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Preface

Af ter a kind mo ti va tion by Judit Si mon (Ed i tor-in-Chief of the Jour nal of Ther mal
Anal y sis and Cal o rim e try, Kluwer Ac a demic Pub lisher) and ne go ti a tions with pos -
si ble con tri bu tors – last ing for more than one year – it was de cided to write a book
about the ap pli ca tion of ther mal meth ods in bi ol ogy. Its aim was to be a guide how
to per form ex per i ments and what kind of in for ma tion might be gained by them. We
tried to col lect in for ma tion that could be achieved only dur ing a long per sonal prac -
tice. In this way sci en tists from bi ol ogy and med i cine , e.g., who are not so skilled in 
phys ics and math e mat ics may re al ize very soon the beauty and power of this tool at
one hand. On the other hand, those sci en tists with better back ground in nat u ral sci -
ences can be more sensitive to find out exciting biological problems. 

The re cent sit u a tion in the lit er a ture of ther mal meth ods (as tech niques) and
their ap pli ca tion to bi o log i cal prob lems is such that there are plenty of mono graphs
dis cuss ing the work ing prin ci ples of dif fer ent types of ther mal anal y sis and cal o -
rim e try. Such books mainly deal with the gen eral prin ci ples and pres ent ap pli ca -
tions typ i cal for in or ganic ma te ri als. More over, there are some good, but rel a tively
old re views from the field of food phys ics and from dif fer ent sec tions of bi ol ogy.
But it is known that the ‘devil is hid den in the de tails’: there fore, a be gin ner in the
field of bi o log i cal ther mal anal y sis or cal o rim e try should ‘find out’ ev ery thing by
his own when the prin ci ples of ther mo dy nam ics are tried to be ap plied to bi o log i cal
sys tems. These are highly or ga nized and very com plex ob jects where wa ter and the
dif fer ent types of weak in ter ac tions among the macromolecules (di poles, H-bonds,
van der Waals forces etc.) make the in ter pre ta tion of ther mal events rather dif fi cult. 

Af ter many dis cus sions with col leagues at var i ous in ter na tional con fer -
ences dur ing the last one and half year I do hope that our book will find an in ter -
ested ac cep tance in the bio-com mu nity due to the choice of top ics and au thors.
More over, the fol low ing rea sons sup port my expectation:

• Bi o log i cal cal o rim e try and of course ther mal anal y sis find an in creas ing in -
ter est in the nat u ral sci ences com mu nity also, but both are still step mother
like treated in text books, mono graphs and jour nals.

• The spec trum of the book is rather broad, ex pand ing from poly mers and food
over tis sues to whole or gan isms in their ac tive state.

• It pres ents mac ro scopic meth ods for rather inhomogeneous ma te rial where
micromethods are of ten im pos si ble or sense less. 

• Ther mal anal y sis as well as cal o rim e try are non-in va sive and im pose only
lim ited or even no re stric tions at all on the sys tems un der re search.



• The book may stim u late cor re spond ing re search and per haps es tab lish better
con tacts be tween very dis tant fields like Food In dus try and Med i cine, e.g.

We do not know of any book with such an ori en ta tion in the field of ther mal
anal y sis ap plied to life sci ences. 
The sci en tific prob lems dis cussed in this mono graph are or ga nized in four parts.

Part I. ren ders an in sight into the prop er ties of bio tech no log i cal poly sac -
cha rides com bin ing the in for ma tion from ex per i men tal data of thermoanalytical
or i gin with that from sta tis ti cal-ther mo dy namic mod els. Foods are dis cussed as
multi-com po nent and multi-phase sys tems where the heat treat ment can pro duce 
tran si tions of com pounds from one phase to an other. In gre di ents, starch-based
bio de grad able poly mers, have an in flu ence on the tex ture of the prod uct, and
thus the glass tran si tion phe nom ena should be taken into con sid er ation in the
pro cess ing tech niques. Pro teins and fats are in volved in the for mu la tion of many 
food emul sions. Their struc ture and con cen tra tion have ef fects on the phys i cal
sta bil ity and organoleptic qual ity of emul sions while heat ing and cooling steps
during the processing influence the storage quality.

Part II. pres ents ex am ples how to use Dif fer en tial Scan ning Cal o rim e try
(DSC) for struc tural and func tional stud ies of mus cle pro teins. An ex cit ing field of
mus cle re search is dis cussed from dif fer ent mo tor or reg u la tor pro teins up to highly
or gan ised mus cle fibres. The cy clic in ter ac tion of my o sin heads with actin fil a ments 
fu elled by ATP hy dro ly sis is ba sis of mo lec u lar mech a nism of a num ber of events
in bi o log i cal mo til ity. One may find stud ies on nu cle o tide-in duced struc tural
changes in the my o sin head and in actin, sim u lat ing the dif fer ent in ter me di ate states
of ATP hy dro ly sis. In ter ac tion of F-actin with my o sin heads, tropomyosin and
other actin bind ing pro teins serves as an ex am ple of stud ies on pro tein–pro tein in -
ter ac tions. Com bi na tion of DSC with other meth ods (e.g. elec tron para mag netic
res o nance spec tros copy (EPR)) ren ders the mo lec u lar dy namic in ter pre ta tion of
global struc tural changes.

Part III. con tains a re view from the field of plant and plant tis sues,
thermobiochemical stud ies of an i mal cells in vi tro, ther mal in ves ti ga tions of so -
cial in sects and an in tro duc tion into the world of hu man car ti lage from the point
of view of ar thri tis and de gen er ated lum bar intervertebral discs. We will see that 
wood as one of the most im por tant plant prod ucts opens a new field for ap pli ca -
tion of ther mal anal y sis. In sects them selves rep re sent more than half of the an i -
mal bio mass on Earth so that their en er getic im pact can not be un der es ti mated.
Their en ergy sav ing e.g. by in su la tion of wasp nests or by the bee clus ter strat -
egy for sur viv ing at low tem per a tures are also exciting thermoanalytical
problems.

Part IV. dem on strates some ef forts to make ther mal anal y sis more quan ti ta -
tive by ap pli ca tion of tech ni cal and the o ret i cal im prove ments. The ex per i men tal
heat ca pac ity of car bo hy drate–wa ter sys tems is ex plained in terms of their mo lec u -
lar mo tion. Such an ap proach should also be valid for a more re al is tic de scrip tion of
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heat ca pac i ties of other bi o log i cal ma te ri als, in clud ing cel lu lose–wa ter or pro -
tein–wa ter sys tems. 

A new re sult in con nec tion with ther mal sta bil ity of pro teins is that in the sta -
tis ti cal me chan i cal anal y sis a sim ple trans for ma tion fol low ing the Gibbs-Helmholtz 
equa tion G = H – TS is no good ap prox i ma tion around the tran si tion tem per a ture.
This sug gests that the ther mal tran si tion of pro tein mol e cules is ac tu ally a phase
tran si tion. There fore, in a cor rect sta tis ti cal me chan i cal anal y sis the sys tem should
be deconvoluted into sev eral ther mo dy namic states that sat isfy the nec es sary con di -
tion for the Legendre trans for ma tion.

This short in tro duc tion to the con tent of this mono graph shall just bring the
reader to his fa vour ite topic on a short way. Au thors and Ed i tor will be happy to
re ceive com ments, crit i cism and re marks in con nec tion with this book to im -
prove its qual ity for a pos si ble next edition in future.
As the Sci en tific Ed i tor of this vol ume and au thor of some chap ters, I would like 
to thank all the staff of the Jour nal of Ther mal Anal y sis and Cal o rim e try for the
help, which was given to me dur ing the tech ni cal ed it ing of this book.

PREFACE ix

Dénes Lõrinczy, Ed i tor
De cem ber of 2003, Pécs (Hun gary)



Chapter 1

Order-disorder conformational transitions
of carbohydrate polymers
The calorimetry contribution to understand 
polysaccharide solution properties

A. Ces�ro*, F. Sussich L. and L. Navarini**

Laboratory of Physical and Macromolecular Chemistry, Dept. BBCM and UdR-INSTM,
University of Trieste Via Giorgieri 1, I-34127 Trieste, Italy

Introduction

Poly sac cha rides have of ten been treated as ‘the poor re la tions’ in com par i son
with other highly im por tant biopolymers, nu cleic ac ids and pro teins. It is not yet 
clear whether this ax iom was, at least in the past, gen er ated by the con vic -
tion/be lief that the ap pli ca tion of quan ti ta tive meth ods of struc tural, func tional
and bi o log i cal in ves ti ga tions could only sel dom be used. As a con se quence, the
stud ies of physico-chem i cal prop er ties and their in ter pre ta tion seem to have
been lim ited, much more than would have been ex pected in view of the in trin sic
pe cu liar ity of the com plex chem i cal struc ture of many poly sac cha rides.

