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SUMMARY 

Organi c solvents were used in the p resent study as a means 

of investigating the non-covalent interacti ons involv ed in the 

maintenance and pertu,-bation of the three-dimensional struct ure 

of the collagen macromolecule in solut i on. The two main ty p es 

of non- covalent interaction under c ons i derat ion are hydrogen bond 

formation and hydrophobi c effects. Elucidation of the relative 

importance of these factors in the maintenan c e of the solution 

structure of prote ins is an area of intensive investigation and 

fundamental significanc e to b iochemistry as a whole. During the 

past decade, considerable progress has been made towards a 

clearer understanding of t he f o rces involved, and a numbe r of 

different theoretical and exp erimental approaches have emerged. 

Until about 1960, hydrogen bonding was widely believed to be the 

dominant non-covalent inte raction re sponsible for the maintenance 

of secondary and t ertiary structure in many proteins. Subsequently, 

an increasingly important role for apolar (hydrophobic) effects was 

suggested by a number of authors, and at present there is no 

satisfactorily definitiv e int e rpretat ion of the available experimental 

evidence. 

The current work is based on a comparison of t he eff e cts of 

organic solvents on widely different subs trates, namely collagen, 

cellulose, and the chromatographic reference material, catechin . 

The chromatographic mobility of catechin on cellulose may be 

regarded as a phenomenon which is mediated entirely by polar 

interaction mechanisms . The effects of various organic 

perturbants and of chang ing solvent / water ratios are readily 

interpreted on this basis. In the collagenous systems, however, 

certain results appear to require the introduction of concepts 
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other than those relating exclusively to polar bonding affinities . The 

experimental evidence shows that there are cases where the 

enhancement of the polar interaction potential of solvent/water 

mixtures, in relat ion to c atechin-cellulose systems, i s accompanied 

by an apparent reduction of polar interaction potential of the same 

solvent/water m ixtures with respect to soluble collagen. 

The anomaly outlined above will be discussed in terms of two 

fundamentally different theoretical assumptions . In the first of 

these, the mechanism of perturbant action in collagenous systems 

is regarded as essentially similar to that governing catechin­

cellulose affinity patterns. Thus, interaction processes are all 

treated as polar phenomena, in which direct hydrophobic 

destabilization of the collagen triple helix plays no part. In an 

attempt to explain the effects of perturbants in both collagen and 

cellulose-containing systems in terms of the above assumption, 

two hypotheses are examined involving (1) direct polar 

interaction between perturbant molecules and functional groups 

of the protein; (2.) the possibility of an enhanced polar interaction 

potential of water molecules, due to lowering of the environmental 

dielectric constant when organic solvents are added to the systems. 

Within the other broad conceptual division, collagen and 

cellulose substrates are considered to respond in fundamentally 

different ways to the action of organic perturbants . As before, 

cellulose-catechin-solvent interactions are treated as entirely 

polar phenomena, and perturbant effects interpreted i n terms 

of mechanisms such as direct solvation of the substrate, and 

the enhanced hydrogen bonding activity of water molecules. In 

contrast, perturbant lyotropic action with respect to soluble 
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collagen i s viewed as the manifestation of a major cont r ibution by 

hydrophobic inte ract ion pro c esses to macromolecul ar stability . 

Thus, solvents that competitively reduce the assumed entropi c 

contribution to the stability of the collagen triple helix, are seen 

as potential de stabilize r s of the native state of the protein and 

inhibitors of the regenerat i on of co-operative structures dur ing 

renaturat ion. 

Both of the above approaches are critically assessed in the 

light of the present wo r k and the dominant trends apparent in t he 

recent literature. 
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CHAPTER I 

COLLAGEN AND ITS ENVIRONMENT 
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The environment within which a protein molecule e-x[s ts CXErts 

a profound effect on the three-dimensional structu re o f that molecul e. 

The factors involved in the interaction between prot ein :!nd environment 

are probably best interpreted as a delicate balance betwe en cornplernen ­

tary and opposing tendencies arising from weak, n on .. c o v alent forces 

which are extremely sensitive to any change in their s u rro undings . A 

valuable approach to the elucidation of the relative cc.ntribu tions of these 

non-covalent interactions to the maintenance of protein c onformational 

stability is that involving selective perturbation of the sol v e nt environ­

ment of the protein in such a way as to cause measurabit; variation in 

conveniently monitored parameters. Collagen is v ery us ei'u l in 

studies of this kind for a number of reasons. In addition to its ready 

availability and relative ease of purification, it is sufficiently stable 

to allow convenient manipulation under laboratory conditions . Its 

most outstanding value arises from the large variation shown in two 

readily determined parameters, specific rotation and vis cosity. T her e 

exists an extensive and well-documented literature on the use of these 

and similar criteria in relation to conformational studie s (e . g. 

Levedahl and James, 1961; Yang, 1961). 

The role of collagen as the major structural component in all 

mammals and fishes and its unique contribution to the maint enance of 

mechanical forrn and tensile strength is analogous to the position 

occupied by cellulose in the plant kingdom (Bear , 1952) . Collagen 

constitutes the major protein component of bone, t e ndon, skin, 

cartilage and other connective tissues; approximately 30% of the 

total organic matter and 60 % of t he protein of the animal organism is 

of a collagenous nature (Veis, 1964). 

Collagen studies extend through many divers e field~ d interest . 

Collagen is intimately involved in a number of physiological pro ­

cesses including bone depos i t ion, ageing and scar - tiss u e formation 
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(Gillman, 1968; Glimcher and Krane, 1968; Sincx, 1968) and certain 

pathological conditions such as n e oplastic gre)wth, various forITls of 

rheumatic inflammation, and vitamin deficiency symptoms (Bear,1952) . 

Commercially, collagen resear c h arising OUr c f the needs of the 

leather and the gelatin and glue industries has led to significant 

advances on both the fundamental and applied levels. 

COLLAGEN STRUCTURE 

Differentiation of structural eleme nts in collagen extends throu gh 

s e veral orders oi organi zation whi ch nay h e i5tinGuished a s Inat rix 

collagen, intac t c ollagen, collag . n fibres, fib r ils a n d filaITlent~, a n d 

collagen molecules (Bear, 1952; Veis, 196'1). Formal distinction 

among all leve ls is not necessary in the contex t o f the present wo r k 

which is concernLd mainly with the behaviour of the collagen mole cule 

in solution in response to environmental influe nces . However, 

reference will be made to the use of mat rix collagen or collagen 

strips in certa ' n chromatographic procedure s : matrix collagen is 

defined here as the covalently bonded macroscopic network r e main­

ing after successiv e non-hydrolytic treatments of a suitable starting 

material with dilute organic acids, neutral non-denaturing salts and 

dehydrating solvents (after Veis, 1967) . 

