was immersed in 72% w/v sulphuric acid then shaken for 

several hours if any insoluble material remained. The 

mixture was then diluted to bring the normality to around 1 N, 

and heated on a boiling water bath for 16 hours, shaking 

occasionally to dissolve all soluble material, then cooled 

and neutralised with barium carbonate. It was then diluted, 

filtered and then concentrated to a few drops. 

If necessary, salts were removed from these hydrolysates 

after dilution to ca. 25 ml. 	Cations were removed by shaking 
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the solution with amberlltè IR 120 (R) resin. Anions 

were removed by shaking the solution with a 5% solution of 

NN-diootylmethylamine in chloroform. 

(ii) L5% v/v Formic Acid Hydrolysis 

Hydrolysis with 45% v/v formic acid was carried'out 

at 1000  overnight. The bydrolysate Was than diluted, 

filtered, then concentrated to.a email volume. 

Pp r Comatograpby 

Chromatograms were developed overnight on I atman No. I 

paper. 	Solvents used were: 

Ethyl acetate/pidine/water in the ratio 10:4:3 

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

ratio 18:3:1:4. 

aperEleotrooreiS 

Electrophoretograms were run on Whatman No. 1 paper. 

Acetic aoid/pyridine (pH 65) was used as buffer, and a 

potential gradient of approximately 15 v/cm. was used. 

Detection of Sugars 

Reagents used to detect sugars were: 

(1) p-Anisidine (spray) 

An approximately 3% w/v solution was prepared by 

dissolving p-anisidine and a crystal of stannous chloride in 

the minimum quantity of hot water. This solution was then. 

made up to the appropriate volume with 1-butanol. 

The obromatogram was sprayed with this reagent, allowed 

to dry, then heated to approximately 1200  for one minute. 
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(ii) Periodic. AoidJ8enzidlne (dip) 

This was used to detect methyl glycosides. 

Three solutions Were prepared. 

Solution A - 01 M periodic acid 

Solution B - 1 ml. of solution A diluted with 19 ml. acetone. 

Solution C 0'01 M benzidine. 

The chromatogram was dipped In solution B, allowed to 

dry at room temperature for tour minutes, then dipped in 

solution C. Sugars were observed as yellow or white spots 

on a blue background, maximum contrast being obtained after 

5-10 mm. 

Phenol-Sulphuo Acid Teat for Carbohydrate 

1 ml. 5% w/v aqueous phenol was added to a 1 ml. portion 

of the solution. 5 ml. AnalaR oouo. sulphuric acid was then 

added quickly. When the solution had cooled, the optical 

density was measured by means of an EEL colorimeter, using 

filter number 623. 

High Voltage EletrophoreaIa 

The procedure used was similar to that described by 

Barrett and Northoote (53(a)). However, the apparatus used 

in these investigations was different from that used by 

Barrett and Northoote. A Miles-HIvolt 10 kV. eleotrophoresis 

unit was used. The unit contained cooling blocks in .wbiab 

a supply of tap water was used as coolant. Glass fibre 

paper was used and a potential of about 100 v/cm. (5 kV) was 

applied, for a period of 5-15 minutes. 	Pyridine/acetie acid 

(pH 65) was used as buffer. After eleotrophoresis, the 

papers were allowed to dry before being dipped In a suiphonated 



ct-naphthol reagent prepared by dissolving In 96', ethanol 

(500 ml.) a solution, consisting of 5 g. -naphthol in 25 ml* 

conc. sulphuric sold, which had stood overnight. 

Infrared Spee:trOSoOpy 

Spectra were run on a Perkin-Elmer 237 double beam 

instrument. A similar instrument, into which a polarizer 

was incorporated, was used for running spectra when polarized 

radiation was required. The polarizer in this instrument 

is a gold wire grating in silver bromide, mounted in the 

common beam of the spectrometer. 

Preparation of an Oriented Cellulose Film 

This was prepared by ttniethod described by Jeffries 

(103). 	A  3% solution of cellulose acetate in acetone was 

prepared. This solution was then spread onto a level glass 

plate. The acetone was allowed to evaporate in a 

dessloator. The film was then Stripped off the plate and 

swollen in 80:20 v/v methylene chloride/benzene for about 

two minutes at room temperature, then stretched while still 

in the liquid. The film was then removed (after stretching 

50 -  100%)  and held at this length until the bulk of the 

swelling agent had evaporated. It was then immersed In an 

aqueous solution containing 2% w/v phenol and 2% w/v sodium 

sulphite at 600C. The film spontaneously increased in 

length along the direction of initial orientation (i.e. of 

stretching). This extension was increased by manually 

stretching the film as far as possible without tearing. The 

stretched film was well washed with water and dried in air. 

The oriented cellulose acetate film was then saponified in a 
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2% w/v solution of potassium hydroxide in 0/50 v/v 

methanol/water. The film was immersed overnight in this 

solution, then washed with water and air dried. This film 

was used for calibration of polarizer settings where 

polarized infrared radiation was used. 

Prepáration of Films for infraredExamination 

Aqueous solutions of the polysacebaride (2025 mg. In 

5 ml. water) were dried out overnight at reduced pressure in 

a beaker containing mercury, using phosphorous pentozide 

as a dosaicant. Where films could not be prepared in this 

way, a film or suspension of the polysacobrido was prepared 

on a silver chloride plate. 

DeutertIon of Samples 

Samples were enclosed in reasonably airight cells and 

a stream of nitrogen saturated with D20 vapour was passed 

through th6 cell. The nit.rogen/D2o vapour was produced by 

allowing liquid nitrogen in a Dewar flask to evaporate 

slowly and bubble through a reservoir of D20. 

Barium fluoride windows were used in the optical path 

of the cells. 

'H N Spectra 

These were recorded with a Varian HA-100 or Perkin-

Elmer H 10 spectrometer. 

peuteration of Samples.-,f  or 'H NMR InvestigatIon 

Two methods were used. 

(I) The sample was dissolved in D20, and isolated again by 

freeze-drying, this process being repeated several times. 
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The aample was then re-dissolved in D20 and a spectrum 

was run. 

(1.1) The (undeuterated) sample was dissolved in D20 and a 

spectrum was run without further exchange. 

The second method was generally used, as the spectra 	- 

were found to be satisfactory for most purposes. 

Deuteration of Samples In DO-dA.  Solution 

Samples were deuterated by addition of a few drops DO 

to the solution. 

Conversion of Oligpsaeoharide Salts to Sodium Salts or 
to the Free Acid 

Oliosaecharide salts were converted to the free acid 

or to the sodium salt by passing an aqueous solution of the 

salt through a column of Amberlite IR-120 (H or Nat) resin, 

followed by evaporation to dryness or freeze-drying. 

Preparation of Dry Methanol  

This was prepared as described by Vogel (104)- 

Preparation of O'l N Methanolic HCl 

This was prepared by the addition of 711 ml. aootyl 

chloride to 1000 ml. absolute methanol. 

More dilute solutions were prepared by dilution with 

absolute methanol as required. 

CH30001 + 0113011 	' 01130000113  + 1101 

Preparation of Cellulose Solvents 

Two such solvents were prepared. 

(I) Schweizer's Reagent 

This was prepared by the reaction of cone, ammonia with 

excess cupric hydroxide powder. The cupric hydroxide was 



obtained by addition of a calculated quantity of cold 

aqueous ammonia to cold 15% aqueous cupric sulphate solution. 

The precipitated cupric hydroxide was then washed with 

boiled distilled water, 96% alcohol, absolute alcohol and 

ether then dried in vacuo. 	This method of preparation has 

been described by Roelofsen (57,58). 

(ii) Cadoxen 

This was prepared by the method described by Lindberg 

(105) based on the original method described by Jayme (106). 

The solvent was obtained by preparing a solution of cadmium -

hydroxide 

admium-

hydroxide (6% as Cd)  in 28% aqueous ethylene diamino. 

Computing 

Early programs were in Atlas Autocode, run on the 

Edinburgh IF 9 computer. 	More recent programs were in 

IMP, and run on the Edinburgh 360/50 or 4/75 computers. 

Methods of Calculation 

Inrdecbra - Calculation of _L2gree  

I 
 . 

Tb 

g' rntac( 

Type of spectrum 

found in acid (1600 

and ester 

(l7)0 cm) 
= 0 stretch regions 

for pectic substances. 

T. F-  — — — 

1500 	1700 	1600 

(cn1) 
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The degree of estorifloation was calculated from the 

transmittance readings corresponding to base and peak 

heights for the acid and ester peaks, and converting these 

to optical densities (107). 	The optical densities of 

the two peaks (expressed as the difference between the peek 

and baseline values) were then compared. 

The opt ical density, E, is given by B = log1 (I/I) 

where I is the intensity of the incident beam, I is the 

intensity of the transmitted beam. The optical densities 

corresponding to the peak height and base line, and hce to 

the value for each peak, can be calculated from the observed 

transmittance (=I/I) values observed for these (T and T b  

in the diagram). 

The degree of esterificatlon (x) may than be expressed 

as a ratio of the optical densities 

i.e. X 
= ;00e + COOR 

This method o  calculation makes the assumption that 

th optical density is proportional to the concentration of 

species present i.e. thattho extinction coefficient 13 the 

same for both peaks. 

D=LVAtign 	Ca- 1atejh reaeot to B 

particular Qrtin and Set 

The method of calculation is described here, as many 

such calculations were made in deriving sets of co-ordinates 

referred to appropriate azea for subsequent calculations. 
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Three atoms were used to define the axes, one to 

define the origin, a second to define the Ox axis and a 

third to define the Oxy plane. 

To transfer the origin to a point with co-ordinates 

(Xo, Yo, Zo), the new co-ordinates of any point, P(XPY,Z) 

are given by: 

X = X-Xo 

Y = Y-'Yo 

zZ.Zo 

Two rotations are required to place an atom A with co-

ordinates (x,y,z) along Ox while retaining the same origin. 

These are: 

A 

(1) A rotation of a about Oz, to place A in the Oxz plane. 

Thus sin a y/V2 + 

cos a x/I 2  + 

The co-ordinates (x',y',z') of any point P(x,Y,z) after 

this rotation are given by: 

X'=X. cos 	+Y sin ct 

Y?  =_X sin a + Y cos a 
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(ii) A second rotation of.5 about Oy to place A along Ox 

where sin = z / /2 + 
	+ 

cos 	= [/2 /2i 	+ 	]' x'/mod(x') 

(i.e. cos 	has the same sign as X) 

The new co-ordinates of P are given by: 

Xt I = X cos+ Z sin 

Y' t  =Y 

= -x Sifl 	+ Z cos 

A third rotation of y, about Ox, is required to place 

the third atom in the Oxy plane (with positive y) 

where sin yZ tt// +Z_  

and cos Y =Y"lVy,,2  

and the final co-ordinates 

(x,Y,Z) of the point. P re: 

x=x" 

- 	Y = Y" cos y ± Z" sin y 

Z = -Y"sin y + Z"cos y  

A program was written to carry out these calculations. 

In these and all subsequent calculations, co-ordinates 

were referred to right-handed axes of the type shown in the 

diagrams. 
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Method of Calculation of Parameters required to calculate 

n and hfbraHelical Chain (Residue Parameters) 

E 

To calculate n and h, we require to know the values of 

the following parameters: 

Distance A - B (= R12) 

Distance B - C ( R23) 

Distance C - D (= R31) 

Angle E.AB = a) 	This is the.bridge angle at the glycosidic 

linkage beteen adjacent residues 

Angle ABC ( a2) 	 * 

Angle BCD (;:: a3) 

The dihedral angle (T23) between A-B and C-D 

The angles 0 and 

The distances (R12, R23  and R3  ) can be calculated by 

Pythagoras' Theorem. 

The angles ct2  and a3  can readily be calculated from the 

co-ordinates of atoms A, B and C and atoms B, C and D 

respectively by Pythagoras' Theorem and the cosine rule. 

The dihedral angle (T23) may be calculated by translating 

the co-ordinates of A. B, C and D to place atom B at the origin. 



Rotations are then carried out to place the third atom C 

on the z axis so that z is positive for this atom. 	This 

requires two rotations similar to those described in 

calculation (i). 	The dihedral angle is now seen as a 

projection on the Oxy plane and maybe derived. by calculating 

the angle between the projections of A-B and C-D on this 

plane, by the methods described for a and a3. 

13 

1 	 2 

(The Oz axis points outwards from this sheet) 

A sign convention for T 
23 
 was devised to distinguish 

between situations of the type shown in diagiams (1) and (2). 