Among these lim i ta tions, we would like to fo cus here on the use of ther mo -
dy namic ap proaches that are very well es tab lished for the char ac teri sa tion of the
‘mo lec u lar do mains’ of biomacromolecules, and which are rel e vant for the ener -
getics and the struc tural or gani sa tion, let us say, of glob u lar pro teins (for ex am ple, 
Privalov, 1980a, b). It is never ad e quately ap pre ci ated that ther mo dy nam ics,
while not pro vid ing any in for ma tion on the de tailed struc tural or gani sa tion of
mol e cules, does infact give a body of math e mat i cal cor re la tions be tween all the
prop er ties of the sys tem and is there fore able to iden tify, from among sev eral
mod els, the one(s) com pat i ble with the ob served ex per i men tal data. Mod el ling of
mac ro scopic rhe o log i cal be hav iour (e.g. for phys i cal gels) is one of the most ap -
peal ing aims. It is there fore rather sur pris ing to no tice that lit er a ture tends to gloss
over the cor rect use of ther mo dy namic tools or even pro vides a mis in ter pre ta tion
of the ca lo ri met ric de ter mi na tion of the enthalpy of the he lix-coil tran si tion in
poly sac cha rides. This fact prompts us to clar ify how much can be gleaned from

* cesaro@units.it
** Permanent address: ILLYCAFFE S.p.A. Via Flavia 110, 34100 Trieste, Italy
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the data col lected on this tran si tion. For this to be done, some orig i nal data pro -
duced in the au thors’ lab o ra tory are pre sented to gether with a re view of data ob -
tained from lit er a ture. The aim is to in sti gate a full anal y sis of ca lo ri met ric data
on the conformational tran si tion of poly sac cha rides in or der to pro vide rel e vant
in for ma tion on struc tural pa ram e ters that are not eas ily de ter mined oth er wise.

Theory 

Many biopolymers un dergo conformational tran si tions as a func tion of com po -
si tion and/or tem per a ture. Conformational tran si tions are ‘in them selves’ con -
cep tu ally ana lysed as phase tran si tions, since the poly mer state is char ac ter ised
by a dif fer ence in the struc tural and ther mo dy namic prop er ties. We shall briefly
sum ma rise the ex per i men tal re sults which can be ob tained by dif fer en tial scan -
ning cal o rim e try on the he lix���coil (in some cases in clud ing gel � sol) con -
for ma tional tran si tion in lin ear biopolymer chains. 

Be fore ana lys ing some of these conformational tran si tions which oc cur in or -
dered poly sac cha rides, let us briefly re call some un der ly ing con cepts which have
dealt mainly with the he lix  � coil ‘phase’ tran si tion of polypeptides and pro teins
(Po land, 1978; Can tor and Schimmel, 1980). In the case of glob u lar pro teins, it is
worth men tion ing the orig i nal ob ser va tion that the con tri bu tion of the in di vid ual
aminoacids to the Gibbs free en ergy of the na tive spe cies is of ten about 200–600
J/mol of aminoacid (2–6 J/g) lower than for the de na tured ran dom coil form. Due
to this low free en ergy dif fer ence of the mono mers, the tem per a ture of tran si tion
be tween the two spe cies is higher than the am bi ent tem per a ture (i.e., Tm> 25°C)
only if the whole macromolecule can be ther mo dy nam i cally con sid ered a sin gle
do main, a fact that brings the to tal free en ergy dif fer ence to the or der of 40–60 kJ
per mole of pro tein. The hy poth e sis was there fore made that de na tur ation is a ‘co -
op er a tive’ pro cess be tween two dis tinct states, which are ther mo dy nam i cally de -
fined and in equi lib rium with each other at the tran si tion tem per a ture. The con fir -
ma tion of the va lid ity of this hy poth e sis, by means of DSC, rep re sented one of the
most sig nif i cant mile stones in the ther mo dy nam ics of biopolymer sys tems. It is
also use ful to make a ref er ence to the cur rent un der stand ing of the pe cu liar ther -
mo dy namic be hav iour of nanostructured sys tems which have now a days an in -
creas ing rel e vance. The de pend ence of the melt ing tem per a ture on the di men sion
of poly meric crys tals at nanometers size is the o ret i cally pre dicted by the Thomp -
son-Gibbs equa tion and ex per i men tally known since long time (Keller et al.
1993); crys tal line lamellae show melt ing tem per a tures lin early de creas ing with
the in verse of the lamella thick ness in the nanoscale. Sim i larly, for iso lated
polypeptide chains the he li cal sta bil ity (in helicogenic sol vents) is pre dicted to
as ymp tot i cally in crease with chain length. Fig ure 1 shows the chain length de -
pend ence of the polypeptide he lix-coil tran si tion tem per a ture (adapted from
Can tor and Schimmel) and in the same plot the melt ing tem per a ture (mir -
ror-scale) of poly eth yl ene lamellae as a func tion of the num ber of meth y lene
units in the chain thick ness.
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CONFORMATIONAL TRANSITIONS 3

Fig. 1 Gen er al ised phase di a gram of tran si tion tem per a ture (ar bi trary scale) for the he -
lix-coil tran si tion as a func tion of log a rithm of de gree of poly meri sa tion m
(adapted from Can tor and Schimmel). Re gions for coil, he lix, bro ken he lix and
ag gre ga tion state are shown. Dot ted curve show the de pend ence of melt ing tem -
per a ture (ar bi trary scale) of par af fin-poly eth yl ene sys tem

Fig. 2 Sche matic DSC curves and de pend ence of he li cal frac tion as a func tion of tem -
per a ture for the three cases with in creas ing cooperativity (from A to C)



Or der-disorder (melt ing) tran si tion of he li cal con for ma tions can be there -
fore traced by heat ing scans in a cal o rim e ter (Fig. 2). The com plete sta tis ti cal
ther mo dy namic de scrip tion of the heat ca pac ity curve pro vided by a DSC ex per -
i ment showed that not only can all the in for ma tion on the tran si tion be ob tained
di rectly from the anal y sis of the shape of these curves with out any ad di tional
data be ing used (Freire and Biltonen, 1978), but also that the res o lu tion of the
in trin sic struc tural energetics of the biopolymer and ligand bind ing in ter ac tion
is pos si ble by a global link age anal y sis of two-dimensional DSC (Straume and
Freire, 1992). This is due to the fact that the ther mo dy namic value of the
enthalpy of the pro cess can be writ ten as 

� �� � �H H
Q

G RT�
�

�
	




�
� 


� i
i

n

i
1

1
exp / (1)

by means of the el e men tary enthalpy �Hi and the prob a bil ity of each step (given
by Gibbs en ergy dif fer ence �Gi and the par ti tion func tion Q). While the reader
is re ferred to the am ple lit er a ture, the fol low ing para graphs out line a sum mary
of the fun da men tal con cepts and equa tions for the prac ti cal, sim ple, use of the
ex per i men tal DSC data on the he lix-coil tran si tion.

THERMODYNAMIC STABILITY AND HELIX-COIL TRANSITION IN
BIOPOLYMERS

When ever biopolymers have a reg u lar se quence of units, the sta bil ity of or dered
he li cal struc tures is also a func tion of chain-length with a crit i cal value above
which the he lix is in ter rupted (Po land, 1978). This con cept was in tro duced, be -
fore the above men tioned find ings for glob u lar pro teins, by the Zimm-Bragg
the ory (Zimm and Bragg, 1959) by means of the cooperativity pa ram e ter �. This 
pa ram e ter es sen tially de fines the ex cess free en ergy of for ma tion of an iso lated
he li cal con for ma tion with re spect to the same pro cess oc cur ring as a neigh bour
of a he li cal se quence, for which the free en ergy change as so ci ated is de scribed
by the pa ram e ter s. Terms like ‘ini ti a tion’ and ‘prop a ga tion’ of a co op er a tive he -
li cal con for ma tion were then sug gested. The  ��pa ram e ter is re lated to the sharp -
ness of the change in any prop erty mea sured as a func tion of a vari able in duc ing
he lix-coil tran si tion. 

The orig i nal sta tis ti cal-me chan i cal ma trix model de vel oped for the he -
lix-coil tran si tion in lin ear polypeptides has al ready been gen er al ised to in clude
other par al lel phe nom ena such as, for ex am ple, the zippering of or dered chains
in dou ble or tri ple he li ces (Po land, 1978; Can tor and Schimmel, 1980). It has
been also used to treat the bind ing of small io dine mol e cules into the amylose
core that ef fec tively in duce the or der ing conformational tran si tion (Ces�ro et al. 
1986). In these the o ret i cal ap proaches, the par ti tion func tion is writ ten as Q = P
Um Q, where the sta tis ti cal weight ma trix U is prop erly in dexed for ev ery near -
est-neigh bour in ter ac tion on the poly mer of chain-length m, each el e ment in the
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ma trix giv ing the rel a tive prob a bil ity (sta tis ti cal weight) for find ing site i (1 < i < 
m) in a par tic u lar state, he li cal (h) or coil (c). Proper dif fer en ti a tion of the par ti -
tion func tion with re spect to the sta tis ti cal weights give the ther mo dy nam i cally
av er aged quan ti ties which char ac ter ise the he li cal fea tures of the chain in terms
of the av er age num ber of he li cal seg ments, <N

h
>, and the av er age num ber of

mono mers in a he li cal seg ment, <N°>, de fined by: 

<N
h
> = dlnQ / dlns     and     <N°>= dlnQ / dln�  (2)

These two quan ti ties are suf fi cient to model the long poly mer chain into
few or sev eral he li cal seg ments of de fined length ac cord ing to the value of �
(smaller �  fewer the num ber of bro ken he lix, see Fig. 3).