The basic molecular u n it of all collage ns is the monomeric 

t ropocollagen macromolecule (Veis , 1964) , t he n atur e of which has 

been intensive ly investigated in recent years. The single collagen 
o 

molecule is an elongated cylindrical rod approximatdy 2800 A in 

length and 15 A in diameter (Boedtker a nd Doty, 1956; Hall and 

Doty, 1958) . Indiv idual macromolecules are composed of three 

po l ypeptide chains, each of molecular weight.± 100, 000, and 

de signated <>< - chains. The three chains each adopt a helical 

conformation and these helices are wound further around a c ommon 

central axis. The three-stranded unit is referr e d to as the 
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sup erhclix or triple helix. Upon heating to a critical temperature, 

which varies according to the source and method of ext.ract,on of the 

par t icu.lar coll agen , the rigi d t hree - stranded structure collapses to 

t h e rando m coil fonn referred to as gelatin. Cov alent links betwe e n 

0( - chains may occur producing, on d e naturation, ~ and '6 - components 

with molecular weights of about 200, 000 and 300, 000 respective ly, 

r orn' spondlng to double and triple-stranded random coils (Piez 

et a!. , 1963; Pi ez, 1965) . Although the individual c< -chains of 

n a t iv e vertebrate collagens are not identical (Piez, 1965; Butler ~al., 

1967 ; Stark and Kiihn, 1968) it has b e en shown that it i s pos s ible to 

f orm triple helices in vitro, which are v e ry s i milar to native collagen 

m o l e cules, from identical 0< - chains (Tkacz and K uhn, 1968) . There 

is also evidence to suggest that 0( -chains are further subdivided into 

distinguis h abl e units (Gallop et a1., 1959; Blumenfeld et a1. , 1965; 

Gallop, 1966) . 

Crystallographic studies indicate that the individual polypeptid e 

c hai ns of the triple helix ar e stabilized by one (Cowan et a1., 1955 ; 

Ri ch and Crick , 1955) or two (Ramachandran, 1967) hydrogen bonds 

for eve ry three residues along each c hain. R ecent evidence (Enge l 

.~. , 1966; Segal and Traub, 1969; Segal et a1., 1969; Traub 

et a1., 1969; Yonath and Traub, 1969) appears to support the Rich­

Cri c k one- bonded rnodel rather than the widely favoured two - bonded 

strucLure. 

AMINO ACID COMPOSITION 

The amino a c id composition of collag en clearl y sets it apart from 

all oth er proteins . It contains an unusually high proportion of glycine 

and p roline and is the only mammalian prote;", containing large amount s 

of hydroxyproline . Vertebrate collagen has an extrem.ely low sulpht..r 

cont e nt, this being solely in the form of rneth ionine since no cystine is 
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HOW~ ' r (' r, an invertebrate collagen , i solated from th e 

c'IJ.tidl' o f As c aris lurn brlcoides, has been sho wn to have a 

s i,?- ' ,~fic ant conl<,"{ OJ half-cystine r e sidue s and to e xhibit a numbe r 

of 'Uti'l s1.~al c h e m i cal and physical properties (McBride and Harrington, 

19(,7a, b). Anoth er a m ino a=ld a1m.ost exclusiv e to the collagens is 

bydl·oxylysine. 

The pres en l s tate of d evelopment of am,ino acid composition 

s tudies of v aJ:"ious collagens has been reviewed recently by Eastoe 

(1%7). Typica11Ilammalian collagens (Bowes et al., 1955; 

E as t"", 1955; P; " z el al., 1963) ha\ e t h e following amino dcid 

residuE" ratios : g lycine, 1 in 3; proline and hydroxyproline 

(co m bined)' 2 in 9,; alanine, 1 in 9 . The sum of these four a ccounts 

for t wo- thi rd s of all residues present , the remainder being made u p 

of th" other fourt e e n amino acids that o ccur in collagen. The high 

c.ontent of the imino acids, proline and hydroxyproline, is to a 

c onsidf' rabJ e e x t ent r e spo nsihle for the unique prope rtie s of collage n. 

Fi rstl)", the pyrrolldinc ring r e sidues b ear no hydrogen atoms which 

could f, .• rrn in te l '- peptid,z hydrogen bonds, hence 0( - helical 

c: o n for n,ations Cdnnot b e assumed by the polype ptide chains . Secondl", 

the steric rigidity of t h e pyrrolidine n ucleus is a major stability­

m (·diating factor in thE" fo rmatio n of the s pecific collagen-fold. 

St 1 ..l di c s of the Yf:1ation b t. t 'wf::en imino a c id content and thernla1 

s tal>llilY of ve r t <obraf e and Invertebrate collagens (Lewis and Pl e z , 

1964; Ha rrington dnd M c Bride, 1966; Harrillgton and Rao, 19(7) 

haY..-, shown that there 1s generally a r e duction in stability of collagens 

whI c h have a relatively low proportio n of l-yrrolidine residues . 

Tot a l pYl'ro tl ciine conte nt may not b<: t h e only factor affecting 

stiibili ty sinuo t here i s ev'ldene e t o suggest t hat res idue sequence and 

[' .h e pr~ senCe 01 re sidues su.ch as s e rine tnay influenc e the prope rti e s 

of c 113.gen s (Rigby , 1967) . Sequenc e studies on v arious c ollagens 
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(Bornstein, 1967; Hannig and Nordwig, 1967) have shown the 

primary structure of individual po l ypeptide chains to be 

differentiated into regions composed mainly of amino acids having 

non-polar side chains and sections in which there is a high 

concentration of amino residues with polar side chains. Nevertheless, 

the distribution of pyrrolidine r es idues through each polypeptide chain 

appears to be highly systematic and uniform (Harrington and von Hippel , 

1961a), the imino residues nearly always occurring next to glycine . 

In calf-skin collagen proline and hydroxyproline are present in 

approximately equal amounts, which suggests that the sequence 

Gly-Pro-Hypro-Gly might be a major contributor to the primary 

structure . This has been substantiatecl. by the identification of the 

sequences Gly-Pro-Hypro and Gly-(Hypro-Pro)-Gly (Kroner et al. , 

1955). In order to accommodate a single imino residue a polypeptide 

chain must rotate by -120? hence two sequential imino residues would 

impart a left-hand rotation of -2400 thus generating a fragment of the 

poly-L-proline II helix. The presence of a sufficient number of 

suitably disposed pyrrolidine residues may thus account for the 

formation of the poly-L-proline II helical structure of the individual 

polypeptide chains, and this process may be independent of inter-

chain stabilization mechanisms. In view of the foregoing, it appears 

that th e· in.ino re ciducs ar c of fundamental significance with respect 

to the equilibrium and kinetic behaviour of collagen. 

be discussed in greater detail in Chapter 3. 