If A, B and C are in the Oxz plane, with B at the origin 

and 0 along Oz as shown, the sign of T23  is the opposite of 

that of y for atom D, i.e. positive for (2), negative for (1). 

A program was written to calculate the requireparameterso 

Methods of Calculation of Hard 	ere Maps and also n and  

Three programs were used for these calculations. These 

were: 

(i) A program in which the starting conformation was derived 



by rotating the co-ordinates of the non-reduong residue 

through (180 - z)°, where c. is the bridge angle (108 ). 

The rotations through 0 and i' were then carried out in 100  

Intervals. This program originally had a starting 

conformation in which the Oxz plane was defined by H(1) 

and 	i('). It was later modified so that C(),  C(i)., 

0(1), 	C(L') and 0(1') defined the Ozy plane for the starting 

conformation, as in other programs. 

A program written previously for a regular homopoly-

sacoharide (46). This program also calculates values of 

n and h for each set of values of 0 and T. The method is 

based on Sugeta and Mlyazawa's treatment of helical chains 

(23(c)). 	The calculations were originally carried out at 

200 Intervals of 0 and T. The program was modified to scan 

and T in 100  intervals. 	In this way, maps of n, h and 

hard sphere maps were obtained and superimposed on one another. 

The conformations corresponding to n 	+ 3 and h 4033  were 

then deduced from the intersections of the appropriate 

contour lines. Four such solutions were found for each 

set of co-ordinates. 

A program written for an alternating beteropoly-

sacoharide of the form w_A_B_A_BA_e. (14.6). This gives 

two hard sphere maps, one for the A-B linkage and the other 

for the B-A linkage. 

The contact distances (fully allowed) and outer limit 

distances (marginally allowed) used In these calculations 

are listed on the following page. 



Am 

Contact 	pull y allowed 
contact distance (1) 

3'2O 

marginally marsinally allowed 
colitact distance (A) 

300 

280 270 

2 6 40 2a20 

2 80(2.50)* 2170(2.50)* 

2LO 2'20 

H}I 200 1090 

* A reduced 00660 distance of 25 I was used in some 

calculations to allow for the possibility of 

intramolecular hydrogen bonding. 

Preparation of Strontium .A-6-paiacturonate (83) 

A i'o% w/v pectic acid solution was treated with a 

20% v/V solution of the Bacillus polymyxa enzyme until 

hydrolysis was complete. After filtration, the solution 

was adjusted to -pH 50 with 10 N acetic acid. A slight 

excess of strontium chloride was then added, followed by 

slow Introduction of 95% (v/v) ethanol to give a final con-

centration of 50%. The small amount of precipitate that 

formed was removed by filtration. This precipitate contained 

both normal and altered dimer. Sufficient ethanol was slowly 

added to the filtrate to give a final concentration of 

72 -  73%. A dense floculent precipitate formed. 	This 

was collected by filtration and washed successively with 75% 

ethanol, 95% ethanol and then ether. 

Conversion of the strontium salt to the free acid 

using Dowex 50 (H, followed by examination by paper 
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chromatography, indicated that this material contained 

only the altered ditnor. 

The strontium salt was obtained as single crystals 

as follows. The microcrystalline material was dissolved 

in water, the solution was filtered, and the filtrate and 

washings were heated to 80°C. Redistilled isopropanol was 

added until incipient turbidity, keeping the mixture at 

70 - 8000 throughout this process. The solution was then 

seeded, stoppered and left in a thermostat oven at 380C. 

The crystals were removed by filtration after five days at 

3800, washed with aqueous isopropanol and air dried. 

The Intensity Data 

The reflection data were collected using a Unicam equi-

inclination Weissenberg camera. The X-ray tube was a 

Philips Fine Focus tube with a copper target, operated 

at 35 kV and 20 mA. A nickel filter was 	to remove 

unwanted Cu KO radiation. 

Ilford industrial G film was used to record the 

reflections. 

X-ray System - Description 

The X-ray system consists of a collection of FORTRAN 

programs for structural analysis of crystals from diffraction 

data. 

The crystallographic data is stored in a binary data 

file. 	In this system, an input file is used as a source 

of data not otherwise provided. 	Most programs in the X-ray 
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system rely on the binary data file for information supplied 

at a previous stage. As a system program proceeds, updated 

file information may be written on to the output file. On 

completion of a calculation, the system exchanges the 

reference numbers of the files so that the output file of 

one program becomes the input file to the succeeding one. 

These programs were used for all standard calculations, 

viz Patterson and Fourier summations, structure factor calcu-

lations and least squares refinement, interatomic distances 

and angles and final listing of structure factors. 

Atomic Scattering Laotors  

Atomic scattering factors computed from aDirac-Slater 

wave function ( log 	were used for 8r2+ 	These atomic 

scattering factors have been used previously in the crystal 

structure determination of a strontium salt (10.  Atomic 

scattering factors for carbon and oxygen were those given 

in International Table$ (110). 

Other Programs -Used  

(1) Program to scale observed intensities and apply Lp 

corrections. 

Those were calculated as follows. An average scale 

factor was calculated between reflections on each pair of 

adjacent films, based on the ratio of the observed intensities 

of reflections within the intensity range 25 -  300. These 

scale factors were then used to put observed intensities from 

each film on the same relative scale. An average intensity 
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was then calculated from the scaled intensities for each 

reflection, 	An Lp correction for each reflection was then 

calculated and applied. 

(2) A program to calculate -4,5-dIgalaeturonate 00- 

ordinates assuming the 2H conformation for 

residue. This program was a modified version of program 

(I) described previously. 

This program was used in conjunction with program (3) 

to search for the non-reducing residues in the AP Fourier 

maps after a reducing residue had been found. A modified 

version was also used to check oxygen atom positions for 

various Os values in an attempt to obtain information on 

possible co-ordination patterns. 

The -4,5-digalaoturonate co-ordinates were obtained 

from Set D co-ordinates (Oh. 2) assuming a bridge angle of 

1170, C(L) and 0(6) in the non-reducing residue were first 

corrected to allow for the -4,5-double bond. Sets of co-

ordinates were then derived for the required 6 and T values. 

(3) A program to place a digalacturonato ion In the unit cell, 

given co-ordinates for a fragment. This program was used 

to attempt to locate a non-reducing residue after one 

reducing residue had been found from a AF Fourier map. The 

method of calculation is outlined below. 

(1) Co-ordinates for the -4,5-dIgaiaoturoflate ion were 

derived for selected 0 and T values using program (2). 

(II) Three atoms were chosen to define the origin, 0x axis 

and Oxy plane for the digalacturonate ion and the atoms 
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located from the AF Fourier map. Translations, and rotations 

were carried out as required to refer both sets of atomic 

co-ordinates to these axes. 

(iii) The 'manufactured' digalacturonate ion was transferred 

to the original origin and axes of the Fourier atoms using 

'dummy' atoms added to the original set of Fourier atoms to 

define the required origin and axes for these. 

This process places the digalacturonate ion in the 

correct position In the unit cell if the atomic positions 

found from the Fourier map are correct and reasonably 

accurate 0 and T values are chosen. 	In this way, the 

approximate positions of atoms in the diga].aoturonate Ion 

not found from the Fourier map may be determined. 

Difference Fourier MapsThree Dimensional, Representation 

Difference Fourier maps were copied onto clear plastic 

sheets, a whole asymmetric unit (x = 0 to x = 1, y = 0 to 

y = 0'5, z = 0 to z =1) being contoured. A three dimen-

sional model was obtained by stacking the sheets, using 

wooden slats as spacers. The thickness of the sheets 

and the spaoers.waS such that the scale along the b axis 

was one inch per Angstrom, the same as that along the a and 

o axes. A half silvered mirror was positioned at an angle 

f 450  to the plane of the sheets and a molecular model of 

the disaccharide built to the same scale was positioned 

at the other side of this mirror. Attempts were then made 

to superimpose the images produced by atoms in the model 

with electron density peaks on the sheets. 
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Illumination of the model 

and/or the plastic sheets 

was supplied as required. 

IM 

N represents the molecular model. 

I represents image of the model. 
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APPENDIX 

Co-ordinates Used in the Hard Spere Map Calculations 

Al]. of the co-ordinates described in Chapters 2 and 3 

are listed, with the exception of Set C co-ordinates, 

which were not used in any of the calculations described 

in this thesis. The co-ordinates used in the hard 

sphere map calculations for strontium -4,5-digalaoturonate 

are also listed. 



Set It Co-ordinates 

Non-reducing Residue 	 Reducing Residue 

A Z A . A 
0(1) -1'200 00000 00000 0(.. ) 2'4329 
0(2) -1'9232 0'7042 -1'2537 (2) 1 7530  
0(3) -103235 2'0980 -1'2848 0(3) 1'9294 
c(L.) 1'6242 218652 0'0000 Q.(L.) 1'4200 
0(5) -1'3365 200326 1'2183 0(5) 19300 
0(6) -1'8966 26498 2'5030 
0(1) 0'0000 0'0000 0'0000 0(1) 39 7939 
0(2) -19 6413 -0'0714.7 -2'4006 0(2) 2'2484 
0(3) 1'7734 2'7866 -2'476 0(3) 13058 
0(L.) -2'9852 3'2702 0'0037 o(j) 0' 0000  

0(5) -1'8955 07135 1'1376 0(5) 1'7707 
11(1) -1'8057 -1'0299 0'0249  20 3569 
H(2) -2'9779 0 4 7319 -1'2469  0'7342 
11(3) -0'3239 1'9882 -10 3510 11(3) 2'9199 
H(.) -100234 3- 7862 00264 H(L.) 1•7331 
11  (5) -0'3076 1'9510 1'2941 H(5) 299393 

z A 
2-6880 O'OOOO 

1553 1'2550•; 
0'6L.86 1-2841 
00000 010000 

0 9 7172 -1'21.89 
02866 -25022 
2'2829 -0'0039 
28203 24011. 
01155 2L80 
0'0000 00000 
2'1408 -1'1364 
37851 -00236 
2'14.296 12511 
0b4684 13476 

-1'054I -0'0283 
0'5020 -12976 



Set .8 Co-ordinates 

Non-reuóing Re*idue Redueinp, Residue 

Z x Z I 
C(l) -13940 00000 O"OOOQ C(1) 2'3130 2"76•21 00000 
0(2) -1•8760 0'6826 _112806 0(2) 17270 2144 1"2681 

-14610 2'1560 -1'290 0(3) 20100 0'6404 12636 
c(I.) -O300 28351 O'OOOO 0(4) 14270 00000 00000 

0(5) -1'5730 200708 1•a242 c(5) 1'9930 07058 -1'2125 
0(6) -21959 26919 24760 o(6) 13598 0'1300 -2481. 
0(1) 00000 00000 00000 0(1) 37010 261432 005014 
0(2) -114010 00119 2h114360 0(2) 202190 27831 2'14344 
0(3) -1'9100 2'8526 -214125 0(3) 14600 -00010 214165 
0(14) -314500 29625 -001493 0(14) 0.0000 00000 00000 
0(5) -1091490 0'6.7140  1'1389 0(5) 10 71400  2'1326 -1•1521 
11(1) -16750 -09731 010714 11(1) 212140  3'7603 -01233 
11(2) -2'81470 05575 -12930 H(2) 0'7710 23560 1'21445 
11(3) -0•5610 201339 -1 19143 11(3) 29090 0s5806 121413 
11(14) -1 71140  37544 00706 11(14) 1'6620 -0 9144 -00513 
11(5) -0'14802 2'1517 1'3208 11(5) 30759 05261 -12705 



Set D Co-ordinates 

Non-reducing Residue Reducing Residue 

A z A A £ A 

0(1) -1'388 OOOO 00000 0(1) 2257 2796 0000 
0(2) -1'871 O•696 _1o262 0(2) 171.7 20139 1273 
0(3) -10 14.91 2'170 -10261 0(3) 1979 0636 1'250 
C(1.) -1949 2'865 0000 C(1.) 1'4.17 o•000 0000 
0(5) -1.06 2110141 11, 208 0(5) 2'001 0 7714. -1'214 
0(6) -1891 2'709 2530  0(6) 114.13 0'173 -2'530 
0(1) o'000 00000 0000 0(1) 3638 2660 -0043 
0(2) -11, 269 0103 -211.29 0(2) 214.39 2660 2424 
0(3) -2'013 2'803 -2'14.21  0(3) 101433 00146 29 1437 

0(11.) -3•358 3004 0043 0(Li.) 0, 000 00000 0000 
0(5) -1880 0•694 11J8 0(5) 1665 21614. -1'132 
11(1) -1759 -1038 0'013 H(l) 1990 3'866 0'005 
11(2) -2962 0'609 -1330 H(2) 0'672 29 332 1375 