With out go ing into fur ther de tail of these the o ret i cal ap proaches (Po land,
1978; Can tor and Schimmel, 1980), the pre dic tion is that the cooperativity of
the tran si tion de pends on the pa ram e ter �, but also on the chain-length m, whilst
the av er age tran si tion tem per a ture de pends on m and mainly on the value of s.
To un der line the role of the chain length on the sta bil ity, let us re mind that the
phase di a gram re ported in Fig. 1 shows not only the sta bil ity of or dered he li cal
con for ma tions, but also the breadth of the tran si tion, as a func tion of the vari -
ables m and T (for fixed val ues of � and s).

It is also im por tant to re cog nise the con se quences that changes in the value
of the pa ram e ter � have in the di men sional prop er ties (and in all other prop er ties 
re lated to chain to pol ogy, e.g. rhe ol ogy). This cor re la tion has been the o ret i cally
clar i fied by Flory and co-work ers (Flory, 1969), by cal cu lat ing the chain di men -
sions (ra dius of gy ra tion) of polypeptides with dif fer ent cooperativity as a func -
tion of the he li cal frac tion (re lated to s). Fig ure 4 shows the rel a tive di men sional
changes of an ideal ised poly mer chain as a func tion of the helix frac tion fh for

CONFORMATIONAL TRANSITIONS 5

Fig. 3 Rep re sen ta tion of di men sional (conformational) prop er ties of chains un der -
go ing coil-to-he lix tran si tion with dif fer ent cooperativity



dif fer ent cooperativity val ues. Once more, the non-lin ear change (very abrupt,
for ��� 10-3 or smaller) emphasises the in flu ence of the cooperativity on other
phys i cal prop er ties, a mat ter of great im por tance for both the sci en tific im pli ca -
tions and the tech no log i cal ap pli ca tions. It is surely in trigu ing to note that the ra -
dius of gy ra tion of a poly mer is in trin si cally re lated to its dy nam i cal prop er ties
and that there is a lin ear log-log de pend ence of the av er age chain cor re la tion
time with the chain di men sion (Ces�ro et al. 2002). As a con cep tual spec u la tion, 
the in creas ing ra pid ity of he li cal chain col lapse as a func tion of cooperativity
closely re minds the phe nom e non of fra gil ity of super cooled liq uids in a scaled
Arrhenius plot of tem per a ture de pend ence of seg men tal re lax ation times
(Angell, 1997). Long range cor re la tion in frag ile liq uids and in co op er a tive he li -
cal chains are the key-pa ram e ters that will have to be fur ther ana lysed in or der to 
ex plore the use ful ness of this con cep tual cor re la tion.

THEORETICAL ANALYSIS OF MICROCALORIMETRIC DATA 

Since the ear li est ex per i ments (for ex am ple, the ‘de na tur ation’ of poly-�- benzyl-
 L-glu ta mate, Ackermann; 1969), DSC ex per i ments have al ways been more fre -
quently used to char ac ter ise the he lix-coil tran si tion pro cess in biopolymers. It
was im me di ately noted that the heat of tran si tion eval u ated from DSC ex per i -
ments dif fers from that eval u ated by us ing the van�t  Hoff isochore for the ap par -
ent equi lib rium con stant. This dis crep ancy is a di rect con se quence of, and the o ret -
i cally re lated to, the ex is tence of ‘mo lec u lar blocks of mono mer units’ which
un dergo a phase tran si tion, with a change in enthalpy which is greater than the
uni tary change (i.e., per res i due) by a fac tor of �������N�, which has been de fined
as the num ber of mono mer units in a co op er a tive seg ment. Ca lo ri met ric mea sure -
ments di rectly pro vide the value of N° as the ra tio of the ap par ent van�t  Hoff heat 
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Fig. 4 Rel a tive changes of di men sional prop er ties (given by the square ra dius of gy ra -
tion) as a func tion of the he li cal frac tion for dif fer ent val ues of cooperativity.
The cooperativity pa ram e ter � changes from 1 to 10-5 from top to bot tom



of tran si tion and the ca lo ri met ric one. Sim plis ti cally speak ing, this is also the
rea son why, al though the spe cific heat of fu sion of ice is 1.436 kcal/mol, a van�t
Hoff anal y sis of the tem per a ture de pend ence of, let us say, the den sity in the
melt ing re gion would pro vide an ‘ap par ent’ heat of fu sion that is higher by very
many orders of magnitude, given the size of the thermodynamic domains
(crystals) undergoing the transition.

The most sim pli fied ap proach gives the length of the co op er a tive unit in
terms of the spe cific ex cess heat ca pac ity of the sys tem at the tran si tion
mid-point Tm and of the spe cific enthalpy change for the tran si tion �h:

�

�

�

�

H

H

RT c

h
N

vH

cal

Tm p
Tm4

� �
2

2

� (3)

where �HvH is the van�t Hoff enthalpy of the ‘equi lib rium pro cess’, de fined in
terms of the par ti tion func tion Q:
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where K is the ‘a-dimensional’ equi lib rium con stant of the pro cess which, ac -
cord ing to the mea sure ment method, can only be de fined by the frac tion of the
spe cies in the state h or in the state c, fh and fc. That is, the equi lib rium con stant,
K = fi / (1–fi), is ex pressed through any ex per i men tal value sen si tive to the mo -
lec u lar state of the sys tem, such as the in ten sity of the ab sorp tion, the dichroic or 
flu o res cence band, as well as struc tural and ther mo dy namic prop er ties.

In all cases, K is de fined as a frac tional ra tio of the fi nal state to the ini tial
state. The def i ni tion of the mo lec u lar size of the spe cies un der go ing the tran si -
tion is a con se quence of the sta tis ti cal me chan i cal anal y sis of the ‘cooperativity’ 
of the pro cess. In other words, be cause of the def i ni tion of the equi lib rium con -
stant, the mo lec u lar weight en ters the van�t  Hoff equa tion only for the de ter mi -
na tion of the enthalpy change in volved in the pro cess.

From the struc tural point of view the reg u lar ity of pri mary struc ture in -
volves the pos si bil ity that the chains with or dered he li cal con for ma tions may
form supra mo lecu lar struc tures, ei ther of sin gle or mul ti ple strand type. How -
ever, it must be noted that the above men tioned anal y sis does not give the num -
ber of chains in volved in the he li cal do main, but only the av er age num ber of
mono mers in the do main. None the less, it has been shown that, in some cases, it
is pos si ble to use the con cen tra tion vari able as an ad di tional pa ram e ter to re veal
such a fur ther stage of he lix dimerisation or mul ti ple ag gre ga tion. The o ret i cal
work on some of these pro cesses has been pub lished (Po land, 1978; Kidokoro
and Wada, 1987; Rob ert et al. 1989). Com plex tran si tions can be ana lysed
within the frame work of the polysteric model for conformational tran si tions, as
has al ready been done for the polysaccharide succinoglycan (Burova et al.
1996). Al though this is very im por tant for many hy dro col loids, we are not
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considering here the sta tis ti cal me chan i cal anal y sis that can be car ried out on
biopolymers which, in ad di tion to the he lix-coil tran si tion, ex hibit these fur ther
as so ci a tions of he li cal seg ments in larger ag gre gates and/or supra mo lecu lar struc -
tures. There fore, at this level of in ter pre ta tion, we wish to un der line that, while the 
sta bil ity and size of the ther mo dy namic do mains are clearly de fined through the
DSC ex per i ments, the ac tual molecularity of the pro cess may still need to be sup -
ported in the model by other ev i dence. Past in ves ti ga tors re sort to in ter pre ta tion of 
ex per i men tal data, such as those given by light-scat ter ing de ter mi na tion of the
‘mass per unit length’, or poly-elec tro lytic as sess ment of the ‘charge per unit
length’ in the case of charged biopolymers. Re cent ex ploi ta tion of non-con tact
atomic force mi cros copy (AFM) in the tap ping mode to solvated biopolymers
opens a new av e nue for di rect ac cess to mo lec u lar conformational data.

SOME RECENT DISPUTE ON THE VAN�T  HOFF ENTHALPY

Only the fun da men tal as pects have been re ported of the the o ret i cal back ground
which ac com pa nied the de vel op ment of ca lo ri met ric anal y sis of the co op er a tive
conformational tran si tions of biopolymers and of dis crep ancy be tween van�t  Hoff 
and ca lo ri met ric enthalpies. How ever, at the end of this brief out line it seems
more than ap pro pri ate to com ment on some re cent dis pute about this ques tion. Ar -
gu men ta tion and ru mours sche mat i cally con cern two prob lems: i) the pres ence of
small heat ca pac ity changes that, even if not clearly dis cerned, in duce dis crep an -
cies be tween �HvH and �Hcal: ii) the pos si ble in trin sic dis crep ancy of the two-state 
model. To be clear since the very be gin ning, none of the ma jor crit i cisms and ar -
gu men ta tion re fers to biopolymer cooperativity to a first in stance. 