WATER STRUCTURE 

This topic will 

The present study is concerned with the effects that changes in 

the solvent environment have on the denaturation and renaturation of 

the triple helix and the extent to whiCh th e maintenance of the native 

structure of collagen is dl.)e to hydrogen bond formation and to non-
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covalent forces other than hydrogen bonds. Lyotropic agents have 

been widely employed as environmental regulators in studies on 

soluble and intact collagens. Alcohols, amines, neutral salts and 

other forms of perturbant are well known in this respect (Steven 

and Tri stram, 1962; Schnell and Zahn, 1965; von Hippel, 1967 ; 

H erbage e t al., 1968) and hav e also been extensively applied to 

inve stigations of other (non-collagenous) protein systems (e . g . 

Schrier and Scheraga, 1962; von Hippel and Wong, 1965; Timasheff 

and Inoue, 1968; Kaminsky and Davison, 1969; Katz and Denis, 1969; 

Sun, 1969; Salahuddin and Tanford, 1970; Timasheff, 1970) . However, 

before proceeding to a more detailed examination of certain theoretical 

arguments emerging from studies of this nature, it is necessary to 

consider a fundamental concept that is central to the thermodynamic 

interpretation of protein confo rmational stabilization. The concept 

is that in which the existence of a degree of ordering or "structure" 

in liquid water is postulated. In terms of the Second Law of 

Thermodynamics, structural organization of water is of major 

importance with respect to hydrophobic stabilization mechanisms . 

The classical publication dealing with entropy-driven structure 

stabilization processes is that by Kauzmann (1959), the basic tenets 

of which have changed little in the past decade. Certain aspects and 

implications of the existence of structured water will b e discuss ed 

bri e fly below. An att empt will be made to clarify treatments 

r e lating to bulk properties in terms of the corresponding molecular 

concepts. Thus proposals arising out of a consideration of such 

bulk parameters as entropy , free energy and dielectric constant win 

be used inte r c hange ably with the ir molecular counterparts, where 

applicable, in order to demonstrate the essential compatibility of 

the two approac h es . 

The thermodynamic properties of water are greatly affected by 

its hydrogen bonding capacity. The presence of strong hydrogen 
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bonds in water explains such unusual properties as the high heat 

capacity, boiling point and melting point (Edsall and Wyman, 1958; 

P auling, 1960; Eisenberg and Kauzmann, 1969). The introduction 

of non-po lar molecules into an aqueous environment necessitates the 

disruption of water-water hydrogen bonds in the immediate vicinity 

of the non-hydrateable moiety. This results in a free energy increase 

due to the d istortion of the favoured hydrogen-bonded arrangement of 

pure water (Tanford, 1970). This concept, arising partly out of the 

work of Frank and Evans (1945), has led to the development of models 

for the structure of water "clusters" surrounding ionic, polar and 

non-polar entities in aqueous solution (Hatefi and Hanstein, 1969; 

Hertz, 1970). The relevance of this approach to the study of the 

stabilization of protein molecules in aqueous solution has been 

extensively reviewed (Klotz, 1958; Nemethy and Scheraga, 1962; 

Schachman, 1963; Nemethy, 1967, 1969), the central thesis being 

that tertiary and higher structural organization in proteins is 

stabilized to a greater or lesser degree by the entropy gain arising 

from the exclusion of vicinal, ordered water when non-polar surfaces 

in aqueous solution come into close proximity. The return of the 

relatively highly structured vicinal water to the les s ordered 

condition,or bulk structure, is regarded as the entropically favourabl e 

process. It has not yet proved possible (Schleich and von Hippel, 

1970) to establish a consistent general relationship between water 

structure and macromolecular stability by direct methods . 

Nevertheless, evidence suggesting changes in water structure on the 

addition of certain small-molecule solutes, such as urea, guanidinium 

chloride and neutral salts, has recently b een obtained using ultrasonic 

attenuation measurements (Hammes and Schimmel, 1967; Hammes and 

Swann, 1967 ; Hammes and Roberts, 1968). Other direct 

lneasurements indicating the presence of structural elements in 

aqueous solutions have also been reported (As sars son and Eirich , 1968; 

Barsukova, 1968; Hoover, 1969; Krishnan and Friedman, 1969a, b). 
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An important aspect of the possible existence of structural 

elements in water near interfaces is the effect on dielectric 

constant in the ordered regions . Drost-Hansen (1969) has dealt 

at length with this question and argues that the experimental 

findings may be interpreted in terms of a lowering of dielectric 

constant in vicinal water due to restricted rotational freedom of 

water molecules in these regions . The resulting reduced 

orientation polarization would account for the lowering of the 

vicinal dielectric constant. If this interpretation is acceptable 

the implications wi th respect to hydrogen bonding and other 

largely electrostatic interactions in protein-solvent systems are 

considerable, since vicinal forces of attraction and repulsion 

would be enhanced relative to those existing in the body of the 

liquid. This possibility is discussed further in the following 

section in relation to a direct binding mechanism for lyotropic 

action. 

THEORETICAL MODELS FOR LYOTROPIC ACTION 

Two major theoretical a p proaches to the mechaniqm of 

lyotropic activity appear relevant to the present investigation. The 

first embodies concepts pertaining to the Second Law of 

Thermo dynamics, as mentioned above, and has recently been 

i nvoked by Harrap (1969) to explain results obtained using soluble 

rat-tail tendon collagen and various a l cohols and diols . Harrap 

found that monohydric alcohols such as m e thanol, ethanol and 

t e rtiary butanol caused a progressive lowering of the melting 

temperature, TIn, of rat-tail tendon collagen with increasing carbon 

chain length of the organic solvent . In contrast, the diols , ethyl ene 

glyc ol and propane - I, 3-diol, produced considerable increas e s in T m . 

Propane - l,2 - diol, however, caused an initial marginal Tm decre as e 

up to a concentration of about 10 molar , after which a slight inc r ea s e 
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occurred. This slight increase at high molarities also appeared 

using methanol. Harrap inte r preted the findings in terms of 

hydrophobic interactions and changes in dielectric constant. the 

former representing the classical approach that stems largely 

from studies on globular proteins (Tanford. 1962; Timasheff. 

1970). Thus destabilization is regarded as being due to 

hydrophobic interaction between the hydrocarbon portions of 

perturbant molecules and non-polar side chains of the tropocollagen 

mac romolecule. Increasing the hydrocarbon content of the 

environment would therefore render less favourable the entropic 

stabilization arising from mutual association of non-polar residue 

side chains, since there would be a competing tendency for apolar 

side chains to associate with npn-polar molecules in the 

environmental atmosphere. At high concentrations of Qrganic 

solvent. however. the general lowering of the dielectric constant of 

the system would produce an opposing trend due to enhancement of 

polar interactions within the macromolecule . Although all polar 

i n teractions would be enhanced. it is to be expected that the co­

operative hydrogen- bonded system of the macromole~ule would be 

stabilized to a greater e><;tent than would random pqlar association 

between perturbant and protein and between water and protein. 