11(3) _01407 2'214.9 -1311 11(3) 3'051 0'450  1266 
11(14.) -1'518 3855 0036 11(4.) 1•74.7 -1027 '-0056 
11(5) -0'310 200145 1173 H(5) 3'092 0•666 -1219 



Set E Co-ordinates 

Non-roducin 	Residue Reducing Residue 
£ 

0(i) -1'3965 00000 0'0000 0(1) 3'6190 1'8785 00000 
0(2) -1'8936 0'6519 -12873 0(2) 34210 0'9774 1'2156 
0(3) -3'4.134 06386 -1'2613 0(3) 14 9450 0'6241 13002 
C(L.) -3'9551 1"3055 00000 CUjj 1'4460 0'0000 00000 
0(5) -3'2543 0'8062 1"2624 0(5) 1'8790 098007 -12270 
0(6) -3"71.04 -0'6066 1'5916 0(6) 1"0479 20818 -13202 
0(1) 0•0000 000000 o'OoOo 0(1) 4'9700 22178 -00995 
0(2) -1'.323 19936 '1'314.80 0(2) 4'184 -0'2094 1"0555 
0(3) -3"8768 -0'7022 -13239 0(3) 1'1928 1'7948 15833 
0(L.) -53540 0'9707 0162 0(4.) 0.0000 0'0000 00000 
0(5) -18272 0'79614. 1'0993 0(5) 3"274.0  1'1375 -11662 
11(1) -1'7761 -0'9272 0'1186 11(1) 3'0250 2"6930 00394 
11(2) -15361 0' 074.8  -21529 11(2) 37220 1'5172 21258 
11(3) -38005 101614. -2'14.83 11(3) 17825 -0'0785 26 1308 
11(4.) -3,8537 2- 2968 -0'004.1 11(4.) 16774.0  -09303 -01416 
11(5) -3'5224. 1'4.525 2'1112 11(5) 1"6822 0'2140 -201365 



Set F Co-ordinates 

Non-reducing Residue 	 Reducing Residue 

A 
	

I 	 A 

c(i) -114200 00000 00000 C(I) 38756 15529 
0(2) -1'9305 06611 -1'2812 0(2) 3'4577 0'7699 
0(3) . -3'.601 06995 -12489 0(3) 1 9313 0'6652 
0(1) -3'9406 14451 00000 c(4) 1•4200 00000 
0(5) -33457 07843 1'2240 0(5) 1'9250 0'7820 
0(6) -3'9019 -0'6345 13595 0(6) 13046 21804 
0(1), 0.0000 000000 00000 0(1) 52926 16171 
0(2) -1249 1`9853 -13652 0(2) 4'0211 -0'5325 
0(3) -39673 -0'6268 -i"2338 0(3) 13696 199642 

0(4) -53575 13865 00719 0U.) 000000 00000 
0(5) -14 8989 0'7310 1'1378 0(5) 3s379 08936 
11(1) - 17852 -1'0364 0'0491 11  (1) 3659 245724 
11(2) -14 5961 00795 -2'1529 11(2) 3'8111 12951 
11(3) —38336 1'1815 -21539 11(3) 1"6239 0*0966 
H(L.) -36106 2'1933 -00484 H(L.) 1'7950 -19 0327 
11(5) -36396 131451 2'1234 11(5) 1'6098 02815 

00  0000 

1'2157 
1' 2817 
0,.0000 

-1 1925 
-1,1861 
-e'o662 

19 1979 
1e398]. 

000000: 
1' 1700 

00525 
2 iL52 
2 1609 

'0O525 
-2 1200 



Reducing Residue 

A 	I 	A 

1!9270 I'414.114. 
1'14.796 -000000 
109488 -0'6986 
1'14654 0'0377 

00000 1'5014. 
15359 2'3755 
39 2873 1'484I 
00000 0"0000 

1'5077 -210332 
19813 -0'6323 
1 6231  20 11214. 
1'7547 I'8514.3 
20 0220 -0'5063 
3'0005 -0'8227 
0'3081 0114.59 
2"8385 1'14.391 

O'0000 
0 0000 
1'. 2862 
2'5287 

2!4821  
3"6399 

-0'2012 
0 0000 
1' 2005 

3 65 81 
i'2128 

-0' 914.30  
-0¶-8318 

3131 

2'5068 

2o6417 

Set 0 Co-ordinates 

Non-reduolug Residue 

A I A 

C(1) -1"3758 -000000 -000000 CCI) 
C(2) -I'8630 1'14.264 0" 000•0 C(2) 
C(3) -1-6089 29, 0730 -13720 C(3) 
C(.) -2'2457 12614.2 4945 C(1) 
C(5) -1'6648 -0'1820 -2'4603 0(5) 
0(6) -2•2658 -101236 -3'4957 0(6) 
0(1) O0000 0'0000 000000 0(1) 
0(2) -3'3260 19 3928 0'2183 0(2) 
0(3) -2- 0740 3'3993 -128314 0(3) 
0(14.) -1'9216 1'8893 -3' 7172 0(14.) 
0(5) -1•8327 -0'7378 -111226 0(5) 
H(1) -10 3953 -09 3693 0'9760 .11(1) 
H(2) -1'2207 1-988.5 0 0 7185 H(2) 
H(3) -0'768 22210 -1'5595  

 -3'3833 1'1295 -22971 iI(L) 
 -0'8609 -0'1076 -20 71446  H(5) 



Set H Co-ordinates 

Non-reduo lug Residue Reducing Residue 

A I A A I 

0(1) —1'200 0•00.00 —0•0000 0(1) 19294 14386 00-0000 

0(2) —I929. 114386 0'0000 0(2) 1'4200 —00000 —00000 

0(3) —1'3254 2'1483 —1'2008 0(3) 1'9274 0'6754 12636 

CU1J -196258 1'4027 —2'4981 0() 15272 01054 25.122 

0(5) —1'3375 -0'0931 -2'3831 0(5) 18252 1'5979 23787 
0(6) —1'8980 —08655 —3.5357 0(6) 1"1770 24213 3615 
0(1) 0.0000 O'QOOO 000000 0(1) 3'31.51 1'1402 0.1111 

0(2) —33451  1 4402 —0'1I11 0(2) 000000 0'0000 0 C000 

0(3) —1'7744 3'967 —11 2309 0(3) 14760 —2'0249 1'2958 

0(14) —07637 1'9070 -3'54.37 0(14) 2'30143 —03686 3'6357 

0(5) —1'89514 _0e61422 —1'1787 0(5) 1'3639 2'1128 1'1197 

11(1) -18055 —005260 0"8857 11  (1) 1'61149 1'9395 —09274 

11(2) 1'6081 1'91419 0'9238 11  (2) 1'8121 —05283 -0"8815 

11(3) —03242 21518 —1'0734 11(3) 2'9355 —0'6814 1'2151 

11(14) —25756 1'148142 —2'7883 H(14) 0•5575 00310 2'7293 
11(5) 0s3088 —01723 —23351 11(5) 2' 85146  16768 2'14092 



Set J Co-ordinates 

Non-redoing Residue Reduoing Residue 

z Iz xI 

CM -14200 00000 0'0000 0(1) 19270 1L4i4 00000 

C(2) -19237 1 4226  00000 0(2) 101.796 -0'0000 00000 

0(3) -3i4148. 1') 42  02209 C(3 1"9488 —06986 1'2862 
_3h18328 017128 1'1992 C(4) 1e4654 00377 2"5287 

0(5) —3•3199 —0'7566 1 4099 0(5) 2'0000 15014 24821 
0(6) .3'5851 -1'5901 2'6568 0(6) 1 0 5359 29 3755 3'6399 
0(0 0.0000 0•0000 00000 0(1) 1'3197 211262 —10856 

0(2) —12910 21120 1 1,461 0(2) 0'0000 000000 0•0000 

0(3) —38343 2'7972 01916 0(3) 15077 —20332 12005 

OW —52401 07311 1'5992 OU.) 19813 —0 6323 36581 

0(5.) —1'8936 —0'7520 11061 0(5) 1'6231 2'11214. 12128 

11(1) —16 7186 '.0'4952 —0- 9356 11  (1) 3'0103 

11(2) —1'7640 i"8216. —1'0285 11(2) 20220 -0'5063 —0'8318 

11(3) -3'97j9 1'0515 —0'6078 11(3) 30005 -0'8227 1'3131 
H(4) —3'2690 1•1668 2•4088 R(.) 0'3081 01459 25068 
11(5) -.3'8306 -1'1380 0'8387 11(5) 28385 14391  2"6418 



Set KCo-ordinates  

Non,paueing Residue Reducing Residue 

A Z z A Z 

C(L) -'13965 O'OOOO -00000 C(l) 109294 1'386 0'0000 

0(2) -18936 1'29 010000 0(2) 1'4200 -000000 -00000 

0(3) -31,133 14137 -0000 0(3) 10 9274 06754  1'2636 
C(1) 3'9551 0'5897 

10 

1646 C(4). 1'5272• 0.1054 25122 
0(5) -3'2542 -07619 12895 0(5) 18252 15979 23787 
0(6) -3,5589 -1'L590 2;05902 0(6) 1•1770 2'4213 34615 
0(1) 000000 0'0000 0'0000 0(1) 1758 20818 1'1535 
0(2) -114.323 21032 1'1695 0(2) 00000 00000 00000 
0(3) -39149 2°7458 .-00062 0(3) 1760 -20211.9 1'2958 

0 (Li.) -5'3539 . 	03062 	. 00 9329 0(4) 2'3043 -0'3686 36357 
0(5) 40 8272 -06208 12071 0(5.) 1'3639 21128 11197 
H(1) -17760 -05246 -0'7735 11(1) 2'9338 1'4781 0'0864 

11(2) -15361 1•95i4. -099058 . 11(2) 1'8121 -015283 -0'8815 
11(3) -3'.7035 0'9638 -08557 . 11(3) 29355 _0a6814 12151 
11 (4) -38537 10413 20472 11 (4) 05575 0'0310 27293 

-3•5775 -1'3154 09 4796 11  (5) 28546 16768 24092 



Set L Co-ordinates 

Non-reducing Residue 
	 Reducing Residue 

0(1) -1'3899 00000 00000 0(1) 3617 111.818 

0(2) -1'9029 111.519 090214.6  0(2) 1'9433 14296 

0(3) -3.27 1'4525 o'OOoo 0(3) 1 300  0'0000 

C(11) 9384 0'5401 -1'1371 C(1.) 1'9433 -011.962 
0(5) -3'2269 -e0'8228 -1'04811. 0(5) 3'1.616 02562 

0(6) -e3'7045 1'7268 -2'2000 c(6) 39709 0 7300  
0(1) 00000 0'0000 0e0000 0(1) 3'9212 27771 

0(2) -1'4451  2'0991 1214  0(2) 1'6725 18007 

0(3) -39155 2'7845 -0'2170 0(3) 040000 00000 

0(11.) -53404  03509 .-1'0150 0(L1.) 1•671 .1'8843 
0(5) -1'6532 -06354 -1111.59 0(5) 3'7265 

fl 
1099j 

11(1) -1'7386 -0'5067 0'8441. H.(i) 30 911.66 0'8305 

1i(2) -1511.11 1'9634 -e08116 H(2) 1'11.596 20928 

11(3) -3'8057 10988 0'9138 11(3) 1'7781 -096335 

-e3'72511. 09811.8 -20584 11(11.) 1"4596 00260 

11(5) -34527 -e12711.6 -0'1336 11  (5) 39466 -e0'7912 

-0• 0000 
0 2527 
010000 

-10,3611.3 
-1- 4.594 
-2- 8334 
0-2068 
1' 6069 

0000 

-1-4948  
-].'3098 
0' 657 

' 3938 

0' 7515 
1293 

-0 7011.3 



Sat. M Co-ordinates 

Non-reducing Regidus 	. Reducing Residue 

A z A I 
C(l) -.1'3970 00000 00000 0(1) 314.579 13869 000000 
0(2) -18911.c. 1'4420 0'0017 0(2) 1'9333 1'4313 -00058 
0(3) -3'4130 1t129 000000 0(3) 14239 0•0000 00000 
0(13.) -3'9550 045903 -1'1659 0(4) 2'0075 -08057 -11576 
0(5) 37.2540 0'.7609 1'2921 0(5) 3'5198 06280 12779 
0(6) -3'5570 -11- 4559 -25938 C(6) 1'0691 11659 2 57313. 
0(1) .00000 0'0000 o'0000 0(1) 3'95113. 296939 -00067 
0(2) i3320 2'1507 1'0913 0(2) 113.637 2'2149 1*0762 
0(3) 349160 271350 . 	00067 0(3) 00000 000000 00000 
0(13.) -55530  03066 -09356 0(Ij.) 17780 -2'2121 -09187 
0(5) -1*8530 -0,6191 -1-2089 0(5) 38912 0'7586 -102026 
11(1) -1•8213.9 -05368 08595 11  (1) 3'8013.9 0L.8029 	. 08652 
11(2) -1'5355 1*9513.9 -0'9030 11(2) 115843 1'9146 -0'9157 
11(3) . 	-37732 0'9875 0'9482 11(3) 196902 -0806 09528 