The orig i nal ther mo dy namic re visi ta tion of the van�t  Hoff as sump tions was 
made about ten years ago (Weber, 1996). Lit er a ture re jec tions was al most im -
me di ate and his ar gu men ta tion was there af ter shown to have been unproperly
de vel oped as ‘ba sic prem ise of his ar gu ment was in cor rect, gen er at ing re sults
fa tally flawed’ (Holtzer, 1997; Ragone, 1995). How ever, the dis pute re turned
the ques tion of the pres ence of hid den con tri bu tion to the data cast in the form of 
van’t Hoff plot due to small val ues of �Cp. The dis crep an cies be tween the two
cal cu lated val ues of enthalpy, �HvH and �hcal, are orig i nated by dif fer ent fac tors
il lus trated by sev eral au thors.

First of all, a non-van ish ing heat ca pac ity change �Cp in tro duces a cur va -
ture of the van�t  Hoff plot. For some bind ing re ac tions Sturtevant and co work ers 
(Liu et al. 1995, 1997; Naghibi, 1997) cal cu lated tem per a ture de pend ent �HvH

val ues which dif fer from those ca lo ri met ri cally ob tained; the ra tio of �hcal/�HvH

var ied from ca 0.5 to 4.3. Al though a clear ex pla na tion was not pro vided, the in -
di ca tion was given that �Hcal in cludes all con tri bu tions from any pro cesses un -
der ly ing the re ac tion (in clud ing buffer or so lu tion com po nents) while �HvH re -
fers to the given ‘sim ple’ equi lib rium. In a suc ces sive pa per by the same au -
thors, ‘the dis cour ag ing con clu sion’ was reached that chem i cal re ac tions, at
least in so lu tion, are quite gen er ally more com plex than in di cated by the sim ple
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chem i cal equa tions. It has been also ana lysed the ques tion of whether or not the
dif fer ences arise from real un der ly ing phys i cal rea sons, or from ‘more mun -
dane’ dif fi cul ties in the proper anal y sis of the van�t Hoff data. The ef fect of hid -
den con tri bu tion, aris ing from small �Cp val ues into the van�t  Hoff anal y sis,
may bias the slope even if ap par ent cur va ture is not pro duced. On the other
hand, good ca lo ri met ric and van�t  Hoff data might be used to in fer the ex is tence
of a �Cp small in mag ni tude. Let us also ex plic itly men tion that the dif fer ences
are of ten more il lu sory than real. 

The main rea son to have re ported the above com ments is dic tated by the ne -
ces sity of com pletely dif fer en ti at ing be tween doubts and ar gu men ta tion about
pos si ble dis crep an cies and the ‘real’ large dif fer ences that are found when
‘nanosize-or gan ised’ sys tems are dis rupted by tem per a ture and their de com po -
si tion is stud ied by cal o rim e try or fol lowed by mea sur ing the change in any
com po si tion-de pend ent prop er ties. In the lat ter case, the very large val ues of
�HvH are uniquely, al though not pre cisely, in ter preted in terms of col lapse of the 
macrostructure in volv ing a large num ber of mo lec u lar units, while ca lo ri met ric
out put can be nor mal ised by any ar bi trary unit amount (gen er ally weight or
mole of sub stance). The term cooperativity un am big u ously de fines the melt ing
of fi nite nano-or dered spe cies as well as the dis or der ing of lin ear Ising chains
(Zimm and Bragg, 1959).

Differential scanning microcalorimetry

Sev eral high sen si tiv ity in stru ments are avail able from dif fer ent pro duc ers. In a
typ i cal run, ca lo ri met ric cells (sam ple and ref er ence) are heated up with scan
rates rang ing be tween 0.5–1 down to 0.01 K/min. Sev eral scan rates (tem per a -
ture-time pro files) are usu ally in ves ti gated to op ti mise the proper equil i bra tion
time with the best sig nal-to-noise ra tio, as low scan ning rates pro duce small heat 
flow sig nals (en ergy per unit time). Dis tor tion of the shape of the heat ca pac ity
func tion can be ef fec tively cor rected by the ap prox i mate Tian equa tion (Calvet
and Prat, 1963). How ever, in view of the low scan ning rates com monly used and 
the in stru men tal char ac ter is tic times (of the or der of 100 s), this cor rec tion is
taken as neg li gi ble un der most ex per i men tal con di tions.

Scanning microcalorimetry studies of helix���coil transition of
polysaccharides 

Mi cro bial poly sac cha rides are bio tech no logi cal ly pro duced and have a par a mount
rel e vance in in dus trial food and non-food ap pli ca tions (Suther land 1998). Their
‘qual ity’ re sides in their re pro duc ible chem i cal struc ture (con trary to many plant
gums) and their eco log i cal prop er ties (con trary to many syn thetic poly mers). In ad -
di tion to the valu able phys i cal prop er ties (they act as emul sion sta bi lis ers, gel ling
agents, in hib i tors of crys tal for ma tion, vis cos ity con trol lers), many of them ex hibit
bi o log i cal prop er ties which have been pos i tively ex plored in biomedicine. 
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The fol low ing sec tions re port on the re sults of some DSC anal y ses of the
cooperativity of the he lix�� coil tran si tion (Ta ble 1), to gether with some rel e vant
struc tural in for ma tion of the poly sac cha rides stud ied. The list (see Fig. 4 for
names and for mu las) is not in tended to be ex haus tive, but only to cover a range of
poly sac cha rides on which in ves ti ga tions have been ac cu mu lated, with some pref -
er ence to mi cro bial poly sac cha rides as bi ased by the au thors’ ex pe ri ence and of
poly mers im por tance. Fig ure 5 reports also the mo lec u lar masses of the re peat -
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Fig. 5 Scheme of the struc tural ar chi tec ture of polysaccharide re peat units. Mo lec u -
lar mass of the re peat unit is also in di cated (num bers in pa ren the ses re fer to
the units with out non-sugar sub stitu ents) 



ing unit of the poly mer in the ‘ideal ised’ na tive form, with a stoichiometric
amount of non-sugar sub stitu ents as in di cated. The mo lec u lar mass of the re peat 
unit, free from non-sugar sub stitu ents, is also shown since sam ple prep a ra tion
may often include hydrolytic removal of these substituents.

Ta ble 1 Ther mo dy namic data for the he lix-coil tran si tion of some poly sac cha rides

Polysaccharide Tm/�C �H/J g–1 � N�

Xanthan (0.01 M NaCl)   45  12  � �10–5 �300

Schizophillan (in water) �135 �27 2.5·10–5  200

Gellan   75  25  � �10–2 � �8

CPS Rhizobium TA-1   47  22   7·10–5  120

Succinoglycan (0.1 M NaCl)   71  17   4·10–5 1 50

Agarose   40  18  1.5·10–4  80

Amylose (-iodine-triiodide)   50  57   4·10–2 �5

Al though the or dered struc ture in so lu tion can not be pre cisely de ter mined,
the as sump tion is usu ally made that it is es sen tially pre served from the he li cal
form in the solid state. There fore, a brief ac count of the he li cal pa ram e ters is
given for each poly mer (Rao et al. 1998).

Xanthan: X-ray data are not con clu sive, al though in di cat ing that has a
5-fold he lix sym me try and pitch of 4.7 nm (c-axis); none of the sev eral mod els
(sin gle, dou ble, par al lel, antiparallel, left-, right-) pro vide ac cept able X-ray fit.

Schizophyllan: A struc ture sim i lar to that of hy drated curdlan is usu ally
as sumed, with c = 1.878 nm (h = 0.314) given by a 6-fold, par al lel, right-hand,
tri ple he lix. 

Gellan: Both na tive gellan and de-esterified (acetyl and glycerate) gellan ( K+

form) have been stud ied by X-ray, giv ing es sen tially a three-fold he lix with
c=2.815 nm (h = 0.913, 3-fold, left-handed, half stag gered, par al lel, dou ble he lix)

Succinoglycan: No data have been clearly pub lished on X-ray fi ber dif -
frac tion of succinoglycan. It has been quoted (Borsali et al. 1995) that it is a
‘sin gle he lix’ with a re peat length h = 1.92 nm, while most re cent data (in so lu -
tion) sub stan ti ate the ex is tence of a dou ble he lix with a pitch of about 2 nm per
re peat unit (Nakanishi and Norisuye, 2003).

CPS Rhizobium TA-1: The polysaccharide forms a 2-fold sin gle he lix of
pitch 2.02 nm; since it is sta bi lised by a se ries of hy dro gen bonds that in volve
the side chains, it has the ap pear ance of a pseudo-double-helix. 