Hence. in those cases where the par t icul ar perturbant produced 

only a limited degree of hydrophobic destabilization. for example 

with methanol. a point would be reached where stabilization would 

b ecome the dominant effect que to the enhancement of co-operative 

polar interactions within the protein molecule . The tendency 

towards trend reversal w'ls also observed with the longer chain 

alcohols at lower concentrations in the order of decreasing dielectric 

constant of the pure alcohols. This is consistent with the 

requirements of the proposed model. In the cas e s of ethylene glycol 

and propane-I. 3-diol. Harrap considers that the hydrocarbon chain 

would be sterically shielded from hydrophobic interaction with the 
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apolar regions of the protein molecule by the terminally situated 

hydroxyl groups . In contrast, propane -1, 2 - diol has a sterically 

m ore accessible methyl group which could interact hydrophobically 

with apolar portions of the collagen molecule. Harrap's conclusions 

may be summari zed as follows : the major observed effects are 

r ationalized in terms of q) increased strength of the co-operatively 

hydrogen - bonded system of the macromolecule due to the lowering 

of d i ele c tric constant upon addition of organic solvents and (2) a 

decrease i n the contribution of hydrophobic interactions, between 

apolar side chains, to the stability of the tropocollagen monomer. 

Since these tendencies are of ppposite sense the 9verall effect 

depe nds critically on the balance between them, 

An alternative interpretation of lyotropic action has been 

formulated by Russell and Cooper (1969) with respect to 

e xperimental findings obtained using related systejTIs. Renaturation 

of acid - soluble calf-skin collagen was rn.onitored, in the presence 

of various polar organic solvents, by optical rotation and viscosity 

regai n m e asurements. Regain was progressively retarded as 

concentration, hydrocarbon chain length and polarity of perturbants 

were increased, but retardation was less extensive with solvents 

havi ng branched chain structures . The mechanism proposed does 

not provi d e a role for direct hydrophobic interactions as such, 

d e stabilization being regarded as · a function of direct hydrogen 

bond formation between polar perturbant molecules and peptide 

carbonyl and imide g:.:oups . The resulting effects would be 

(1) competitive disruption of interchain hydrogen bonds and (2) 

r e duction of the double-bond character of the peptide link, leading 

to i n c reased rotational freedom of the main chain components 

(Mandelkern et al., 1962) . The effects of increasing carbon c)1ain 

l ength are interpreted by Russell and Cooper (1969) in terms of a 

shi eldi ng mechanism whereby the apolar portion of the perturbant 



molecule competitively shields its polar group from interaction 

with environmental water molecules, thereby enhancing the 

potential for association between perturbant polar groups and 

p e ptide carbonyl and imide functions. The extent to which this 
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shielding could be expected to take place would increase with 

increasing linear hydrocarbon chain length since the "sweep-out 

volume" , that is the region of reduced water concentration, would 

inc re a se proportionately. In contrast, branched chain stru<;tures 

would contribute to a relatively smaller extent to increasing the 

swept-out region in the immediate vicinity of the potential hydrogen-

bonding group of the organic solvent molecule. Studies involving 

the synthetic homo - polypeptide poly- L-proline (Kurtz and 

Harrington, 1966; Veis et al., 1967; Strassmair et al., 1969), 

ultracentrifugation experiments using pigskin gel~tin (Threlkeld 

et al., 1968), and shrinkage temperature, swelling and intrinsic 

viscosity measurements (Puett and Rajagh, 1968) have recently 

provided substantial evidence that cOJ;nformational stability may 

be influenced by direct binding of perturbant molecules to 

functional groups of the polymer. 

The concept of lowered dielectric constant of structured water 

vicinal to apolar surfaces (Drost-Hansen, 1969) is readily 

incorporated into the above model for direct binding. Thus the 

influence of mechanical shielding effects in lowering the local 

dielectric constant in the vicinity of a perturbant molecule may be 

supplemented by a similar reduction arising out of the phenomenon 

of water structure enhancement near a non-hydrateable interface. 

Longer hydrocarbon chains would be expected to induce a greater 

degree of vidnal ordering of water than would shorter chains or 

more compact isomers . It is conceivable that the influence on 

dielectric constant, of greater structural organization in vicinal 

water, may be the primary cause of enhanced perturbant-substrate 
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hydrogen bonding, rather than the mechanical shielding or sweep - out 

voluITIe process. 

In a recent publication Herskovits et al. (1970) have criticized 

the direct binding approach in terms of its energetic feasibility. 

Implicit in the direct binding concept is a requirement fo r the 

stabilization of hydrogen bonds between perturbant molecules and 

protein peptide groups as a result of the presence of the apolar portion 

of the perturbant molecule. Herskovits et al. discuss data which 

suggest that the energy required to account for denaturation purely i n 

terms of such polar interaction mechanisms would have to be of the 

order of 2. 3 kcal per mo l e of alcohol -peptide bonds. In addition, 

each further methylene group in the homologous series investigated 

would necessitate an energy increase of O. 6 to 0.7 kcal per mole . 

Comparing these requirements with the knoWI], enthalpies of 

dimer i zation of the carboxylic acid series, formic, acetic, propionic 

and butyric acids, these authors conclude that such a mechanism is 

unlikely since the reported enthalpies are in the region of 0 .±. 1 kcal 

per mole and do not show any definite relation to hydrocarbon content 

(calculations were based on the work of Schrier et al., 1964). 
~ 

Herskovits et al. also note that the experimental observations of 

Susi and Ard (1966) show the enthalpies of dimerization of 

I) -valeTolactam in water, methanol and ethylene glycol to be 

similar, indicating no selectively greater ability of these solvents 

to weaken the C=O . .. NH hydrogen bond of the l actam. 

NON-PROTEIN SYSTEMS 

The scope of the present study was extended to include a set of 

non-protein systems in which the mobility of a reference substance 

(catechin) on a cellul ose substrate was shown to be a function of 

solvent composition. It is necessary to consider the validity of 



comparing results obtained using these systems, with the very 

different situation which might be expected to obta in in relation 

to protein- solvent interactions. Recent work (Russell et a1. , 

1967a, b, 1968a, b, c; Shuttl ewort h et a1. .I 968) on mobility 
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patterns of vegetable tannins using cellulose and matrix collagen 

subst r ates is relevant to this question and will be reviewed here . 