-38530 190432 -20480 1'5258 -0'14.992 -20979. 
11(5) -35770 -1- 3162 -013.833 11  (5) 4'0403 -11864 .-0'13732 



Strontium -4,5-Diga1actonate 
Co-ordinate's Used in the Hard Sphere Map Calculations 

Co-ordinates, for axial-axial linked diaaooharde 

Non-Redueing Residue Reduoing Residue 

c(i) -1'390 0'000 0'000 0(1) 21176 21, 892 

0(2) -2063 0'709 -1'186 o(2) 1*700 2'231  
0(3) -l'372 2.032 -1, 333 0(3) 1'881 0'723 

C() -19 395 2'846 0•000 C(L.) 1'447 0000 

0(5) -1'549 2205 1'172 0(5) 1*901 0'6 

0(6) 1110293 4328 0'238 c(6) 1'211 0400 

0(1) o"000 ROM I 01000 0(1) 3'63l 2- 683 

0(2) 
	_111693 	-0* 124 	-2'309 

	
0(2) 
	

29 348 
	

2' 842 

0(3) 	-2'175 
	

2'820 	-2 303 
	

0(3) 
	

l'333 
	

0111 

0(5) 	-l'863 
	

0'796 
	

l'230 
	

OW 
	

O'OOO 
	

0'OOO 

11  (1) 	-l'758 	-l'035 
	

0- 067 
	

0(5) 
	

l'598 
	

2' 303 

11  (2) 
	

-3' ]J45 
	

011807 	-i'067 
	

11  (1) 
	

1'956 
	

3'969 

H (3) 
	-0' 342 
	

1898 
	-11-691 
	

H (2) 
	

0'625 
	

2-428 

H(t) 
	-l'285 
	

3.937 
	-0'020 
	

11  (3) 
	

2'9iik 
	

0'559 

H(LL) 
	

i'860 	-1' 01I. 
11  (5) 
	

2-986 
	

0'773 

z 

04000 

1'330  
1- 244  
0'OOO 

-14, 209 
-2'560 

0' 0)47 

2.441  

2'i22 
0'OOO 

-l'18L. 
0023 

1-426  
P319 

-0' 054 
-1'328 



Co-ordinates for equatorial -5X141 linked disaccharide 

Non-reducing Residue Reducing Residue 

A A I A 

(1) -1'426 0000 00000 c(i) 2327 2801 0'000 

0(2) 1827 0550 -1'329 0(2) 1610 20157. 1169 

0(3) -3'426 0690 -1325 0(3) 1'928 0'668 1232 

CUi.) 1 15 o'OOO G-4).- 1461 0•000 0*000 

0(5) -3'248 1'071 1051 0(5) 1963 0784 -l27 

G(6) -1180 24 306 1'779 0(6) 1160 0'321 -25l0  

0(1) o'oOo 0000 0000 0(1) 3'680 2577 00039 

0(2) -1'359 1'870 _1*388 0(2) .2244 2855 2'408. 

0(3) _3*920 .0*657 -1696 0(3) 1*425 0084 2405 

0(5) -1'888 0783 OW 0000 06000 0*000 

11(1) 1*791 l'034 0'092 0(5) 1*701 2'208 -1'193 

11(2) -10462 -o6i -20161 11(1) 2*138 3-884 0.009 

11(3) -3721 1*403 -2109 11(2) 0'528 2332 19120 

a(4) -40 985 1552 0•063 11(3) 3'020 0570 1261 

H() 1'836 -1034 -0031 

11(5) 3*038 0'605 -1397 



APPENDIX II 

Structure Factor List for Strontium 4,5Digaiacturpflat 

The figures listed in each column of the tables are 

respectively 	obs and F0510 	The values listed for 

Fobs and Fcal,are ben times the absolute values. 



7 163 207 
8 197 229 

10 157 124 
11 270 301' 

7,0,L 

-13 209 226 

-12 160 156 
-11 151 175 

162 -18 209 	240 H 10 209 	254 
13 173 131!! -8 322 335 

3,0,L 	-11 228 253 -6 10.5 95 

4 394 
5 942 
6 457 
7 363 
8 813 

	

9 	151 
10 193 

	

11 	518 
12, 214 
13 190 

	

14 	157 

462 4 521 
907 5 139 
341 6 401 
311 7 154 
810 8 560 

98 10 346 
106 13 235 
438 
143 5,ø,L 
115 

575 
132 
450 
151 
546 
345 
253 

4 

2: 536 185 
3 1628 1566 
4 1621 1520 
5 927 718. 

	

61178 
	

1081 

	

941 
	

990 

	

537 
	

438 
19 839 769 

10 772 658 
III 296 253 
121 717 560 
15 376 344 	I -16 286 
14 311 252 176 
16 296 277 -14 274 

-13 327 
10,L -11 202 

-10 329 
0116 260 232 '-8 118 

15 458 399 m7 312 
13 251 '225 	. -6 708 

-12. 574 458 5 314 
91 .429 367 -4 276 

-8 451 394 .1 154 
7 343 243 1 1108 

-6 931 1082 2 .528 
-5 270 233 5 b22 
-4 163 152 6 494 

3 40 439 7 .  249 
4 164. 211 	. 8 595 
5 332 312- 9 834 
6 641 695 10 234 

H 	7 559 . 520 11 187 
10. 164 . 190 12. -54O 
11 508 469 H 14 149 
12 .319 :316 

'9 361 418 !I 5 152 82: 
289.ii -8 114 . 	107 .4 316 234 . 
158 -7 b23 473 -3 173 199. 
220 6 331 313 -2 144 121 
332 5 85 99 -t 340 29/ 
147 11 .4 275 340 	11 0 367 343 
358 *3 137 126 1 452 520 

23 1 "2, 134 144 3 546 621 
253 '1 24.". i94' 5271 228 
606 '. 0 327 392 	j 6 587 573 
233 I 1 872 903 '  ,. 7 309 390 
368 2 475 436 9 460 436 
269 3 459 485 10 477 477 

1161 H 
4 6712 682 

488 H 5 268 212 	. L. 8,0,L 
477 1 

6 47 410 
451 11 7 : 284 262 .19 211 354 
196 8 32.4 308 -18 254 236.. 
526 10 38.6 	. 370 -17 181 101 
816 H 11 26 219 -1602 

-15 251 268 
217 6 0 L -13 290 311 
531 ! '-'., -12 '686 743 
113 -18' 

, 

23 258 -11 189 172 

'-17 267 288 t010 809 771 

13 156 92'H 4.0,L 15 217 236 	' 9 551 	. 855 

14 306 301 .j4 607 609 -8 307 348 

15 139 131 -16 327 296 -13 169 183 -7 591 586 
15 340 :363 •12 560' 656 .6 825 909 

2,0,L 	'-14 316 199 Tol 77T702 ......'-5 624 523 
-13 632 	' 601: -10 494. . 	470 	• -4 209 118 

-15 555 406 -12 210 253 .9 433 375 3 569 	. 662 ' 

-14 230 , 245 -11 233 180' "8 954 1020 -2 656 	, 723 
-12 425 371 10 770 761 , -7 609 614 Ol 137 101 	H' 
.11 429 455 	: 9 .890 938: -6 295 155 0, 647 709 	H' 

10 278 278 -8 271 69 -5 1238 1153 1 511 557 

-I 173 135 	' 7 643 792 ' 	•4 1070 1166 3 173 234 
379 397 	' .6 160 107 l 	3 5.6,1 ' 	576 	: 487' 534 

:
8`1,  
7 987 1088 -5 728 	. 697 -2 1201 1488 7 25.0 266 

"6 731 751 4 290' 387 -1 880 1020 ' 

-5 566 573 ' 	-3 871 1046 '' 	' 	0 i 572 594 . 9,0,L 
-4 477 304 -2 594 827 1 ' 	212 187 
-3 1406 1469 wl 632' 705 . 	2 885 965 -18 .179 203 

0 422 6340 745 735 ' 	3 792 871 	' -14 185 .177 

1 1100 1214 ' 	1 1119 958 ' 	4 460 452 013 .183 129 
2 616 748 ,  2 234 1895 555 582010 146 109 
3 503 3 1518 1,5136 0336_ 



226 277 8 195 
327 	' 358 -7' 21.4 
251 242 
414 444 	' 0,2,L 
221 	' 183 
413 412 0 841 
564 566 1 572 
346 279 2 738 
405 348 	,... 3 1398 
675 668 4 1214 
668 623 5 475 
231 195 6 1041. 
462 392  7 957 
449 457 ' 8 248 
287 266 	F 9 660 
397 337 10 808 
332 342. 11 198 
148 51'--' 12 249 

13 286 
131,L 15 220 

1.6 276 
221 	' 184 

577 	480 
9 346 '298 

11 321 248 

4 387 420 
5 343 309 
7 469 349 
8 441 358 

tO 370 387 

O 	518 
4 4 4 

-8 263 174 
1 	289 285 -6 361 273 
3 	404 394 1  5 201 11.9 
4 	369 354 -3 1 8 5 185 
7 	121 150 0 152 139 

.14 289 208 1  8,10 1. L 11,1,L 

.13. 227 235 
-9 173 157 -18 244 233 -8 227 203 

-7 185 154 -15 51.1 466 -6 282 160 

-3 534 505 14 494 517 -5 396 256 

62. 540 548 -12 477 405 -3 402 321 

.1' 227 313 -11  75 771 -2 605 494 

2 516 526 10 439 385 1 347 247 

3 438 382 .9 344 272 0 287 220 

4 325 243 -8 606 517 1 392 392 

6 626' 620 .7 521 2 415, 463 

7. 452 308 -6 483 444 4 357 366 

9. 473 426 -5 765 766 5 350 380 

10" 269. 218 4 829 772 
4n -ac  Rai 	7 	12.1L £c, 	•qA 	 c. ' 

-1 	239 	267 
6,1,1. 	 0 	450 	418.18 

2 	327' 	-17 

-16 	446 	445 	3 	395 	174.15 

-14 	289 	310 	5 	288 	372 	-14 

.13 	584 	643 	6 	, 223 	227 	-13 

-12 	491 	671 	9 	224 	165 	12 

. 	:jj 	20'4 	206 	•. 	. 	 11. 