Agarose: The orig i nal pro posal is of a 3-fold, left-handed, half-staggered,
par al lel, dou ble he lix) with a pitch of c=0.95 nm (h = 0.633). An other set of data
on dried films was in ter preted as ex tended sin gle he li ces with h rang ing from
0.89 to 0.97 nm.
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Amylose: Based on the en ergy con tours sev eral he li cal poly morphs are
pos si ble in view of the ex ter nal con di tions. The so-called hy drated ‘V’ amylose
is char ac ter ised by a left-handed he li cal con for ma tion with a pitch of 0.8 nm in -
volv ing six res i dues per turn (h = 1.33 nm). 

XANTHAN

Xanthan is a mi cro bial polysaccharide pro duced by Xanthomonas campestris,
the first bac te rial polysaccharide to be food-ap proved by FDA in 1969 (and by
EC in 1980). Its pri mary struc ture is con sti tuted by a cel lu lose-like back bone of
(1 �� ���-D-glu cose res i dues with a trisaccharidic side chain com posed by
man nose, glucuronic acid and mannose, at tached at C(3) and linked on al ter nate
glucosyl res i dues. The prox i mal��-D-mannose res i due is usu ally ac ety lat ed on
C(6) while the dis tal �-D-mannose may pres ent a pyruvic acid res i due in ketal
link age at C(4) and C(6). The pro por tion of these sub stitu ents can be eas ily
mod i fied by mild chem i cal treat ments (acidic or al ka line hy dro ly sis) or by
chang ing strain and cul ture con di tions (Suther land 1998).

Al though its pe cu liar ther mally sta ble vis cos ity be hav iour was im me di ately 
ap pre ci ated in many tech no log i cal ap pli ca tions, its con for ma tion in the na tive
state was a mat ter of de bate for a long time. Now a days the most cred ited sta ble
con for ma tion in so lu tion is that of a dou ble stranded chain (Berth et al. 1996 and 
ref er ence therein).

The ther mally in duced or der-dis or der tran si tion of xanthan in aque ous salt so -
lu tion has been de tected by a num ber of phys i cal meth ods, such as vis cos ity, op ti cal 
ro ta tion, dif fer en tial scan ning cal o rim e try. In par tic u lar, given the ionic char ac ter of 
the polysaccharide, the in flu ence of the ionic strength on the tran si tion tem per a ture
has been largely in ves ti gated in or der to ana lyse its poly electrolytic be hav iour in the 
frame of polyelectrolytic the o ries. The reader is ad dressed to the ba sic the o ret i cal
back ground here not re ported (An der son and Re cord, 1990, 1995; Paoletti et al.
1985) and to its ap pli ca tion to succinoglycan (Burova et al. 1996) and to other poly -
sac cha rides (Benegas et al. 1998). This type of anal y sis, cor rob o rated by many in -
de pend ent mea sure ments from dif fer ent au thors, has univocally as signed the
conformational tran si tion largely as a dou ble-he lix to coil.

A de tailed sta tis ti cal me chan i cal anal y sis was of fered by Brant and co work ers
to elu ci date the ther mo dy namic as pects of the con for ma tion and of he lix sta bil ity of
xanthan frac tions sub jected to ther mal treat ments (Hacche et al. 1987) up to a
throughful ex plo ra tion of its rhe o log i cal prop er ties (Lee and Brant 2002a, 2002b,
2002c). The tran si tion has been seen as a par tial melt ing of the dou ble strand: from
light scat ter ing a de cline in Mw as a func tion of tem per a ture, on pass ing through Tm,
was not seen even if ex pected and ev i dences showed that a sig nif i ca tive amount of
the dimers dis so ci ate in wa ter only at 95°C (Kawakami et al. 1991).

The pos si bil ity of ana lys ing sev eral re sults on xanthan ho mol o gous sam -
ples with dif fer ent acetyl groups and/or dif fer ent pyruvyl sub stitu ents opens an
in ter est ing op por tu nity to ver ify, within the ac cu racy of the ex per i men tal data,
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some ba sic ax i oms of the he lix-coil conformational tran si tion of charged
biopolymers. Among all these data, the enthalpy of melt ing ranges from ca 9 to
12 J/g (Christensen et al. 1993, Paoletti et al. 1983).

The con tents of acetyl and pyruvyl res i dues strongly af fect the poly -
saccharidic so lu tion prop er ties (Holzwarth 1979, Shatwell et al. 1990a, 1990b).
These au thors showed that acetyl groups have a sta bi lis ing ef fect on the or dered
con for ma tion and there fore in crease the tran si tion tem per a ture while op po site
ef fect can be at trib uted to pyruvate sub stitu ents; acetyl groups have the ma jor
ef fect on the shift in tem per a ture. As for charged poly sac cha rides the tran si tion
tem per a ture in creases with in creas ing salt con cen tra tion and at con stant salt
con cen tra tion (be low 1M) the tran si tion tem per a ture de creases with in creas ing
pyruvate con tent (Kitamura et al. 1991).

An other se ries of xanthan de riv a tives has been pre pared (Christensen,
1993) by de plet ing the ter mi nal �-mannose res i due in the side chains to a vari -
able ex tent (fM from 1.0 to 0), whereas the rest of the mol e cule re mains es sen -
tially un changed (how ever, also the acetyl group was al ways re moved). The
conformational tran si tion of these sam ples, stud ied by op ti cal ro ta tion and cal o -
rim e try, has been ana lysed both in terms of the Zimm-Bragg the ory and of the
polyelectrolytic the ory of conformational tran si tion of charged poly mers (An -
der son and Re cord, 1990, 1995).

Val ues of the cooperativity pa ram e ter � were eval u ated from these data. Al -
though the re sults are quite re pro duc ible over dif fer ent sam ple prep a ra tions, the
scat ter ing of the data as a func tion of fM does not al low to ex tract a clear de pend -
ence (if any) on the con tent of the ter mi nal mannose units. Tak ing for granted the
self-con sis tency of ca lo ri met ric data alone, then � should range be tween 10-4 and
10-5 with an up ward par a bolic cur va ture. The higher cooperativity for the un mod i -
fied sam ple and for the fully mod i fied sam ple with re spect to those par tially mod i -
fied is am ply jus ti fied in terms of the per tur ba tion of the or dered state, given by a
sta tis ti cal dis tri bu tion of struc tural mod i fi ca tions.

The ionic strength de pend ence of the tran si tion tem per a ture would there fore
re turn the non-ionic con tri bu tion to the tran si tion enthalpy and the changes in the
charge den sity of the poly mer due to the conformational tran si tion. Given the
struc tural pa ram e ters that en ter into equa tions, it is man da tory that the ac tual
conformational states are known and that the tran si tion oc curs be tween two struc -
tur ally de fined states. The pos si bil ity of a time-de pend ent mixed pop u la tion of
dou ble- and sin gle-stranded makes dif fi cult to prop erly ana lyse these data spe cies, 
as pre vi ously sug gested by Brant and co-work ers. Un der these cir cum stances, the
un usual tem per a ture de pend ence of light scat ter ing data from frac tion ated
xanthan sam ples was in ter preted with the for ma tion of both lin ear and cy clic
struc tures, later con firmed by AFM in ves ti ga tions (McIntire and Brant, 1997).

SCHIZOPHYLLAN

Non-ionic glucans with a ß-1,3 se quence of glu cose are pro duced by many mi cro -
or gan isms and in clude the curdlan fam ily and the scleroglucan-schizo phyllan
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fam ily. Schizophyllan pri mary struc ture con sists of lin early linked ß-1,3-D-glu -
cose res i dues with one ß-1,6-D-glu cose side chain ev ery third main-chain res i -
dues. In wa ter and at room tem per a ture the polysaccharide ex ists as tri ple he li ces
(Norisuye, 1980; McIntyre and Brant, 1998) made up by three chains in ter act ing
by intermolecular hy dro gen bonds with the side arms out ward of the he lix. This
or dered con for ma tion is still pre served even in pres ence of DMSO up to 70%
(Kitamura and Kuge, 1989) while a tri ple-he lix to sin gle-coil tran si tion oc curs at
higher DMSO con tents (Sato et al. 1983). Conformational tran si tions can be also
ther mally in duced, in var i ous sol vent com po si tions; the poly mer pres ents a highly 
co op er a tive or der-dis or der tran si tion in the side-chain con for ma tion at low tem -
per a ture and a dis so ci a tion-dis or der ing tran si tion at high tem per a ture.

Re gard ing the low tem per a ture tran si tion, in wa ter schizophyllan ex hib its
con sid er able changes in op ti cal ro ta tion (OR) and heat ca pac ity at about 6°C
(Itou et al. 1987). The small en do ther mic peak ap pears also in the ex per i ments
made by Bot et al. (2001), as well as in those re ported by Yoshiba et al. (2002).
Itou et al. (1986) pro posed a long dis tance or gani sa tion of the side chain in
which wa ter mol e cules plays an im por tant role, or gani sa tion that evolves to -
ward a dis or dered form by in creas ing tem per a ture. The fact that this conforma -
tional tran si tion at low tem per a ture is af fected by the sub sti tu tion of wa ter mol e -
cule with D2O, sup ports this hy poth e sis (Itou et al., 1987). 