Use was made of an ascending chromatographic technique to study 

the essentially revers ible asso c iation between tannin and substrate 

and the effec t s of changing solvent compo s ition on such interactions, 

The mobility profiles both on collagen and cellulose were markedly 

s i m ilar, overall mobility being somewhat lower on collagen. These 

authors suggest that a common mechanism of association of tannins 

with both substrates is operative, based on polar interacti ons 

between solvent, solute and substrate, the main characteristic being 

non- specificity and applicability to a variety of systems. The l ower 

overall mobility of the wattle tannins on collagen than on cellulose 

is attributed to the expected stronger polar interacti ons between the 

polyphenolic tannin molecules and the carbonyl groups of the intact 

protein. In contrast, interactions between tannin mole cule s and 

cellulose would be weaker since the only available hydrogen-bonding 

sites on the cellulose are the hydroxyl groups. A further feature of 

the observed mobili ty patterns is the initial rise in mobility to a 

peak at int e rmediate organic s o lvent/water ratios , followed by a 

marked reduction in mobility towards the pure organic solvent 

extreme. The concentration at which maximum mobility occurs is 

lowered as c arbon chain length of the orga niC solvent increases. 

Typical migration patterns are summarized i n the fo llowing table, 

which shows the relationship between solvent carbon chain l e ngth 

and the mobility of catechin on collagen and cellulose. Rf maxim a 

are shown relative to the c oncentrations at which they appear. 



TABLE 1. 1 

Effe ct of increasing c hain len gth of solvent on chromatographic 

mobility of catechin on cellulose and c o llagen 

Solvent Rf(maximum} Solvent concentrat ion 
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at maximum Rf(volum e s%} 

Methanol 

Ethano l 

n - Propanol 

cellulos e c ollagen cellulos c 

O. 70 O. 35 60 

O. 80 O. 50 55 

0.95 0 . 60 45 

Data from Russell et al. , 1968b. 

collagen 

7 5 

65 

55 

From the table it is clear that increasing linear carbon chain 

length enhances tannin mobility on both substrates . 

The detailed explanation proposed by R u ss eliet a l., (l967a, b, 

1968a , b, c) to account for the effect s described above i s as follows: 

active sites on the s ubstrate (cellulose or collagen) are considered 

to compete with environmental water and s olvent molecule s for polar 

binding sites on the tannin molecules . Any factor which increases 

water-tannin, solvent-tannin, water-cellulose or sol v ent-cellulos e 

hydrogen bonding will commensurately reduce the potential for 

tannin-cellulose inte ractions . Such a factor would ther efore promote 

tannin mobility. A similar mechanism is suggested to account for 

the affinity patterns shown on the collagen subst rates . The effect 

of pendant hydrocarbon structure i s descri bed in terms of the 

shielding action of the apolar portion of the organic solvent molecule, 

which c auses a reduction in t he availab i lity of wate r in its immediat e 

vicinity. Thus the rat e of exchang e of environmental molec ul es a t 

pola r sites on the tan n in and the substrat e is diminished. The 
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overall effect represents an increase in the duration of residency of 

organic solvent molecules on tanni n molecules and substrate as 

perturbant hydrocarbon chain length is incr eas e d . Hence t h ere is 

a greater degr ee of solvation of tannin a nd substrate by the 

environmental atmosphere, and reduced probability that tannin-

substrate hydrogen bonds will form . Thus at l ow concentration s of 

organic solvent the dominant effect is a reduc tion of the duration of 

pol ar inter a ctions between tannin molecule s and substrate due t o 

competition for all polar sites by the perturbant molecules, this 

competitive ability being enhanced progressively by the shielding 

effect of increasing carbon chain length. When the concentration 

of organic perturbant in the environment becomes sufficiently h i gh, 

however, tannin mobility dec r eases since the general lowering of 

dielectric constant becomes more s i gnificant than the vicinal effect 

in the immediate proximi ty of perturbant molecules. Under these 

circumstances all polar interactions are enhanced but the co­

operative nature of the multi - point catechin-substrate attachment 

makes this the dominant as sociative tendency and mobility is 

sharply reduced. This theor etical approach is the direct corollary 

to that dis cussed in relation to t h e soluble collagen systems and is 

similarly subject to modification in terms of the i nfluence of v icinal 

water structure on local d ielect r ic co nstant. 

The gen eralit y of effects of solvent composition with respect to 

tannin mobility on matrix collagen and on cellulose does not 

necessarily imply that t he situation obtaining in systems contain ing 

soluble collagen can be interpreted in identical terms . Th e structure 

of a protein molecule in solution might reasonably be e xpected to be 

more sensitive to certain e nvironmental influenc e s such as 

hydrophobic stabilization proc e s ses (Tanford, 1962; Wetlaufer and 

Lovrien, 1963; von Hippel and Wong, 1965; Schnell, 1968) than 

would the gross, intact form . Neverthel ess , in the present study, 
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comparison of the influence of solvent composition on catechin ­

cellulose affinity patterns with the effect on the stability and 

renaturation of soluble collagen proved very useful. The possible 

significance of the apparent similarities and differences evident in 

these systems is discussed in later chapters . 

HYDROPHOBIC INTERACTIONS WITHIN THE TRIPLE HELIX 

The concept of hydrophobic interaction as a factor contributing to 

the stabilization of the collagen triple helix is not infrequently invoked 

t o explain the effects of certain lyotropic agents (Schnell, 1968; 

Harrap, 1969). The apparently well-established role for puch 

interactions in relation to the globular proteins and model systems 

(Wetlaufer and Lovrien, 1963; Kiehs et al. , 1966; Castellino and 

Barker, 1969; Gratzer and Beaven, 1969; Cecil and Louis, 1970 ; 

Timasheff, 1970) has led to the tentative assumption that similar 

processes might be significant with respect to collage", stability at 

the level of the monomeric macromolecule . Tanford (1970) states 

that, "It is now firmly established that the compact ordered 

structures of typical native proteins owe their existence to the fact 

that the hydrophobic side chains of proteins have an unfavourable 

f ree energy of interaction with water." While this approach 

appears to b e valid in a number of cases, especially with respect to 

the globular proteins and probably also in relation to the 

polymerization of collagen monomeric units i n the formation of the 

typical higher aggregation states, difficulti es arise in extending 

this hypothesis to in<;lude the tropocollagen monomer itself. 