-10 	897 	1018  
9 	664 	659 
8 	32.4 	24:9 	q9 	250 	195 	-8 

.7 •. 606 	514 	-e 	202 	201 
-6 	705 	642 	.7 	297..: 	292 	-6 

-5 	143 	199 	-6 ,-342 	291 

:1*4 	1130 	1175 	-5 	293 	293' 
-3 	867 	8281 	4 	444 	. 	411 . 
-1 	504- 	466;. 	.3' 	40570 	2 

940 	10:50 	-1 	477 	491 	-1 

1 	1 	807 	.. 	927 	0 	561 	' 	548 
2 	462 	417 	2 	287 	374 

" 	3 	589, 	622 ' '' 3 	289 	347 
4 	435 	462 	6 	303 	278 
6. 	284 	27;2 	8. 	209 	308 	11 

7 	405 	402 	 -10 

11 	236 	, 	j'4;8 	10.t,L 
12 	' 	95 	125 	.; 

.18 •' 	190 	, 	199 
.1 	" 	7.1,L 	_16 	308 	309 

-15 	456 . 	484 
t8 	162 	207 	-13 	449 	434 

NJ 

' -6 	316295' 	.12 	521 	535 	.0 

'• 	-8 	359 	38 	-10' 	504 	 2 

4 	308 	302 	.9 	750 	757 

I 
3 	

464 	
S'2 	-8 	216 	211.1 

-2 	169 	3%i 	.7 	509 	417 
4 ' '5' ' 	754 -16 275 

0 267 2:74 5 442' 448 -13 235 

1 788 	• 7;82'' .3 588 456 -12 

358 

 10  394 

' 386 4:4:2 2 404 .311 
410 _4?4262 -1 28_192 -- 

-12 209 202 
-11 219 216 
-9 352 317 
-8 271 229 
-6 258 299, 
-5 420 433 
-4 '187 189 
-3 164, 131 
-2 222 356 

-11 289 
.10 233 

335 
257 
204 
287 

980 
641 
844 

1493....  
1302 

423 
1205 

973 
157 
597 
699 
191 
175 
244 
181 
219 

223, 205 1,2,L 
227 17 
227'  202 -16 235 
226 182 :t5 291 
385 355 -13 320 
418 376 -12 377 	-. 
245 270 *10 281 
272 317 -9 	' '391 	' 
159 145 -8 298 

184 
265 
275 
337 
181 
372 
243 

-7 257 	. 201. 
272 - 299 

*5 594 '742. 
287 ' 	-4 375 	. 388 
197-  ..3 281 279 
326 . 	2 145 279 
277 1' 125 133 

2 232. 2,78 



488 7 	222 
ô82 9 	228 
319 10 	124 
344 
583 8,2,L 

240 
297 
244 

421 
355 
179 
352 
366 
162 
647 
722 
685 
708 

1096 
779 
459 

1104 
659 
593 
888 
405 
164 
172 
358 
179 
308 
207 

9,2,L 

220 
224-
209 
257 
340 
343 
185 
229 
206 
345 
220 
499 
448 
142 
137 

10,2,L 

489 
365 
166 
444 
386 
149 
622' 
5,85 
568 
586: 
907 
4 , 7 
398 
933 
463 
512 
497 
339 
150 
232 
326 
140 
305 
216- 16H 

210 
232 
163 
235 
385 
341 
222 
184 
237 
451 
245 
645 
493 
.236 
233 

6 p 2 p L 6,2,1, 

-18 . 156 
"17 229 
-15 223 
-14 586 
"13 34.7 
"12 205 

' -.11 621 
-10 211 
.9 737 
-8 1202 
-7 783 
-6 360 
-5 139.3 
-4 1511 
.3 4(7 

2 714" 
"1 792 

0 iS 
.1 83,1'., 
2 970 

'.3 246 
'4498 

5 521 
7 224 
8 1 359 
9 298 

'3 405 	" 340 "2 198 230 

4 222 226 "1 193 229 

S .430 491 0 501 519 
6 185 154 . 	1 147 176 
7 459 462 2 649 63.8 

8 309 326 3 336 363 

9 237 251 4 326 '01 

10 347 399 , 	5. 394 '375 

11 323 . 333 6 309 349 
12 165 1621 7 429 :460 

13 341 339 8 515 485 

14 353 393, 9 302 	. 351: 

15 235 250 10 224 220 
11 266 243 

2.2,L 	12 	413 	400 

"17 114 
-15 295 
-14 557 
-13 178 
'.12 404 
-11 693 
-10 357 
-9 260 
'.8 739 

315 
. 	817 
-5 1461 
-4 573 
'.3 .906 
'.2 910 

0 559 
1 .810 
.2978 

424 
4 97 

. S 55 

6 549 
7 373 
8 734 

532 
11 .384 
12 ' 220 

13 257 275 
214 
381 4,2,L 
324, ' 

219 -16 329 371 
45:7 "15 220 	' 256 
638 -14 224 309 
360 13 .671 687 
328 "12 ' 632 610 
655 -ii 190 119 
306 -10 206 235 

-9 456 ' 484 
j534 -8'' 364 277 

5.42 7 888 801 
9.64"6 1164 1015 

1202 "5 735 627 
700 '.4 1094 1080 
897 "3 1091 1068 
89:9 "2 819 617 

4013 .1 '347 332 
920 0 673' 827 
74'_1 931 	•.' '1 936 

2 258 252 
4;4 ~81 ,,, 3 929 750 
26,9: : 730 	' 688 

5 .133 207 
448 8 411 	' 459 

635 628 
267 9 268 228 

-3 
	4 9 7 

691 
-1 
	

192 
0 324 
1 556 
2 140 
3 234 
4 302 
7 481 
8 478 

10 343 
it 
	

268 

7,2,L 1 

12 
213 4 
298 : 	5 
102 1 	7 
211 1. 	

8 
260 
327 
41A 

3011 

175 
29 1 
183 
238 
22' 4 

117 
344 
228 
176 

344 
128 
295 
462 
353 
384 

'18 
:377 -15 
473 -14 
499 -13 
387 '-12 
315 . 	"11 

10 
.9 
'.8 

268 
254 H -6 
286 H -5 
594 H 
325 H 	3 
252 -2 

H 	-1 
147 H 	0 

.623 H 

1121 1 	2 
719 H 	3 
420 H 	.4 

1384, H 
1344 1 	6 
342 H 
545 
687 H 
210 
788 ;15 
888 :.14 
.244 
549 -7 
515 1 	-5 
240 -4 
368 
271 -2 

1 . 

35 .18 246 .317 
230 117 298 .340 
137 	'-15. 303 429 
342 "14 421 474 
212 '.13 .424 ' 	371 
332 "12 	.' 178 241 
553 "U 735 702 
380 "10 • 658 487 
437 9...- , 	17 

i 360 413 

	

- 	-•.- 	 - - 	 "13 

	

3,2.L ' . '. 44 	4U 	47 0 
£I 1 dc 

H H. 
237 

13 149 163 -10 :*j7 164 . 

. -9 
'j-16 157 

220 
232 
2O 

' 5,2,L . -8 
;"13, . '.' 

' -7 
i 012 167 146 -18 .145 186 "6 
-11 416 5:? 14 179 189 '-5 

301 -12' 332' '301 	1 '.4 
"9 326 , "ii 227 264 .2 
"8 194 240 _j 173 190 1 
7 321 24:8 -8 228 225 0 

'.8 424 376 100 	' 95 2 1 	- 295 . 	 7 '.6 252 337 3 
- 81 1 , 

.. 266,-.35S 
L '.3 4338 _!!4 3 I 4_ 2 84H 6 



-8 714 598 -4 268 313 -2 314 307 
.7, 518 307 14,2,L 

. -3 268 212 1 469 483 
.6 158 223 

4716 155 148 -2 139 261 0 589 510 
-5 
-4 

618 
646 465 -14 302 344 -1 326 344 1 383 371 

-3 164 110 	-13 225 176;. 
.0 255 220 2 

3 
484 417 

.2 684 578 	all 402 327k 1 
2 

212 
361 

208 
393 4 

724 
249 

655 
245 

1 '895 752 -10 463 362 3 287 294 5 364 290 
0• 497 365 	-8 414 352 1 4 80 1131  7 423 384 
1 179 '32 	• 412 300 5 391 425 8 614 483 
2 268 245 399 

405 
J06 
257 

6 303 277 10 453 389 
3 176 '76 	4 7 140 158 11 161 206 
5 191 166 	: 	3 147 93 8 227 261 L 	14 261 317 
6 164 144 	1 211 172 .9 427 422 1 

0 139 1461 10 167 143 4,3,L 
11,2,L : 12 163 203 

10 177 192 
j5,2,L 

1 13 306 327 -18 257 275 
14 96 111 -17 268 262 

-7 371 1'14 110 120 15 296  368 -15 39 343 
-6 1344 352 214 257 .:  -14 551 531 
-5 1259 258 	.9 144 1891. 2,3,L • -13 33 374• 
04 456 : 527 	7 248 282 . 1 	-12 394 370 

3 438 421 	.-6 206 191 	: 17 254 197 all 793 873 
1 354 326 149 226; -16 326 316 	: -10 254 278 
0' 313 ' 338. 	3 127 1931 15 195 208 -9 330 371 
2 1297 33 1 il -13 398 331 '-8 836 823 
3340. .3841, 16,2,L 11 442 412 7 849. 752 •  
4 214 224. : jØ 35 311 	

' -6 333 256. 
5 145 256;.12 266 291 538 43 -5 1229 1188 9 282 289 -8 176 185 -4 1257 1234 

12,2,L 8--152-- 13b 
, 39  3 40 434 

I 
-6 158 227 .6 1139 11.52 -2 897 967 

-18 367 -5. 609 520 -1 1935 1937 
15 

-14 
:279 
168 

291I 
209 11, 

0,.3,L 11 -4 1028 877 0 1129 1130 	H 

-13 .456 458 	1 482- 632 -3 .582 603 . 	1 903. 814 

-12 464 444H 	2 950 1158 ;1  
"'-2 256 ' 	'287 2 1091.. 

.601 
986 

.11 288 240- 	3 985 989 -1..... '148 111 .3 578 

010 469 4114 1253 1453 
0 
1 

777 
1188 

862 
.1258 

4 
5 

367 
546 

.527 
590 

-9 695 450j. 
249 	•6_577. 

939. 1121; 
.694 2 379 340 . 	6 157 227H 

-8 358 3 1199 1216T" 8 704 549' 
-7 268 197 	7 356 301 4' 937 .1074 9 398: 330 

H 	-6 540 	' 420 	8 861 804 6 585 ' 	509 11 196 217 
-5 424 	\301 	\ 	9  777. 752 : 7 ' 	897 ' 	817 12 	' 290 	' 304 
-4 .42 

,
4  '330 	' 	0 	' 146 139 9 392 318 ' 

-3 541 415 	11 426 319 10 458 402 5,3,L 
1 	,2 381 271 	12 149 	' 154 12 210 '  97 

0 343 322 	14 350 	. 295 13 186 . 164 -17 . 203 205. 
1 279 242' 	15 316 256 -12 224. 223 

3,3,L 010 ' 	203 237 
13,2,L • 1,3,L 

. H -8 178 225 

9 221 240 	16 279 218 	
. 

-17 
13 

172 
171 

' 	174 
240 

-6 
4 

195 
416 

222. 
419 

-8 266 299 	141 229 198 -12 629 
. 

.544 -3 455 404 
-6 310 322 -13 418 346 -10 o 433I -2 349 301\ 
-5 308 270 1 •1  504 65 -9 190 261 0 499 472 
-4 2001 250  -10 b57 511 .7 199 221 1 	' 205 159 

1 	-2 329 348 	-9 225 171 -6 216 246 2 351 296 
-1 156 189; 	7 ' 1 -5 196 202 3 603 503 
1. .315: 412 	-6 376 425 4 11 197 5 426 .447 
21722 4'_5_28 1--3-1-7 354 323 6 446 399 



1H 343 211 	1 383 331 	13,3,L 	-11 431. 382 
$1 284 281 	2 449 417 	 -10 344 293 
9 380 280 3 228 194 •9 159 233 	9 116 88 
10 346 268 5 277 284 -7 268 315 	8 106 105 
12 336 363 6 209 206 -6 319 329 7 135 129 

-4 410 365 V 6. 4•03 391 
6,3,L 	 9,3,L 	-3.. 296 	304 	5 	461 	498 

-1 305 301 4 	478 

	

.11: 19 205 -10 334 294 0 365 	-3 402 426 

-16, 345 	376 	4 209 	189 I 	2 212 	288-2 40 	528 

-15 270 311 -3 213 239 	 1 •t 318 348 

13 343 429 -2 433 416 	14,3,L 	0 330 234 

-12337 418 ol 587 510 	 1 298 297 

10 665 	672 	0 450 	367 11.16 145 	197 	2 	177 	153 

1 -9 542 	35 1, 

1 399 382 -15 228 302 	3 135 126 

I -8 185 	186 	2 515 	476 1.13 206 	 4 622 	643 

-7 1037 	987 	3 564 	543 1-12 218 	318 	5 221 	207 

-6 1141 1064 	6 500 	426 -10 235 	266 	6 347 	365 

55 b09 8 159 135 -9 238 252 7 392 417 
04 934 863 	 -8 191 277 8 398 399 

.3 1379 1519 	10,.3,L 	I -6 233 	37 	164 	149 

-2 323 333 	 -3 241 316 10 429 442 

-- 1,  539 	516 -16 514 	530 - 	 11 	426 	425 

0 	700 	683 -13  1  580 	686 	15,3,L 	13 252 	263 

1 322 290 "12 560 578! 	V 	 14 253 276 

2 292 283 	'398 411 -12. 106 	146 	15 190 204 

3 411 	406 	9 554 	609 !,1 	149 	172 
4 379 	395 	7 V 444 	430 	-8 312 	324 I 	2,4,L 

6 807 691 -6 715 803 -6 220 213 
7 510 460 "5 544 630 "6 205 231 -17 119 168 

4. 502 	497 	 -15 263 	237 

7,3,L 	-3 755 631 	16,3,L 	-14 296 241 
2 660 613 	• 	 -13 211 204 

	