In a de tailed ca lo ri met ric study (Kitamura and Kuge, 1989), high-sen si tiv ity
DSC was shown to be a very use ful tool for in ves ti gat ing ther mally in duced
conformational tran si tions of this polysaccharide. The orig i nal pa per re ports a set
of DSC curves de pict ing the phase di a gram for the conformational tran si tion of a
low mo lec u lar weight (Mw = 1.34 105) schizophyllan in wa ter-DMSO mix tures.
Val ues of �Hcal are re ported for the two tran si tions at sev eral sol vent com po si -
tions. For the tri ple-he lix to coil tran si tion a value of 27 J/g (in wa ter at T � 135°C) 
can be ex trap o lated from ex per i men tal data as a func tion of T and sol vent com po -
si tion. The ra tio of the van�t  Hoff to ca lo ri met ric enthalpy, re lated to the size of
the co op er a tive unit, raises from ca 70 up to 200 with in creas ing wa ter con cen tra -
tion. In the con text of this study, Kitamura and Kuge (1989) neatly showed how to 
rec on cile the pre vi ous lit er a ture re sults, which seemed in con sis tent only be cause
they were in com plete. Not only does the com plete phase di a gram of schizo -
phyllan in wa ter-DMSO clar ify such a dis crep ancy, but more over, the di rect ca lo -
ri met ric de ter mi na tion of tran si tion enthalpy has pro vided fur ther in sight to the
energetics and cooperativity of the two conformational pro cesses.

In a more re cent work (Kitamura et al. 1996) it is proved that �Hcal is in de -
pend ent on the pH of the so lu tion and, at a con stant pH, is also in de pend ent on
added salt. The ra tio �Hvh / �Hcal leads to a co op er a tive units size of about 300 for
pH be low 10 that de crease to a value of ap prox i mately 30 with in creas ing pH. Al -
though an anal o gous di min ish ing in the co op er a tive unit size was ob served due to
ad di tion of DMSO, the co op er a tive length is less sen si tive to the ad di tion of DMSO 
and the given ex pla na tion con cerns the pref er en tial sol va tion of the poly mer by
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DMSO. The sol vent ef fect on the cooperativity has also been shown by Hirao et al.
(1990); as the DMSO con tent in creases in a schizo phyllan/D2O so lu tion, the tran si -
tion shifts to wards higher tem per a ture but the cooperativity in terms of � is al most
the same for the dif fer ent sol vent com po si tions un der study. The tran si tion at higher 
tem per a tures is char ac ter ised by an asym me try of the DSC curves which, how ever,
could be ac counted for on the ba sis of a si mul ta neous conformational transition and
dissociation process.

GELLAN

Gellan is a bac te rial polysaccharide pro duced by the mi cro-or gan ism Sphingo-
monas elo dea with a pri mary struc ture con sist ing of a reg u lar se quence of
tetrasaccharide re peat units in the back bone com posed of glu cose, glucuronic acid 
and rhamnose at a mo lar ra tio of 2:1:1. The na tive polysaccharide con tains an
acetyl and an L-glyceryl as substituent on one of the glu cose unit and forms a soft
and elas tic gel. Deacylation by al ka line treat ment gives gellan in its com mer cial
form. The com mer cial poly mer is able to form rigid and clear gels which are in
some re spects com pa ra ble with those formed by agarose. X-ray dif frac tion stud ies 
have shown that in the solid state gellan ex ists as an ex tended in ter twined,
three-fold left handed dou ble he lix (Chandrasekaran et al. 1995). The glyceryl
group en hances the sta bil ity of the dou ble he lix, whereas the acetyl group does
not in ter fere with pack ing ar range ment and hence has no struc tural in flu ence.

Iden ti fi ca tion of or dered con for ma tions of gellan in so lu tion is com pli cated
by its abil ity to ag gre gate and form intermolecular or dered struc ture. How ever,
sev eral facts ar gue in fa vour of the dou ble he lix con for ma tion in di lute so lu tion at
low tem per a tures; from small-an gle X-ray scat ter ing of com mer cial gellan in
aque ous so lu tion, the rel a tive lin ear mass den sity (poly mer con cen tra tion
1.0–1.5%) at 10°C was re ported twice that at 60°C (Yuguchi et al. 1996). The in -
crease of poly mer con cen tra tion (2.9 and 5.7%) led to larger val ues con firm ing
the fur ther as so ci a tion of dou ble he li ces. This dou ble he lix as so ci a tion, es sen tial
for gel for ma tion, is con trolled by the type of coun ter ions. The cat ions role (for
deacylated gellan in so dium salt form in the pres ence of cal cium and po tas sium
ions) has been re cently stud ied by trans mis sion elec tron mi cros copy (Atkin et al.
2000). The cat ion type and the cat ion:carboxylate con cen tra tion ra tio (be low,
above or at the stoichiometric equiv a lence) have a pro found in flu ence on poly mer 
mor phol ogy with ev i dence of lat eral ag gre ga tion of the ther mo dy nam i cally sta ble 
con for ma tion of gellan in salt-free aqueous solution (double helix and dou ble -he -
li cal duplexes).

Dif fer en tial scan ning cal o rim e try stud ies of 10 mg/mL gellan in the ab -
sence of added salt showed sin gle ther mal tran si tion on heat ing and cool ing that
has been at trib uted to coil-helix tran si tions. At poly mer con cen tra tions higher
than 32 mg/mL DSC heat ing curves show two en do ther mic peaks; the lower
tem per a ture tran si tion was at trib uted to ag gre gate-helix melt ing and the high
tem per a ture tran si tion to he lix-coil melt ing (Miyoshi, et al. 1995a, b). Sim i lar
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stud ies (Mazen et al. 1999) showed that at fixed poly mer con cen tra tion (10
mg/mL) and low ionic strength (0.01 M NaCl) thermograms of deacylated
gellan are char ac ter ised by a sin gle peak on heat ing and cool ing at rel a tively low 
tem per a ture (ca. 34°C) with a very small hys ter esis. The enthalpy of the pro cess, 
at trib uted to the he lix-coil tran si tion, was re ported to be 9.5 J/g. On in creas ing
the salt con cen tra tion to 0.05 M a sec ond peak at higher tem per a ture ap peared
on heat ing (42°C) and at 0.1 M two well sep a rated peaks were pres ent in the
thermograms. The first peak (for 0.1 M NaCl at ca 53°C), at trib uted to the he lix
coil tran si tion ap peared nearly lo cated at the same tem per a ture as the peak on
cool ing runs. The sec ond DSC peak (for 0.1 M NaCl at ca. 75°C) was re lated to
the for ma tion of large ag gre gates of dou ble he li ces. The enthalpy of the
conformational tran si tion in creases pro gres sively with the salt con cen tra tion (up 
to 18 J/g) as ex pected for polyelectrolytes.

In or der to avoid con tri bu tions re lated to sec ond ary ag gre ga tion pro cess,
deacylated gellan in tetramethylammonium (TMA) salt form (salt con cen tra tion 
range: 0.0025–0.5 M TMACl) in di lute so lu tion (poly mer con cen tra tion:
0.5–0.7 mg/mL) has been re cently stud ied by means of high sen si tiv ity DSC
(Grinberg et al. 2003). Some com mon fea tures of the tran si tion have been ob -
served at ev ery salt con cen tra tion like, for in stance, the pres ence of a sin gle heat
ab sorp tion (with po si tion, size and shape de pend ing on ionic strength) and the
�-like pro file (long tail to the left of the max i mum and an ap par ent break point
to the right of it) with a very sharp max i mum of the thermograms. Sim i lar pro -
files were ob served for a highly pu ri fied sam ple of so dium salt gellan (10–15
mg/mL) in salt free so lu tion (Miyoshi, et al. 1999). More over, no dis tor tion of
the tran si tion �-like pro file was ob served in the whole range of ionic strength
con firm ing that the dou ble he li ces of the TMA gellan are not ca pa ble of ag gre -
ga tion. Both tran si tion tem per a ture and enthalpy in creased with in creas ing salt
con cen tra tion as ex pected for charged lin ear biopolymers. In par tic u lar, the
enthalpy of the pro cess has been re ported to be con fined in the range 5–10
kJ/mol within the in ves ti gated ionic strength range. By ana lys ing the pro file of
the conformational tran si tion with a model which con sid ers two sources of
cooperativity of the dou ble-he lix tran si tion (stack ing and loop fac tors) the au -
thors led to the con clu sion that the co op er a tive unit of gellan in volves about
eight re peat ing units (close to the per sis tence length of the dis or dered gellan
chain) with a cooperativity pa ram e ter (0.62�0.01) in di cat ing that the par tial un -
fold ing of the dou ble he lix in its mid dle sec tion (loop ef fect) dom i nates the
cooperativity of gellan tran si tion. More over, in or der to fit the Pois -
son-Boltzman model to the ex per i men tal free en ergy of tran si tion against the
con cen tra tion of the salt at T = 273 K it is nec es sary to sug gest that the ef fec tive
lin ear charge den sity of gellan in the coil con for ma tion is larger that that es ti -
mated for the fully ex tended chain.