Examination of the fine structure of the c ollagen molecule makes 

it appear unlikely that apolar as sociati on could playa significant 

part. The Ramachandran (1967) model for the collagen triple 

helix shows that all side chains must be directed away from the 

central axi s . Wherev e r an ex -carbon atom carries a side 
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chain, that is, in all cases other than glycine, there is no poss i bility 

of the side chain being oriented towards the main axis ; side chains 

must , in effect, be externally disposed around the "outside" of the 

tropocollagen macromolecule . Other collagen models , such as that 

proposed by Rich and Crick (1955), do not differ in this particular 

respect since pi', Is' and f) carbon atoms could not be proximally 

accommodated. The remaining possibility to be cons i dered is that 

involving apolar association of contiguous non-pola, side chains on 

the external surface of the monomer . It appears that any such 

contiguous interactions between suitably juxtapo'1ed side chains 

would necessarily be of a limited nature. Nevertheless , the 

experimental evidence a,ising out of the present work suggests the 

existence of a role for such inte,actions as contributors to the 

conformational stability of the collagen molecule. This implies 

that it may not be essential for extensive chain segments of a 

predominantly apolar nature to come into very close proximity, as 

in the formation of tertiary structural elements in globular proteins 

or quaternary aggregation states in collagen, for hydrophobic 

effects to contribute significantly to stabilization of the triple helix. 

It is evident from the literature that there is no consensus of 

opinion concerning the probability of hydrophobic interaction being 

a contributor to the stabilization of the triple helix. 

(1964), for example, makes the assumption that the 

Harrington 

only forces 

involved in the stabili7'ation of the tropocollagen monomer in the 

typical triple helical conformation are peptide hydrogen bonds 

between the three chains, in addition to the stereochemical 

restrictions associated with the pyrrolidine-ring residues . In 

contrast , von Hippel (1967), in art assessment of Harrington's 

findings, contends that there is considerable evidence to suggest 

that collagen is stabiliz;ed by hydrophobic interactions and that 

attributing too exclusive a role to hydrogen bonding might be an 

over simplification. 
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SYNTHETIC POLYPEPTIDES AND OTHER SYSTEMS 

Studies on the collagen analogue (Pro - Gly-Pro) are relevant to 
n 

the present discussion. Engel (1967) has demonstrated the 

fundamental similarity of the (Pro-Gly-Pro) and collagen structures 
n 

with respect to temperature-induced confol'mational transitions. On 

the basis of Harrington's (1964) calculations fo I' the two - h ydrogen­

bonded structure for collagen, Engel proceeded to compute the expected 

melting temperature of (Pro-Gly-Pro) using the same entropy and 
n 

enthalpy values but as suming only one hydrogen bond per tripeptide 

unit; only one hydrogen bond per tripeptide unit being possible since 

the nitrogen atom of the proline residue is tertiary. The value so 

obtained was 930 C which is in good agreement with the experimental 

estimate of 700 -l000 C. These values are based on the assumption 

that hydrophobic interactions play little or no part in the stabilization 

of the monomeric triple helical structures in either case. 

In contrast, it has been shown (von Hippel and Schleich, 1969) 

that perturbants such as urea and guanidinium chloride considerably 

increase the solubility 9f alkanes and non-polar amino acids, thus 

implyi\'lg that interacti,ons other than hydrogen bonding must be 

operative in this type of solubility process, which is regarded as 

being analogous to the destabili"ation of hydrophobic ally associated 

protein side chains. 

The considerations outlined above suggest that although contacts 

between apolar side chains in the collagen molecule appear to b e of a 

far more limited nature than those in globular proteins, the 

Possibility that hydrophobiC! interactions might contribute 

significantly to the stabilization of the tropocollagen monomer cannot 

be dismissed. It is hoped that examination of the experim ntal 

findings to be detailed in the following chapters will allow a relative 

assessment to be made of the extent to which structure perturbation 

in the collagen molecule may be accounted for in term.s of the 

foregoing hypotheses . 



CHAPTER 2 

METHODOLOGY 



SPECIFIC ROTATION AND THE COLLAGEN-GELATIN 

TRANSITION 
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The theoretical basis for the use of optical rotation as a parameter 

for monitoring the collagen_gelatin transition has been discussed by 

Cohen (1955) . The interpretation offered relates optical rotation and 

polypeptide chain conformation as follows . (1) In the denatured state 

chain conformation is completely randomized, the observed rotation 

being attributed to the additive contributions of the individual L - amino 

acid residues. (2) The very high specific rotation of native collagen, 

by comparison with the globular proteins, may be rationalized in terms 

of the large contribution by the unique collagen-fold structure which is 

superiInposed on the contributions of the o< - carbon atoms of the L-amino 

acid residues. Thus any change in the specific rotation is regarded as 

a direct measure of the amount of collagen-type helical structure 

existing in the main polypeptide chains. In the present study the 

specific rotation of a completely heat-denatured gelatin solution was 

taken as [oe] = - 4600 at A = 365rryt, and that of soluble native 

collagen as [O(J's~ -13300 (Drake et al., 1966). Calculations of specific ... --
rotation are based on the relation 

[o<Jt = 100 
3.5 dc 0< 

where 0( = observed rotation 

d = path length in decimetres 

and c = concentration of protein in gralns per decilitre. 

The high content of the pyrrolidine - type residues, proline and 

hydroxyproline, in collagen is of particula r importance with r e spe ct to 

the additivity of optical rotatory properties; under nonnal circumstancES 

heli cal conformations have no preferred sens e or direction of twist , 

providing that pyrrolidine- residue content is low. Henc e, in g lobu la r 

proteins, it seems likely that ar e as of opposed helical sense c oul d 

oc cu r in the same polypeptide chain in the native state ; the o c casiona l 
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presence of pyrrolidine residue s may in fa c t favour a reversal of the 

helical sense . In contrast, the unusually high pyrrolidine - residue 

content of collagen dictates st e reoche mical restrictions that preclude 

any sense reversals , thus a ccounting for the high optical rotatory 

power . Th e situation with respect to globular proteins is one in 

whi c h the observed rotation is essentially a measure only of the 

extent to which one helical sense i s in excess of the other. Since a 

peptide chain appears to fold more readily into a right-hande d 

0< - helix than a left-handed one (Haggis, 1964) it may be assumed 

that optical rotation readings represent the statistical dominance of 

the right - handed helical sense . As noted above, this situation does 

not exi st in native collagen. In addition, the entire tropocollagen 

rnacromolecule may be regarded as being in the helical condition 

whereas globular proteins have regions of helix interspersed, to a 

greater or lesser degree, with regions of random cQil. 

Other aspects of the relationship between optical rotation and 

conformation of polypeptides and proteins have been comprehensively 

r evi ewe d by U rne sand Doty (1961). 

VISCOSITY 

The visc o sity of a solution i s the Hlanife station of an e ssentially 

hydrodynamic phenomenon, changes in which drc m e diated by 

alterations in the overall size and shape of solute molecular domain, 

and hence provides a useful corrobo rative paramet e r for monitoring 

the collagen_gelatin transition. The h i gh viscosity of native 

collagen solutions reflects the asymrnet r y o f the rodlike tropocollagen 

macromolecule , as d i stinct fron., th e flexibl e denatured random coil 

which offers much less resistanc e to flow. 