.14 226 	277 	0 400 	, V438 -11 199 	279 -12 375 •' 30 

-5 310 	318 	1 	283 	338 1.10 
V 
 194 V 

 269 -11 	957 	909 
V 	3 266 284 3 V -156 230 -.8 93 156 010 500 427 

-2 	226 	157 	
V 	

7 	93 
V 
 181 	-9 629 	608 

	

F 0 389 	277 	11,3,L 	. . 	 -8 933 	924 

	

1 716 	647 I 	 0,4,L 	-7 454 	432 
1 4 567 52b -9 228 243 1 	 -o 409 392 

	

5 734 	b96 	.6 228 	262.H 0 652 	
708 	-5 1257 1332 

7 3.74 346 5 285 303 1 889 
142, 4 598 533 

	

8 390 	37.3 	2 398 	434 : 	2 387 	360 	-3 1117 1112 

10 286, 	267 	1 188 	230 	3 724 	741 	"2 1405 145/ 
2 148 	220 	4 578 	521 	-1 723 	734 V  

V 	 83,L 	V4 	192 	. 241 	 i 	0 	425 	289 
6 758 840 

V 

	

	 1 1262 1349 596 
1 

	

5  203 	21.4 	.12.3,L 	. 	 2 1240 1298 
-17 214 262 	 V 	 44 	3. 283 345 

V 	
•. 	-15 	14 	230 -17 	291 	290,. 	9 	689 	' . 	4 	650 	845 

-14 	506 . 498 -15 224 	253 
• V 10 . b3' 	625 	5 417 - 469 

1.11 446 	S VII -14 195 	 11 299 . 246 	6 548 	556 

	

'"10 771 	774. "11 	385 	419 	12 293 	298 	373 . 370 
-8 356 4.j -8 453 489 13 354 364 8 567 53 

	

-6 341 	30,0 
V  -6 226 	206 	14 160 	128 	9 322 	?93 

	

561 • 568 V •5 225 	224 	16 	133 	195 
I 

11 	180 	154 

	

4 339 410 .4: 223 283 	 12 248 238 

H 	3 342 V 354 	"2 269 	258. 	t,4L 	• 	• 14 222 	270 
I 	450 	413 -1 .207 	280 	. 

1b 

	

4Q 	224)A 	 1.40 	166 •. 	• 	 V 

. -1 590 684 	• 	 15 '346 319 . 	. 	. 	• 	
• 	 V 

- 	201 
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Polysaccharide Conformation. Part V1 1  Model Building Comr putation.. 
for a1,4 Galacturonan and the Kinking Function of t-Rhamnose Residues 
in Pectic Substances 

By D. A. flees t and A. W. Wight, Chemistry Department, University of Edinburgh, West Mains Road, 
Edinburgh EH9 3JJ 

D-Galacturonic acid residues in a-1,4 linked chains are shown, by 'H n.m.r. spectroscopy of oligomers in solution 
and by mathematical model-building to have the Reeves Cl conformation. The probable conformation of the 
polymer in the solid state is also derived. Calculations show that multiple-helix formation is impossible for 
a-i .4-galacturonan; therefore, despite physical similarities, the gel properties of pectins and pectates cannot be 
explained in the same terms as for agar and carrageenans. There is, however, a strong analogy with the other 
biological-network polysaccharides in that anomalous units are interspersed to form kinks ' which interrupt any 
tendency to an ordered chain conformation; these units are L-rhamnose in pectic substances and correspond to 
galactose 6-sulphate in carrageenans and to L-iduronic or D-glacuronic acid in mucopolysaccharides. 

THERE are several reasons why pectic substances are 
likely to provide interesting examples of polysaccharide 
stereochemistry. They form gels which can be melted 
and re-set, which in our VieW2 indicates the existence 
of a tertiary structure which can be dissociated and re-
formed. Biologically,3  they are important in the form-
ation of the cell plate during division of plant cells, and 
subsequently they contribute to wall texture and regula-
tion of cell growth. Their physical properties have 
practical importance which we can only expect to under-
stand in molecular terms when there is more knowledge 
of the polysaccharide stereochemistry. We have, there-
fore, explored the conformational scope of the pectic 
backbone by model building in the computer, hoping to 

t Present address: Unilever Research Laboratory, Colworth 
House, Sharnbrook, Bedford. 

1 Part VI, D. A. Rees and W. E. Scott, J. Chem. Soc. (B), 
1971, 469. 

267. 
D. A. Rees, Adv. Carbohydrate Chem. Biochem., 1969, 24, 

D. H. Northcote, Proc. Roy. Soc., 1969, B 178, 21; J. 
Bonner in 'The Fourth International Conference on Plant 
Growth Regulation,' Iowa University Press, Ames, 1961, P.  307. 

' (a) E. R. Morris and D. A. Rees, to be published; (b) G. T. 
Grant and D. A. Rees, to be published. 

correlate the results with experimental investigations of 
chain conformation  and biological state.5'6  

Ring Conformation.—It has been claimed 7  that the 
chemical shifts of methyl signals in 'H n.m.r. spectra of 
0-acetyl and 0-methyl derivatives of pectic acid, indicate 
that the galacturonic acid residues exist in the Reeves 
JC conformation. The conclusion is surprising because 
the free energy of this conformation of galactose exceeds 
that of the Cl chair by about  145 kJ/mol, and a 
similar difference is to be expected for the uronic acid 
forms. Because the 'H n.m.r. spectra of polysaccharides 
are frequently diffuse and therefore difficult to interpret 
in detail, we chose to reinvestigate this problem with 
simpler compounds, including oligosaccharides. Corn- 

Sir Edmund Hirst, D. A. Rees, and N. G. Richardson, 
Biochem. J, 1965, 95, 453; S. E. B. Gould and D. A. Rees, 
J. Sci. Food Agric., 1965, 16, 702; D. A. Rees and N. G. Richard-
son, Biochemistry, 1966, 5, 3099; D. A. Rees and I. W. Steele, 
Biochemistry, 1966, 1966, 5,. 3108. 

D. A. Rees and N. J. Wight, Biochem. J., 1969, 15, 431; 
G. T. Grant, C. McNab, D. A. Rees, and R. J. Skerrett, Chem. 
Comm., 1969, 805. 

' S. Hirano, M. Manabe, N. Miyazake, and K. Onodera, 
Biochim. Biophys. Acta, 1968, 156, 213. 

8  S. J. Angyal, Austral. J. Chem., 1968, 21, 2737. 
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plete assignments were possible on a first-order basis, for 
the 'H n.m.r. spectra of galacturonic acid and methyl 
-D-galactopyranosiduronic acid in D20 at 100 MHz. 

These were supported by spin-decoupling experiments, 

iunui 	1ii' 
FIGURE 1 '1,n.'m.r. spectrum for galacturonic acid at 100 MHz; 

for the chemical shift scale see below. The crystalline solid 
was disslved in deuterium oxide and allowed to reach muta-
rotation equilibrium, then sufficient trifluoroacetic acid was 
added to shift the solvent signal downfield and leave sugar 
protons unobscured. Only the a- and fl-pyranose forms are 
seen, and the following assignments are internally consistent 
as well as being consistent with thespectral change during 

In 
tiarotation and with change of pH, and with the spectrum 

of .thè methyl fi-glycoside; they are confirmed by spin de-
coupling. A is at r 4•69 and corresponds to H (al), i.e. to the 
H(1). signal for the a anomer, showing J1,2(5)  30 Hz; B, at 
r 529, is H(a5), and shows J451 15 Hz; C, at 'r 540, is 
H(1), and shows J12 75 Hz; D, at r 562, is H(fl5), and 
shows J458 1.5 Hz; E, at r 568, is H(a4), and shows f341 
3'0 Hz, 	1•5 Hz; F at r 574, is H(4), and shows J3,4> 
30 Hz, J, (8)  1.5 Hz; G at 'r 606, is H(a3), and shows Ji.S(a) 
10.0 Hz, Js.4a  30 Hz; H at r 621, is H(a2), and shows 

J2,315 100 Hz, Jja) 30 Hz; J at r 629, is H(3), and shows 

J2.39 100 Hz, J34> 30 Hz; K at r 652, is H(p2), and shows 
J2.3(m 10.0 Hz, Ji.I($)  7.5 Hz. Other peaks are the solvent 
signal and corresponding side bands. 

by the similarities and differences between the spectra 
of the two compounds, and by the spectral changes which 
occurred with mutarotation of the reducing sugar and 
with dissociation of the carboxy-functions by change of 
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In fact, the assignments for monomers show that these 
values correspond to J23 (ca. 10 Hz), and J,2 for 3-

anomers (ca. 7•5 Hz), exactly as expected for the Cl 
conformation (I). Oligosaccharide spectra were not re-
solved. sufficiently for detailed assignments to be based 
on coupling constants, but they could be made by 
analogy with the monomers (Table .1)... The clear 
similarities (Table 1) confirmed that the ring conform-
ations were the same in all compounds. 

We conclude that the 1C conformation does not occur 
4or galflcturonic acid residues in deuterium oxide solution. 
The evidence for the solid state may be shown to point 
in a similar direction. Palmer and Hartzog,9  from fibre 
diffraction photographs for sodium pectate, have already 
suggested a confornation, and this is discussed below. 
If the bond angles, bond lengths, and a particular chair 
conformatio,n are assumed, any regular conformation of 
the polysacharide chain is defined by two variables only 
which are th angles of rotation about the bonds to each 
glycosidic oxyen, 0 and 0 [see (I) and (II]. Computer 

Ib
C00- 

	

000- 	 ON L. 

1  

k 

	

H 	

. 

D.I 
0 	 in 

	

(I) 	 (II) 

programs, similar to those described before,'° were, 
therefore, used to step 0 and over all possible values, 
calculating at each stage the degree of steric compression 
and parameters to compare with the diffraction evidence. 
These parameters were n, the number of residues per 
turn of helix, and h, the residue length projected onto the 
helix axis. Palmer and Hartzog 9a were able to obtain 

TABLE 1 

Chemical shifts 'r, for the 1H n.m.r. spectra of galacturonic acid monomers and oligomers 

a-Anomers 5  
- -_- 

fi-Anomers b 

Galact-, Digalact- Trigalact- 
- 

Tetragal- 
r 
Methyl Galact- Digalact- Trigalact- 

-m 
Tetragal- 

uronic uronic uronic acturonic fl-galact- uronic uronic uronic acturonic 

Proton" acid acid acid acid uronoside acid acid acid acid 

H(1') 4.69 4'70 473 4'72 5•40 540 5'42 c 

H(1) 4.93 4.94 494 569 4.93 4.94 4.94 
H(2),- H(3) 60-6'6 5•9-8•7 59-6•8 59-68 6•3-6•5 60-66 59-6•7 5•9-68 59-68 

H(4) 568 5•60 561 561 578 5•74 560 561 561 

H(5') 529 5•33 c e 562 572 574 5.74 

H(S) 5•33 c c 595 £ c c 

"Primed numbers refer to reducing residues; unprimed to nonreducing residues or to both types of residues together. 6  Measured 
for mutarotation mixtures, except for the methyl fl-glycoside. e Signal obscured under HOD signal. 

pH. The spectra (e.g. Figure 1) show large coupling 
constants, which were checked at 60 MHz, and are quite 
incompatible with the Reeves 1C conformation which 
would show no such axial—axial couplings [see (II)]. 