Native gellan (0.8 acetyl and 0.8 glyceryl substituents per repeat unit)
conformational transition has been also investigated by DSC (Mazen et al.

16 CHAPTER 1



1999). Calorimetric data confirm that the native gellan is a double helix with a
much higher thermal stability than the deacylated one due to the role of the
glycerate groups (deacetylation have nearly no influence on the stability of the
double helix). In facts both transition temperature and enthalpy have been
reported significantly higher than those of commercial sample. The enthalpy
ranges from 18 to 22 J/g (polymer concentration 10 mg/mL), passing from 0.01
to 0.1 M NaCl. Contrary to deacylated polymer, the ionic strength dependence
of transition temperature of native gellan is relatively small and on increasing
salt concentration, only one peak on thermograms has been observed. The role
played by glyceryl groups, by perturbing the conformational transition, has a
correspondence in the modification of rheological properties and of the packing
density in the solid state.

CAPSULAR POLYSACCHARIDE FROM RHIZOBIUM TRIFOLII TA-1

The chem i cal struc ture of Rhizobium trifolii cap su lar polysaccharide (TA-1-CPS)
is char ac ter ized by a trisaccharide in the chain back bone which pos sesses two
branches on the same glucosidic res i due. The most dra matic so lu tion prop erty
ex hib ited by TA-1-CPS is, by far, its abil ity to form aque ous thermo-re vers ible
gels in a wide range of poly mer con cen tra tion (down to � 0.1 g/L). In par tic u lar,
due to the non-ionic char ac ter of the polysaccharidic chain, gels can be formed
in the ab sence of ionic co-sol utes and show a re mark able gel strength. A num ber 
of ex per i men tal ob ser va tions (Ces�ro et al., 1987; Gidley et al., 1987), in par tic -
u lar on the ther mal and rhe o log i cal be hav iour of TA-1-CPS in the pres ence of
co-sol utes (urea, salt, or su crose), sug gest that at least three dif fer ent lev els of
struc ture may be in volved in the pro cess of aque ous gel for ma tion. While the
first level was re ferred to as lo cal chain conformational or der ing, it was thought
that the sec ond one in volved ‘intermolecular or der ing be tween conforma -
tionally or dered seg ments’. This struc ture has been shown to re sist shear and
such denaturants as urea. The third level of struc ture pro vides for the three-di -
men sional gel net work and is la bile un der mod er ate shear and in con cen trated
urea so lu tion: it in volves supra mo lecu lar ag gre ga tion. Ev i dence for a com plex
ag gre ga tion in the de vel op ment of the gel struc ture has also been ac cu mu lated
from in de pend ent ex per i men tal work (Ces�ro et al., 1987 and Gidley et al.,
1987). In par tic u lar, both the hys ter esis and the tem per a ture de pend ence of the
ri gid ity (stor age) modulus in wa ter and in aque ous urea so lu tion sup port the
pres ence of an in ter me di ate step for the for ma tion of an ag gre gate struc ture.
From the struc tural point of view, al though the qual ity of the dif frac tion pat tern
of the TA-1-CPS did not at first per mit a good res o lu tion of its struc ture, the
layer line spac ings show that the chain has a 2-fold he li cal sym me try with a
chain re peat axis of 0.98 nm per re peat ing unit (Lee et al. 1992).

For this polysaccharide, ca lo ri met ric ex per i ments were car ried out un der
sim i lar con di tions and with three dif fer ent high-sensitivity DSC in stru ments.
The polysaccharide was re peat edly heated and cooled, and the ther mal curves
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were al most com pletely re pro duc ible. The DSC re sults showed a very sharp
tran si tion at around 47°C. The tran si tion, in deed, was re vers ible, sharp but
asym met ri cal (re lated to the ag gre ga tion). From the di rect ca lo ri met ric heat of
tran si tion of 22.2±0.2 J/g and the van�t Hoff enthalpy of about 1255 kJ/mol,
which was es ti mated ac cord ing to the pro ce dure out lined above, the mo lec u lar
weight of the co op er a tive unit N° re sulted as 57000. This value brings the length 
of the co op er a tive seg ments to about 57 nm which sta bi lises the or dered he li cal
con for ma tion in the gel struc ture.

There fore, gel ling prop er ties of CPS arise from a sta bi lised ar ray of en er get i -
cally fa vour able over laps be tween the side chains, while the stereoregular
non-ionic main-chain main tains a he li cal con for ma tion in wa ter, which, most
prob a bly is the same as that found for CPS fibres by means of the new X-ray dif -
frac tion data (Chandrasekaran et al. 1992). It is in ter est ing to note that the pres -
ence of side chains on a polysaccharide back bone is nor mally con sid ered a per -
turb ing fac tor with re spect to gelation. Ex am ples can be taken from lit er a ture and
in clude the welan-rhamsan fam ily as well as the curdlan-schizophyllan case. The
case of TA-1-CPS, how ever, points to the op po site. In fact, ei ther the cleav age or
mod i fi ca tion of the side chain de stroys the abil ity of this polysaccharide to form a
gel. A scru tiny of the re sults con cern ing the conformational tran si tion in duced by
tem per a ture on de riv a tives, ob tained by sidechain par tial mod i fi ca tion, led to the
con clu sion that the gel sta bil ity de creases lin early with the side chain mod i fi ca -
tion, which must de stroy the func tion al ity of the arms in the intermolecular
cross-link ing pro cess (Ces�ro et al., 1989).

Let us quote here that the same strain of Rhizobium trifolii produces an
abundant quantity of exocellular ionic polysaccharides (TA-1-EPS) which also
exhibits a ionic strength dependent conformational transition (Crescenzi et al.
1987a, 1987b). In addition, other microrganisms offers polysaccharides with the 
same primary structure but naturally differing in the amount of non-sugar
substituents (Faleschini 1988; Cosani et al. 1989; Ces�ro et al. 1992). Although
this would have offered an interesting case of homologous sample, detailed
analysis of calorimetric data has not been published.

SUCCINOGLYCAN

Succinoglycan is a mi cro bial exopolysaccharide pro duced by sev eral strains of
soil bac te ria be long ing to the gen era Alcaligenes, Pseu do mo nas, Agrobacterium
and Rhizobium. The poly mer chains are made up of octasaccharide re peat units.
Four monosaccharides of ev ery re peat unit (three D-glu cose and one D-galac-
tose res i due) make up the back bone, where the galactosylated glu cose res i due
serves as a branch ing point bear ing the tetrasaccharide side chain com posed of
D-glu cose res i dues at po si tion 6. Two charged non-car bo hy drate sub stitu ents
(succinate half-es ter and 1’-carboxyethylidene acetal) are lo cated in this side
chain, whereas O-acetyl groups, when pres ent, may be found in the back bone.
Succinoglycan does not form gels, but give rise to ex tremely vis cous so lu tions
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or weak gels (Ces�ro et al. 1992), how ever at suf fi ciently high poly mer con cen -
tra tion and in de pend ence of sam ple or i gin and ther mal his tory of its aque ous
so lu tions sub stan tial ag gre ga tion can oc cur lead ing even tu ally to the for ma tion
of thermoreversible gel (Boutebba et al. 1999).

Ac cord ing to most re cent light scat ter ing and viscometric data (Kaneda et al.
2002; Nakanishi and Norisuye 2003), succinoglycan in salt so lu tion (0.01 and 0.1
M NaCl at 25°C) be haves as a rod-like poly mer with a per sis tence length of
50–180 nm and a mo lar mass per con tour length of 1510 nm-1 (cor re spond ing to
that of a dou ble-he lix). At 75°C, the poly mer be haves as a worm-like chain with a 
per sis tence length and a mo lar mass per con tour lenght of 10 nm and 750 nm-1

re spec tively. From these data, the polysaccharide is con sid ered to be a dimer
that has or dered struc ture of dou ble he li cal na ture. How ever, in salt-free so lu -
tion, it was sug gested that succinoglycan be haves as a sin gle chain in rel a tively
low poly mer con cen tra tion (Borsali et al. 1995).

Up to now, the ther mally in duced or der-disorder conformational tran si tion
of succinoglycan has been stud ied by high sen si tiv ity cal o rim e try only in one
de tailed study, even if scarce ca lo ri met ric data have fre quently been in cluded in
stud ies aimed at char ac ter iz ing the poly mer so lu tion prop er ties. The com plex
na ture of the succinoglycan or der-disorder conformational tran si tion has been
stud ied (Burova et al. 1996) by ex am in ing the con cen tra tion de pend ence of the
tran si tion tem per a tures and the shape of the ex cess heat ca pac ity curves ob -
tained by high-sensitivity adi a batic DSC (5–100°C, heat ing rate 1 K min-1).
Ther mograms of succinoglycan in salt-free so lu tion at polysaccharide con cen -
tra tions of less than ca. 2 mg/mL, have been sat is fac to rily de scribed by the two
state model sug gest ing the tran si tion mech a nism to be of the sin gle he lix-coil
type. At higher poly mer con cen tra tion, the tran si tion curves be come char ac ter -
ised by a marked asym me try and are de scribed by a polysteric model which in -
cludes two stages: the co op er a tive dis so ci a tion of the he lix dimer and sub se -
quent melt ing of he lix mono mer. At NaCl con cen tra tions 0.01 and 0.1 M
thermograms have been well fit ted by the polysteric model within the whole
stud ied range of poly mer con cen tra tion (0.1–3.5 mg/mL).