Viscosity measurements may be subj e cted to a number of 

theor et i cal treatments one of th e n lore useful of which is the 



c alculation of the reduced viscosity. 

relation 

This is derived from the 

"1 reduced = (1/ 'fo)..L 
'70 c 

v/h e re "7 = v i scosity of solution, 

"70 '" viscosity of solvent , 

c = concentration of solute in grams per decilitre . 
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Yang (I961) has reviewed the various viscometric relationships in 

curr ent use and discussed in detail their application to different 

branches of protein cherpistry. 

THE USE OF FIXED - TIME REGAIN VALUES 

A convenient rpeans of comparing the effects of various perturbants 

on the renaturation process is on the basis of the optical rotation and 

viscosity regain values at fixed times after commencement of 

renaturation. Readings at 1 hour and 48 hours were used as indi cators 

of recovery during the early and l ate stages of reactIon, respecti ve l y . 

These were generally found to be in qualitative agreement with each 

other with re~pect to the overall order or Tanking of perturbant 

effects . It had been expected that th e 1 hour recovery values rnight 

also serve as an easIly accessible measur" of the kine tic situat ion at 

z e ro - tim.e . However, i n certain cas e s the r e lationship between 1 hour 

recovery val u es and initial reaction rates was found to be non-linear . 

In v i ew of this finding, 1 hour recovery v alues were used as str i ctly 

qualitative indicators of the simple order of lyotropic effecti v eness 

at finit' e tirne . 
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MATERIALS 

Lyophilized, a cid-soluble c a lf - skin collage n whi ch had bee n 

prepare d and c hecked for purity by am.ino a cid analysis and 

ultracentrifugation according to the m.ethod described by Cooper and 

Davidson (1965) was us ed throughout . 

Solvents and reagents were all com.m.ercial AR grade o r 

Laboratory grade . In the studies of the effects of pH fluctuation the 

following buffer system. was used: 

com.ponent A' = 9 . 005 gil glacial acet i c acid 

com.ponent B' = 14. 722 gil potassium. acetate . 

By com.bining suitable proportions of these two com.ponents a 

reasonably wide range of pH values could be selected. 

In all other system.s the buffer com.ponents were: 

com.ponent A 

com.ponent B 

= 7.384 gil glacial acetic acid 

= 17. 372 gIl potassium. acetate . 

Equal parts of com.ponents A and B produced a solution of pH 4. 65 to 

4 . 70 in the absence of added organic solvents. 

In all cases the final ionic concentration of the com.bined 

com.ponents of the buffer system.s was O. 15 m.olar . 

Whatm.an No.1 chrom.atography paper was used in all the 

chrom.atographic studies. 

The (±) cate c hin used as chrom.atographi c reference com.pound 

was supplied by Koch-Light Laboratories, Colnbrook, England. 

Catechin spots were vIsualized by spraying with a 14 % solution of 

am.m.oniacal silver nitrate. 
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INSTRUMENTATION 

Optical rotation measurements were taken by means of a Perkin­

Elmer Model 141 readout polarimeter using the mercury lamp at a 

wavelength of 365 "¥ . The 10 cm polari meter cells used were 

water - jacketed and t h e temperature controlled to + O. 05
0

C using 

Colora Ultrathermostat water baths and Colora Tauchkilhler TK64 

immersion coolers . These were arranged in series so as to allow 

simultaneous ope ration of five polarimeter cells . 

Viscosities were measured using Canon-Fenske flow 

v iscOl n e H rs, sizes 50 n d 10 0, B. S. 188 and calculated according to 

the equation 

wher e 

V = Ct -
B 
t 

V = kinematic viscosity in centistokes , 

t = observed flow time in seconds, 

and C and B are specific constants for each viscomet e r as supplied 

by the manufacturer (Gallenkamp &: Co . , London), 

Visc01neters were initially cleaned with chromic acid then 

r insed with distilled water and dried with GR grade acetone . 

Following each experiment the viscometers were rinsed with tap 

water then filled with a + 10 % acetic acid solution and allowed to 

stand overnight. Viscorneters were then rinsed with distilled 

water and dried with acetone. 

Temperature control during viscometry was achieved using a 

Gallenkamp Model WF 615 viscometer bath linked to a Beckman 

Mobile Refrigeration Unit Model 133A, giving control to ± o. OSOC . 

Tropo c ollagen sol utio ns were clarified using an MSE 18 high 

speed centrifuge . 



Optic a l r o t a tbn and viscosity data and the kinetic analys e s 

were ( om j: c: t,. d by m e ans of a Hewlett-Packard Model 9l00B 

progr arnm a bj r d ; sk - t o p calculator . 

METHODS 
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Collag( n s c.btions were prepared by dissolving the estimated 

amou n t of [r~e ze- dri ed a cid-soluble collagen in the ac e tic acid 

component " f th ,; b uffer by means of gentle stirring with a magnetic 

stirrer for ± 30 m;m:ites , keeping the solution at + 100C to avoid 

heat d e naturation. The potassium acetate solution was then added 

and the m i x t t:re allowed to stand overnight in the refrigerator at 

4 0 C . The solu tion was centrifuged at 32,000 g for 1 hour at SoC 

to rem.ove a n y u ndissolved collagen. A concentration check was 

carried ou t by po la r ime try using the value [O(l~~ = -1330 0 as the 

basis fo r c a lcl:l a t ing the specific rotation of native tropocollagen 

(Drake et al. , 1 966) and the preparation was adjusted to the 

required cGn (: e ntra t ion by the addition of buffer . 

DENATURATION 

Collagen _ g e latin transitions were monitored by polarimetry 

using the " 3D - min u te method" of von Hippe1 and Wong (I963a) in 

which s y s tems a r e in cubated for 30 minutes at each temperature 

prior t o re ading, thu s allowi ng a pseudo-equilibri um state to be 

attaine d . Von Hipp e l and Wong (1963a) have shown tha t for true 

equ ilibrium to b e rea c hed th e incubation pe r iods at t e mperatures 

wi t h i n th e tran s ition z o ne may have to be as long as 18 hours . 

Ho w eve r , t h e 3D-minute procedure leads to an increase of only 

about 10 C in th .; ~ppar ent Tm and to melting curves which do not 

suffer any m arked loss of symmetry by comparison w i th true 

equi libr i u m p ro fil" s . In the present work, melting temperatures 
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were us e d as a me a s u re of the relativ e effe c ts of various 

perturbants on the stability of the collagen tripl e h e lix, hence the 

small differen ce b e tween Tm values obtaine d by the 30 - minute 

method as compared with true equilibrium methods w a s not 

conside r ed significant. 

transition midpoints. 