(a) K. J. Palmer and M. B. Hartzog, J. Amer. Chem. Soc., 
1945, 67, 2122; (li) K. J. Palmer, R. C. Merrill, H. S. Owens, 
and M. Ballantyne, J. Phys. Chem., 1947, 51, 710. 

diffraction photographs of good quality for sodium 
pectate fibres, with an intense meridional reflection on 
the third layer line which was taken to show n = +3 or 
—3 (where the sign represents the handedness of the 

iO ()D. A. Rees,J. Chem. Soc. (B), 1969,217; (b)N. S. Anderson, 
J. W. Campbell, M. M. Harding, D. A. Rees, and J. W. B. 
Samuel, J. Mol. Biol., 1969, 45, 85. 
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helix) and, from the spacing, h = 437 ± 002 A. An 
average of the first four layer-line spacings, assuming 
this value for n, gave h = 435 ± 004. The acid form 
of the polysaccharide, with varying degrees of methyl-
esterification up to about 70% of the possible maxim urn 
('pectinic acids'), gave much poorer diffraction photo 
graphs which, however, suggested a similar chain con- 

J. Chem. Soc. (B), 1971 

without some compression. We shall argue that an 
integral screw axis is sufficiently favoured by the rather 
strong, ionic and hydrogen bonding forces of the lattice 
for the three-fold helix to be formed at the expense of 
repulsions within the chain. To investigate which 
intersection represents the most likely conformation, 
the short contacts were listed for each (Table 2). Which- 

TABLE 2 

Inter-residue contacts computed for galacturonan conforina-ti&a having n = ± 3 and h = 4'33 A, and residues 
in the Reeves Cl form a 

Co-ordinates - Distance Overlap 
Designation 	used 	Handedness , 	(°) 4,  (°) 	Atoms ivolvèd (A) (A) 

(1) 	 Set A 	 Right 170 125 	H(l) . . . CW) 190 050 
0(2) . . . C(6') 244 036 
C(1) . . . C(6') 257 063 
C(1) . . - C(5') 296 024 

Set B 	 Right 180 110 	H(1) . . . C(6') 1.69 0'71 
C(6') 245 075 

0(2) . . .0(5') 193 0-57 
0(2) . . . C(5') 2•63 047 
C(l) . . . C(5') 2•86 034 

(2) 	 Set A 	 Right 130 155 	H(5) ... 0(3') 213 
Set B 	 Right 120 170 	H(5) ... 0(3') 184 

(3) 	 Set A 	 Left 230 210 	0(2) . . . H(4') 188 052 
0(2) ... C(41

) 299 0'21 
Set B 	 Left 240 190 	H(3) . . . C(6') 195 045 

0(2) . . 	H(4') 109 13-1 
0(2) ... C(4') 1•82 09&.. 
0(2) . . . C(5') 2•24 0•5 
0(2) . . . C(6') 224 

(4) 	 Set A 	 Left 185 240 	C(l) . . . C(3') 288 0•32 
C(1) . . . 0(3') 249 031 
H(1) . . . 0(3') 1'71 069 
0(5) . . . 0(3') 299 c 

Set B 	 Left 180 250 	C(1) ... C(3') 285 0'45 
C(l) ... 0(3') 247 0-31 
H(1) 	. 0(3') 1'57 , 

These are listed when they suggest steric compression i.e. when an interatomic distance is within the following ' marginally 
allowed ' limits: 190 A for H ... H contacts, 220 A for 	. H contacts, 2'50 A for 0- . . 0 contacts, 220 A for C ... H contacts, 
2'70 A for C... 0 contacts, and 300 A for 	. C contacts; or when the 0 	. 	0 distance suggests the possibility of hydrogen 
bonding. 	b This is the difference between the interatomic distance and the 'fully allowed' distance taken as 200 A for H . . . H 
contacts, 240 A for 0 	. H and C 	' 'H contacts, 2'80 A for C• . 0 contacts, 320 A for C 	. C contacts, and 2'50 A for 0. 	0 
contacts. 	a Possible weak hydrogen bond. 

formation with h having a value around 43 A. In the 
discussion that follows, we take, h = 4-33 A but the same 
conclusions would emerge with any other reasonable 
value. The calculations were done separately for Cl and 
1C ring conformations, with at least two independent 
sets of bond angles and bond lengths for each, derived 
from crystal-structure determinations, to explore the 
effect of minor variations in starting assumptions. 
It will be shown that the evidence is consistent only with 
the Cl form. 

Chain Conformation.—One set of relevant results is in 
Figure 2, which shows the required conformations at 
the labelled intersections. They he outside the boxed 
areas and therefore involve steric compression. The 
results were similar when alternative co-ordinates were 
used for the Cl residue (' Set B ') although, of course, 

and 0 values at the intersections were slightly different. 
For reasons discussed below, bond rotations are very 
hindered in the glycosidic system, and indeed, the map 
(Figure 2) shows that no integral value is possible for is 

ever set of residue co-ordinates was used, compression 
was severe enough to make conformations (1), (3), and 
(4) seem unlikely, despite the possible weak intra-
molecular hydrogen bond for (4) (Table 2). In contrast, 
conformation (2), showed only one bad contact, and 
the extent of this compression depended on the residue 
co-ordinates (Table 2), suggesting that it might even be 
an artefact of starting assumptions. Conformation (2) 
is, therefore, preferred, although (3) is also better than 
(1) and (4), when Set A co-ordinates are used. As a 
final comparison of the two most likely possibilities, 
conformational maps were recalculated with Set A 
co-ordinates for a series of values for the glycosidic 
bridge angle, from 115 to 1210.  The intersections 
were re-located so that corresponding sets of short 
contacts could be listed. As one might expect in-
tuitively, the progressive increase of bridge angle 
was found to be paralleled by progressive relief of 
compression for both conformations (2) and (3). How-
ever, conformation (2) again emerged more favourably; 
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it moved towards the marginally allowed zone as the 
bridge angle increased and finally came inside. In 
contrast, even when the bridge angle was 121°, conform- 
ation (3) still showed an 0(2) 	H(4') overlap of Ca. 

0
' 

o 	
90 	 360'  

h4:33 

120 

-3- 	 I' 	 • 

266  
F 

36d' ' 	" 

Restriction of galacturonan conformations by steric 
ölaslies between consecutive residues, assuming the Cl ring 
coñfOrmfltiofl and with Set A co-ordinates. The angle at the 
glycosidic bridge was 117°. 'Fully allowed' conformations 
are boxed within the solid lines, and 'marginally allowed' 
,conformations within the dotted lines The distances used 
for the contact • criteria are as given in the footnotes to Table 2, 
&cept for the O . 0 distances which are 27 A (marginally 
allowed) and 2-8.A (fully allowed). Conformations with 
intgra1 screw symmetry lie on the broken diagonals, and 
-those with 'aprojécted residue height of 433 A lie on the 
broken loop. The intersections are labelled to correlate with 
the text and with Table 2. Positive and negative values of 
n represent right- and left-hand helices, respectively. 

44 A. On the basis of all tests, therefore, conformation 
(2) seems distinctly more likely, even though it shows 
some steric compression; it is shown in Figure 3. The 
conformation suggested by Palmer and Hartzog, and 
illustrated in their paper,aa would seem to correspond to 
intersection (4) (Figure 4), which is now considered un-
likely. 

Chains of x-1,4 linked guluronic acid in the 1C(L) 
conformation would represent a very similar structure 
to the galacturonan, with each glycosidic oxygen 
being axial to both sugar rings and substituents being 
'equatorial at c(2) and C(5). Similarities in conformation 
are therefore to be expected as in other 'conformation 
families,",10a  with similar patterns of inter-residue 
hydrogen bonding. The preferred conformation for 
galacturonan (Figure 3) was therefore compared with 
the conformation derived recently for the guluronan," 
which has an 0(2)' . '0(6') hydrogen bond between 
adjacent residues. With Set A co-ordinates and inter-
section (2), the minimum 0 " 0 distance was cal-
culated by putting 0(6') in the plane of C(5'), C(6') 
and 0(2), giving 24 A and a rather favourable C(5')— 

" E. D. T. Atkins, W. Mackie, K. D. Parker, and E. E. Smolko, 
J. Polymer Sri., Pare B, in the press. 

0(2) angle of 112°. Within the accuracy 
of the assumed co-ordinates, this would seem promising 
geometry for hydrogen bonding, especially since the 
0 ... ' 0 distance could be increased a little by 
rotation about C(5')—C(6'). A second hydrogen bond, 

'0(3'), was also considered but the 0'' '0 
distance of 32 A seemed too large and the C(5)—
C(6) '0(3') angle had the less favourable value of 51°. 

The preceding discussion starts from the assumption 
that the polysaccharide is a three-fold helix, but we must 
also consider the possibility that steric compression with-
in conformation (2) or (3) could be relieved by departure 
from integral screw symmetry. Non-integral helices are, 
of course, well known in polymer chemistry, and there is 
already one well-authenticated polysaccharide example 
in amylose triacetate.12  If such a conformation existed 
in sodium pectate fibres, the observable layer lines 
would not be separated by a constant spacing—whereas, 

FIGURE 4 
FIGURE 3 Projection of a possible conformation for sodium 

pectate, plotted from the computed co-ordinates which were 
derived to fit the parameters of Palmer and Hartzog.' The 
chain has a right-handed screw sense and corresponds to 
0 = 130°, 4, = 155° (Set A co-ordinates), to 4, = 120°, 4, = 170° 
(Set B), and to intersection 2 in Figure 2 and Table 2. The 
angle at the glycosidic bridge is 117° 

FIGURE 4 Projection of a possible conformation for sodium 
pectate, plotted from the computed co-ordinates which were 
derived to fit the parameters of Palmer and Hartzog.' The 
chain has a left-handed screw sense and corresponds to 
0 = 185°, 4, = 240° (Set A co-ordinates), to 0 = 180°, 4, = 
250° (Set B), and to intersection 4 in Figure 2 and Table 2. 
The angle at the glycosidic bridge is 117° 

in fact, the measurements show good internal agreement  
and any departure must, therefore, be small. Two 
arguments can be put against even a small displacement 
from integral screw symmetry, namely (i) the intense 
meridional reflection on the third layer line shows that 
any movement from intersection (2) or (3) would involve 

I! A. Sarko and R. H. Marchessault, J. Amer. Chem. Soc., 
1967, 89, 6454. 
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a displacement along the 437 A contour within the error 
of measurement of the film. The map shows that for 
such a move to arrive close enough to the' fully allowed' 
zone to achieve a significant decrease in energy, a large 
change in screw symmetry would be required which 
would surely be seen on the diffraction photograph. 
Conversely, any departure from the intersection that 
would be small enough to be consistent with the diffrac-
tion evidence, would probably not give a worthwhile 
decrease in conformational energy..- -(ii) Even a small 
departure from integral screw symmetry would cause 
disorder in intermolecular contacts which would be 
especially unfavourable for a polymer such as sodium 
pectate which, by its chemical nature, involves strong 
directional forces in its packing. Polymers which do 
crystallize in non-integral helices, such as polypeptides 
and amylose triacetate; have nonpolar surfaces with 
relatively little directional attraction—or, at least, have 
stronger directional forces within than between chains. 
In summary, for a departure from integral screw sym-
metry small enough to be consistent with experiment, we 
suggest that the decrease in intramolecular (conform-
ational) energy would not be sufficient to compensate for 
the increase in intermolecular (packing) energy. There-
fore the integral helix (Figure 3) is favoured. 

Each set of calculations for 1C residues also led to four 
chain conformations with the values required for n and 

as shown by the relevant intersections on Figure 5, 
but these lie even further from the allowed and margin-
ally allowed zones than those calculated for Cl. Thus 
it would appear that the n and h values cannot be 
satisfied simultaneously without severe van der Waals 
compression. This conclusion was checked further by 
calculation of the short contacts in chain conformations 
derived (i) by using different sets of residue co-ordinates, 
(ii) by using different values for the glycosidic bridge 
angle with the same (Set D) residue co-ordinates. It is 

J. Chem. Soc. (B), 1971 

ing bad steric compression for all four intersections—and, 
for example, all pairs of corresponding intersections had 
at least two serious overlaps in common. The severe 
compressions could not be relieved, and indeed were 
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FIGURE 5 Restriction of galacturonan conformations by steric 

clashes between consecutive residues assuming the 1C ring 
conformation with Set D co-ordinates. Conventions and 
other details are as for Figure 2 

sometimes made worse, by increasing the glycosidic 
bridge angle and relocating the intersection. (Thus, 
compressions within chains of 1C residues were much less 
sensitive to this angle than those within chains of Ci 
residues.) Finally, all the intersections and indeed the 
whole contour for h = 433 are so far from the ailowd 
zone that nonintegral helices are also unlikely. For all 
these reasons we conclude that it is not possible to build 
a plausible model to match the diffraction evidence when 
residues are in the 1C form. 