The the o ret i cal pro file of the tran si tion was there fore cal cu lated by us ing an
ap pli ca tion of the gen eral allosteric ap proach de vel oped by Gill’s group (Rob ert
et al., 1989) Ac cord ing to this model, based on the the ory of the he lix � coil tran -
si tion, the fit ting ap proach gives the num ber N° of octasaccharides in the co op er a -
tive unit of succinoglycan. Fur ther more, the re sults sug gest that the av er age
length of a succinoglycan he lix in creases with salt con cen tra tion but does not de -
pend on polysaccharide con cen tra tion. The av er age value of N° changes from
85�25 in wa ter to 150�20 in NaCl 0.1 M, in agree ment with the in di ca tions of the
scat ter ing data. As an ex am ple, a chain of succinoglycan with mo lec u lar weight
5.4 106 in aque ous 0.1 M NaCl so lu tion in cludes more than 10 «in de pend ent» he -
lix seg ments each made up of an av er age of 150 re peat units. There fore, the sta bil -
ity of such a sys tem, con sist ing of a suf fi ciently large num ber of these ex tended
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seg ments, should be fairly in sen si tive to mod er ate vari a tions in the chain-length.
For this rea son, the ef fect of the mo lec u lar weight het er o ge ne ity of the sam ple on
the pro file and pa ram e ters of the con for ma tion tran si tion for succinoglycan ap -
peared to be neg li gi ble ac cord ing to the au thors (Burova et al., 1996).

The total value for the enthalpy of transition of succinoglycan double helix
to single coil chain (average upper limit of 17.34 J/g) is given by the sum of the
double helix dissociation enthalpy and the melting enthalpy. The contribution of 
the dissociation enthalpy of 6.67�0.6 J/g has been calculated. The contribution
of melting enthalpy is strongly influenced by polymer concentration in salt-free
solution (from 5.34 J/g at 0.1 mg/mL to 10.67 J/g at about 2.0 mg/mL with a
S-shape profile). In 0.01 M NaCl the melting enthalpy pass from 8.00 J/g at 0.1
mg/mL to 10.67 J/g at 2.5 mg/mL. A constant value of  10.67 J/g in the whole
range of polymer concentration is observed in 0.1 M NaCl. The peculiar
behaviour emerging from this calorimetric study, not only permits to interpret
some previously unclear issues but also to reconcile some discrepancies of
previous studies. For instance, the transition enthalpy reported by Ridout et al.
for native succinoglycan, 9.47 J/g, the value reported by Fidanza et al. 14.40 J/g
and the values reported by Boutebba et al. 17.1–18.8 J/g are presumably
obtained under different experimental conditions.

The cooperativity pa ram e ter has been re ported to range from 14�6 10-5

(salt-free so lu tion) to 4.4�1.2 10-5 (0.1 M NaCl) in di cat ing that the melt ing pro -
cess of succinoglycan he li ces is a highly co op er a tive tran si tion in com par i son
with other biopolymers (Burova et al. 1996). The pres ence of non-car bo hy drate
sub stitu ents has stim u lated in ves ti ga tions on the role played by O-acyl and
pyruvyl res i dues on the sta bil ity of the succinoglycan or dered con for ma tion.
Pre lim i nary DSC stud ies on acetyl-con tain ing succinoglycan sam ple in salt-free 
aque ous so lu tion (Ridout et al. 1997) re vealed that re moval of the acetyl sub -
stitu ents does not im prove the cooperativity of the tran si tion and re duce the sta -
bil ity of the he lix whereas re moval of succinyl groups raises the ther mal sta bil -
ity of the he lix, in creases the tran si tion enthalpy and im proves the cooperativity
of the tran si tion. The lat ter be hav iour has been sug gested ex plain able in terms of 
the re duc tion in charge den sity on the polysaccharide chain.

ALGAL GALACTANS: AGAROSE

Agarose is a neu tral al gal polysaccharide, ide ally con sti tuted by al ter nat ing res i -
dues of 1,4-linked 3,6-anhydro-�-L-galactopyranose and 1,3-linked �-D-galacto -
pyranose. The polysaccharide is the neu tral mem ber of the agar fam ily ex tracted
from red al gae and is usu ally as so ci ated with the sulphated ga lac tans (carra -
geenans), which how ever, in ad di tion to the charged sul phate groups, pres ent a
dif fer ent sugar stereochemistry. The wide spread em pir i cal use of agarose in the
prep a ra tion of neu tral gelled sub strate for the elec tro pho retic sep a ra tion of valu -
able bi o log i cal ma te rial has of ten ob scured the ef forts made to elu ci date the gel
microstructure and its mo lec u lar ar chi tec ture (Maaloum et al., 1998). The gel is
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sta ble at room tem per a ture and is char ac ter ised by a high ri gid ity. The hys ter esis 
be tween the melt ing tem per a ture (in the range of 85–95°C) and the gel ling tem -
per a ture (25–35°C) is rather pro nounced, al though re cov ery of the gel prop er -
ties usu ally oc curs af ter heat ing and cool ing cy cles. Fur ther more, while the spe -
cific enthalpy of melt ing does not change with poly saccharide con cen tra tion,
the gel ling tem per a ture in creases as ymp tot i cally with con cen tra tion, with a lim -
it ing up per tem per a ture of about 40°C. Un for tu nately, de spite the dif fer ent tem -
per a ture range for the melt ing and gel ling phe nom ena, no clear cut anal y sis has
been made for the two dis tinct pro cesses, and the tacit un der ly ing as sump tion
seems to be that the sys tem is ef fec tively in a sort of ‘de layed’ equi lib rium.
Com par a tive data for the agarose gel ling pro cess can be taken from the tem per a -
ture de pend ence of the dichroic ab sorp tion as re ported by Fujii et al., (2000) and 
from the ca lo ri met ric DSC data re ported by Rochas (1987). When the ca lo ri met -
ric enthalpy is set at 18.28 J/g (5.6 kJ/mol of re peat units), the van�t Hoff
enthalpy ob tained from the CD data is 450 kJ/mol, giv ing a value of about 80
units for the co op er a tive length. It is im por tant to stress that this anal y sis can not
pro vide any in for ma tion as to whether the he lix-coil tran si tion in volves sin gle or 
dou ble he li ces (ei ther with in ter twined or side-by side ge om e try); this in for ma -
tion can only be ob tained from di rect struc tural anal y sis. The value of 80 units
re lates only to the mean ing of the size of the co op er a tive block which melts si -
mul ta neously, no mat ter whether it is a sin gle lin ear chain of 80 units or 10 as so -
ci ated chains each of 8 units. It is, there fore, rather sur pris ing that the di ver -
gence be tween the ca lo ri met ric enthalpy and the van’t Hoff enthalpy has been
taken, at dif fer ent times by both these au thors, as ev i dence for the con tri bu tion
of the he lix-he lix in ter ac tion among agarose fibres, which is claimed to be con -
sid er ably larger than the conformational con tri bu tion in the coil-he lix tran si tion. 
Need less to say, also the size of the mo lec u lar unit in the equi lib rium con stant
has been mis in ter preted, tak ing into ac count a hy po thet i cal macromolecular
weight of 120 000 for the agarose polysaccharide. Given the con text of a scal ing 
anal y sis of rhe o log i cal prop er ties of agarose gel, the mo lec u lar di men sion of the 
or dered blocks may also play a role in the ‘chicken wire’ net work re spon si ble
for the elas tic prop er ties. It has also to be taken into ac count that most re cent ca -
lo ri met ric data give a ‘mois ture’ de pend ent heat of tran si tion, pro vid ing a lim it -
ing value at high wa ter con tent of 57.6 J/g (Cooke et al. 1996). Whether the data
above re ported could be re-eval u ated in the frame of a suit able model of he -
lix-coil tran si tion, is mat ter of fu ture de bate.

STARCH AMYLOSE

The es sen tially lin ear �(1–4) glu cose poly mer is named amylose; to gether with
the highly branched amylopectin con sti tutes the polysaccharidic com po nent of
starch. By spe cif i cally re fer ring to amylose mol e cule (i.e., in the ab sence of
amylopectin) we wish to avoid the con fu sion of at trib ut ing to starch as a whole
the prop er ties of in di vid ual com po nents, a prob lem that seems quite com mon in

CONFORMATIONAL TRANSITIONS 21