TABLE 3 

Distribution of values for the number of monosaccharide residues per helix turn (n) and the projected residue height 
(h) for allowed (including marginally allowed) combinations of /, and 4 at intervals of 100 

% of Sample 
n 20 to 21 21 to 22 22 to 23 23 to 24 2•4 to 25 25 to 26 26 to 27 27 to 28 28 to 29 29 to 30 ,-_&--_. ,_..., 	,.._& 	 ,___-&___, ,-_-_. 	 Greater 
a+ 	— ,+ - + — ± — + — + — + — + — + — + - than 3-0 

Set  7 7 7 7 4 11 4 14 4 11 4 7 0 7 4 4 0 0 0 0 	0 
Set  4 8 0 8 4 0 8 12 12 12 0 8 8 0 4 4 0 0 4 0 	0 
Set  7 7 7 7 7 11 4 7 4 0 7 14 0 7 4 0 4 4 0 0 	0 

Greater 
A (A) 4'22 to 4•25 4'26 to 4'29 4'30 to 433 4'34 to 437 4'38 to 4'41 4'42 to 445 4'46 to 449 4'50 to 4'55 than 4'55 

Set 	0 4 16 28 52 0 0 0 0 
Set B 	0 0 0 4 4 22 21 48 0 
Set C 	14 15 49 21 0 0 0 0 0 

a Positive sign denotes right handed and negative sign denotes left handed helix. 

not worthwhile to tabulate the results here because they 	Chain Conformations and Mechanisms of Gel Form- 
depend in detail on the assumed residue co-ordinates, and ation.—Further to the indications of chain stiffness 
there are no suitable crystal structure determinations already mentioned, Figure 2 shows that only 0.2% 
which could be used as a basis for a confident choice, of all conformations were fully allowed, and a further 
However, the two independent sets did agree in predict- 2.0% were marginally allowed. With alternative 
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residue co-ordinates, the results were 00 and 2.2% 
respectively (Set B), and 08 and 1.3% (Set C). Thus, 
the inflexibility is even more marked than for other poly-
saccharides such as cellulose.'1  It can .be understood 
because the glycosidic oxygen is axial to both sugar rings, 
and hence crowded on both sides; the effect is to keep 
the chain extended and ribbon-like, as shown by the 
allowed ranges for n and h in Table 3, and confirmed by 
the plots in Figures 3 and 4. In the formation of syn-
thetic and biological structures, such as gels, the chains 
are, therefore, likely to pack in bundles. This is 
different from the type of association in the tie points in 
carrageenan networks, where the chains interlock in 
double helix formation ,2, 108, 14,15 and from the carrageenan-
like mechanism which might exist for glycosamino-. 
glycans,'4  and also different from the triple helix which 
has the corresponding function in gelatin.2  In an earlier 
Part of this Series I the two types were called Type A 
and Type B respectively. The properties of pectin gels 
are, however, quite similar to carrageenan and gelatin 
gels; for example, they can be melted and re-set with 
changes in optical rotation 4  which, although small, 
imply 16,1  a change in conformation. Therefore, we have 
checked rather thoroughly whether multiple helices can 
be completely ruled out for galacturonan chains. 

For each conformation consider rm, the radius of the 
atom of the galacturonic acid residue which is furthest 
from the helix axis. We then define a cylinder of volume: 
iv . m2• . h in which n and h have the same meanings 
as above. For a double helix, this cylinder must be 
able to accommodate 2n residues—and therefore, 
volume per residue= lv . r,2 . h/2. Crystalline carbo-
hydrates usually have similar densities, around 15-16 
g cm.-3. We, therefore, take the volume per residue 
from the data for 3-D-lucose,17  allowing 10% reduction 
for the possibility of better packing in the helix, giving 
175 A3  per residue, and conclude that multiple helices 
cannot occur for which iv . rm2  . h ' 350 A. Half the 
van der Waals volume of the outermost atom is excluded 
from the cylinder if Y. is measured to the atomic centre. 
This seemed a realistic treatment because the helix sur-
faces are unlikely to be smooth and some interpenetra-
tion would be expected when they pack. However, 
when computed on this basis, iv . r.2 . h was even smaller 
than expected for a single chain; irrespective of the 
residue co-ordinates used, the value was in the range 
91-121 A. An increase of the cylinder radius by the 
van der Waals radius of oxygen, with further addition 
of the volume of two carboxylate oxygens, only increased 
the value to 242-286 A. Multiple helices are, there-
fore, rejected for pectins and pectates. 

13 D. A. Rees and R. J. Skerrett, Carbohydrate Res., 1968, 7, 
334; J. Chem. Soc. (B), 1970, 189. 

14  D. A. Rees, I. W. Steele, and F. B. Williamson, J. Polymer 
Sci., Part C, Polymer Symposia, 1969, No. 28, 261. 

15  A. A. McKinnon, D. A. Rees, and F. B. Williamson, Chem. 
Comm., 1969, 701. 

" D. A. Rees, J. Chem. Soc. (B), 1970, 877. 
17  W. G. Ferrier, Ada Cryst., 1963, 16, 1023; S. S. C. Chu and G. A. Jeffrey, Acta Cryst., 1968, 24, B, 830. 

Role of L-Rhamnose Residues.—It is now known that 
natural pectic substances rarely, if ever, consist entirely 
of galacturonic acid residues.2'6'18  Neutral sugars may 
be present in various combinations, including L-rhamnose 
as insertions in the chain. These rhamnose residues 
suggest analogy with the galactose 6-sulphate residues 
which occur as insertions in carrageenans,19  as conform-
ational kinks 2.14  which seem 20  to be used for metabolic 
regulation of conformation and hence biological texture 
in seaweeds. This analogy was, therefore, explored by 
mathematical model building. 

The rhamnose residues are present in segments of the 
structure, O-cc-D-galactopyranosyluronic acid-(1,---O-  2)-
O-L-rhamnopyranosyl-(1 —a.. 4)-O-oc-D-galactopyranosyl 
uronic acid. Unfortunately, the rhamnosyl configura-
tion is unknown, and both possibilities had to be ex-
plored in the calculations. The cc-linkage was found to 
be more restricted (fully allowed, 0.0%; marginally, 
0.4%) than the 3 (0.2% and 4.3% respectively). Figure 
6 shows the insertion of One 3-L-rhamnose residue with 
typical conformation angles, into the fibre conformation 
of the galacturonan. The effect is to cause a pronounced 
'kink' in the chain. That this conclusion is not an 
accident of the particular values chosen for torsion angles, 
was shown by exploration Of the entire marginally 
allowed region for each linkage, with calculation of the 
'angle of kink', cc, at each stage. This is the angle by 
which the chain direction is altered by the rhamnose 
insertion, as shown for a particular example in Figure 6. 
Each calculation was for a chain in which the fibre con-
formation (Figure 3) was repeated between galacturonic 
acid residues. For c3-rhamnosyl residues, values of cc 
were in the range 61 to 163° with an average of 113°, 
and the kink was sometimes sharp enough to cause 
steric clashes between galacturonic acid residues on 
either side. Indeed, 42 of the 54 conformations in the 
sample could be rejected because of these clashes and the 
revised range for cc was then 61 to 100° with an average 
of 84°. For cc-rhamnosyl residues, the values of cc were 
from 15 to 109° with an average of 62°. There were no 
steric clashes across the kink for any conformations in 
this sample. In at least some pectic substances,2' 
rhamnose residues may occur consecutively or altern-
ately rather than as isolated insertions. The effect on 
chain shape would then be more profound, although it 
has not yet been analysed quantitatively. 

It would seem that natural polysaccharides which form 
gels and networks, whether the chains are of Type A or 
Type B (see the preceding Part of this Series 1), always 
contain a proportion of kinking residues. Such residues 
are often joined by the same linkages but have a ring 

18  G. 0. Aspinall, I. W. Cottrell, J. A. Molloy, and M. Uddin, 
Canad. J. Chem., 1970, 48, 1290; and earlier papers. 

19  N. S. Anderson, T. C. S. Dolan, and D. A. Rees, J. Chem. Soc. 
(C), 1968, 596; N. S. Anderson, T. C. S. Dolan, A. Penman, D. A. 
Rees, G. P. Mueller, D. J. Stancioff, and N. F. Stanley, J. Chem. 
Soc. (C), 1968, 602. 

'° C. J. Lawson and D. A. Rees, Nature, 1970, 227, 392. 
1 G. 0. Aspinall, K. Hunt, and I. M. Morrison, J. Chem. Soc. 

(C), 1967, 1080; G. 0. Aspinall, I. W. Cottrell, S. V. Egan, I. M. 
Morrison, and J. N. C. Whyte, J. Chem, Soc. (C), 1967, 1071. 
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conformation that is inverted with respect to the other 
units in the chain: for . example galactose 6-sulphate 
[C1(D) or 1C(L)] occurs in place of 3,6-anhydrogalactose 
{1C(D) or C1(L)] in polysaccharides of red seaweeds; 
guluronic acid [1C(L)] in place of mannuronic acid 
[C1(D)] in alginates; and iduronic acid [1C(L)] appears 

Z 

FIGURE 6 Effect of inserting a single -rhamnose unit, linked 
through its 2 position, into a galacturonan chain which has 
the structure and conformation shown in Figure 3. The change 
in direction of the helix axis is characterized by the angle of 
kink,' oc, which is Z' 0' Z. Conformations at the galacturo-
nosylrhamnose and rhamnosylgalacturonic acid linkages are 
specified by cbOA-Rb 	1700, ç!o IA-Riz 	110 , #Rha-GaIA = 
200°, 'Rh-GoIA = 170°, giving s = 898°. All these angles are 
close to the respective averages of sterically possible values. 
Note that 0' Z' is not in the plane of the diagram but projects 
upwards at an angle of Ca. 30°, and that the polysaccharide 
chain is shown in a projection plotted from computed co-
ordinates. Residue co-ordinates were Set A and Set F 

to be interchangeable with glucuronic acid [C1(D)] in 
several mucopolysaccharides. In pectins, however, 
the linkage position is different at the kink as well as 
the ring conformation [C1 (D) or C1 (L)]. 

Methods 

Computing Methods.-Programs were in Atlas Auto-
code, run on the Edinburgh KDF9 computer, and were 
adapted from those described in Part JJ•lOa  The con-
formation angles were also defined similarly. 

Residue Co-ordinates.-These were derived mathe-
.maticallj from crystal structures, by the methods indi-
cated in Part II lOa  and Part TV.13  Five sets were derived 
for galacturonic acid, three for the Cl conformation and 
two for the 1C conformation. Set A for the Cl conform-
ation was listed in Part II.boa  Set B for the Cl conform-
ation was derived from the structure of 3-DL-arabinose 22  
by placing C(6) to give a C-C bond length of 153 A and 

22 s H. Kim and G. A. Jeffrey, Acta Cryst., 1967, 22, 537. 
23 H. M. McGeachin and C. A. Beevers, Acta Cryst., 1957, 10, 

227. 

tetrahedral bond angles with respect to the ring bonds. 
Set C for the Cl conformation was the idealized set de-
scribed in Part IV.' Set D for the 1C conformation was 
derived from co-ordinates for 3-D-glucose 17 by reflection 
of the ring atoms to invert the, ring conformation, 
followed by inversion of configuration at C(2), C(3), and 
C(5) such that the bond lengths were: C-C, 1-53; C-U, 
143; C-H, 110; and bond angles outside the ring were 
tetrahedral. Set E for the 1C conformation were simi-
larly derived from Set B co-ordinates [this required 
further inversions at C(l) and C(4)]. 

Two sets of co-ordinates were also derived from R-L-
rhamnose in the 1C conformation: Set F was from the 
crystal structure for the sugar,23  and Set G was from 
f3-D-glucose,17  by reflection followed by configurational 
inversion as appropriate. For 3-L-rhamnose, Set H was 
from Set F by inversion at C(1), and Set J was from 
r3-D-glucose 17  by reflection, followed by inversion at C(2). 

The bond angle at the glycosidic oxygen was 117° in all 
the main calculations except those with Set C, when the 
value was 118°, and certain other exceptions mentioned 
in the text. 

Calculations.-The mathematical principles have been 
described in earlier papers in this Series. Most of the 
conclusions are described in the text and were checked 
semi-quantitatively by setting up models with dials, as 
in Part II.boa  For each 1C residue, four chain conform-
ations could be derived to fit n = ±3, h = 433 A. In 
terms of the torsion angles (ç, fi), these were located at 
(1600, 280°), (50°, 245°), (200°, 70°), and (295°, 120°) for 
Set D and at (130°, 295°), (50°, 235°), (240°, 60°), and 
(300°, 130°), respectively, for Set E. Each of the four 
conformations had two or more van der Waals overlaps 
which were greater than 05 A with one set of residue 
co-ordinates, and were still important, though sometimes 
less severe, with the other set; in addition there were 
other severe overlaps particular to each set. 

1H N.m.r. Spectra.-These were recorded with the 
Varian HA-100 and Perkin-Elmer RIO spectrometers. 
Methyl-3-D-galactopyranosiduronic acid was prepared 
by catalytic oxidation from methyl f3-D-galactopyran-
oside 24  and purified by column chromatography on 
DEAE-Sephadex. The oligomers were prepared by 
graded hydrolysis of mustard pectin, followed by column 
chromatography on DEAE-Sephadex.25  
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