In all cases Tm values were read at the 

RENA TURA TION 

Both polar imetry and viscometry were used to follow the 

course of renatu r ation. Concentrated collagen/buffer solutions 

were denatured by heating at 45 0 C for 15 minutes, after which the 

s ystems were made up to final vo l ume by the addition of 

predetermined quantities of organic solvent, buffer and distilled 

water at ambient temperature . The periods over which 

renaturation was followed, the temperatures chosen and the 

concentrations of collagen solutions are specifi ed in conjunction 

with the descriptions of results or in legends to figures and tables. 

EXPERIMENTAL ERROR 

The erru r inherent in basing com.parisons of lyotropic 

effe ctiveness all r enaturati on was determined us ing fiv e replicate 

controls. Standard d e viations were calculate d for optical rotat ion 

data prof i le s only, sinc e these were found to b e more sen sitive to 

experirnental c ondi tions than wer e the vis c osity rega in curv es. 

The valu e s ob t ain e d 'l re shown below: 

standard devi ation ~ 10.040 

ISO 
r",) at 48 hours 
~ 315' 

standard deviation -



26 

CHROMATOGRAPHY 

A simple as cending technique was used. The air temperature 
o 0 

in the chromatography room was maintained at 22 C,± 1 C . 

Chromatography paper was cut into strips measuring 18 by 2 cm. 

Solvent flow was in the machine direction in all cases . Pencil 

lines 2 c m and 12 cm from the lower ends of the strips served to 

mark the origins and 10 cm flow limits, respectively. A.± 5% 

solution of' catechin in methanol was spotted at the origins, using a 

fine glass t"apillary, and allowed to air-dry for 2-3 minutes. Strips 

were then SUSpNld .. d in glas s- stoppered r e agent bottl es with the 

lower ends of the strips clear of t4e solvent mixtures in the jars. 

After equilibration for 20 - 30 minutes the strips were eased into 

lower posit ions in the jars, by raising and lowering the jar dosures 

slightly, until the strips made contact with the solvent mixtures . In 

most cases development was allowed to proceed until the solvent 

fronts reached the pencil lines 10 cm above the origins, when the 

strips were removed and oven-dried at .± 100°C . When using high 

concentrations of ve ry viscous solvents, however, the rates of 

ascent of the solvent fronts were extremely slow, hence strips were 

removed and dried before the 10 cm marks had been reached. In 

such cases the s o lvent f r onts w ere marked by making a small ('ut in 

each paper strip upon removal from the jar; Rf values being 

cal c ulated on the basis of the shorter ascent distances . When dry', 

the strips were sprayed with th ammoniacal silver nitrate solution 

to effect visualization of the catechin spots . Subsequently the 

strips we re r in s e d in two changes of distille d water followed by 

washing i n r unning tap water for 20 -3 0 m inutes . The addition of 

a few c rystals of sodium thiosulphat e to the final rins e water 

helped to diminish strip discolouration. 



27 

MOLECULAR STRUCTURES OF ORGANI C SOL VENTS 

Solvent 

e thy l ene glycol 

2 -methoxy - ethanol 

2 - ethoxy- ethanol 

2- butoxy -e thanol 

propane -1, 2 -diol 

propane - I, 3 - diol 

butane -1, 4-diol 

butane - 1, 3-diol 

butane -Z, 3-diol 

pentane - 1, S - d iol 

hexane - 1, 6 - diol 

diethylene glycol (digol) 

methyl d igol 

ethyl digol 

glycerol 

methyl alcohol 

n -propyl alcohol 

n- butyl alcohol 

n-hexane 

Structure 

HO -CH Z- CH
Z 

-OH 

HO-CHZ - CHZ- OCH3 

HO-CHZ -C HZ-OCZHS 

HO- CHZ - CHZ - O C 4H9 

HO -CHZ - CH(O H}-CH
3 

HO- CHZ -CHZ - CHZ -OH 

HO-CHZ -CHZ -CHZ-CHZ-OH 

HO-CHZ -CHZ -CH(OH}-CH 3 

CH
3 

- CH(OH} - CH(OH} -CH
3 

HO - CHZ -CHZ -CHZ -CH Z-CHZ -OH 

HO - CHZ - CHZ - CHZ - CHZ - CHZ - CHZ - OH 

HO - CHZ -CH Z - O - CH Z- CHZ -OH 

HO-CHZ-CHZ - 0- CHZ -CH Z-OCH3 

HO-CHZ - CHZ -O-CHZ- CHZ - OCZHS 

HO -C HZ -CH(OH}-CHZ -OH 

CH
3

-OH 

CH
3

-CHZ-CHZ-OH 

CH3 -CHZ-CHZ -CHZ-OH 

CH3 - CHZ - CHZ -CHZ -CHZ - CH3 



CHAPTER 3 

COLLAGEN RENA TURA TION 
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THE MECHANISM OF RENA TURA TION 

It is well e stablished that the pyrrolldinc rings present In 

the polypeptld" chains of collagen art. of singular importance in 

determining macromolecular conformational stability (Harrington, 

1958; von Hippel and Harrington, 1959; Flory and Weaver, 1960; 

Piez, 1960; Harrington and McBride, 1966). The extent to which 

other factors contribute to the formation and stability of the poly­

L-proline II type helix is the subject of considerable debate, however. 

On the basis of renaturation studies, which have shown the effects of 

neutral salts on m utarotation rate s to be relatively independent of 

protein concentration, a three-stage model for the re-formation of 

the collagen structure from the random coi l has been proposed 

(von Hippel and Harrington, 1959; Flory and Weaver, 1960; 

Ha rrington and von Hippel, 1961a; von Hippel and Wong, 1963b) which 

may be applicable to a wide r ange of linear polymer systems . A 

mechanism incorporating similar concepts has been invoked by Ross 

and Stu rt evant (1962) to account for helix formation kinetics in the 

double- stranded helical complex of the synthetic 

polyriboadenylic acid and polyribouridylic acid . 

polynucleotides, 

The proposed 

process involves: (a) nucleation of the poly-L - proline II type helix 

in individual polypeptide chains in regions of high pyrrolidine ring 

content ; (b) propagation of the helical arrangement through the 

length of the chain to include the regions of lower pyrrolidine ring 

content; (c) formation of the collagen triple helix through inter ­

chain hydrogen bonding. An important implication with respect to 

such a model is that perturbants that retard initial mutarotation rate 

must do so primarily by interfering with st e ps (a) or (b) since if (c) 

was necessary for the formation of the poly - L - proline II type helix 

a dependence on protein concentration would be expected. 

Recent work has raised serious d o ubts concerning the three ­

stage mechanism described a bov e . Beier and Engel (1966) and 
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Kuhn et al. (1960, ) h ave shown that the extent to which the truly 

native collagen srru;.ture , which they term re-formed collagen, is 

regeneratc,d du rir.g renaturation is highly tem.perature-dependent and 

at th e h igh e r r enan.ration temperatures mutarotation rate becomes 

markedly con cent r ation-dependent . In addition, Engel (1962) and 

B e i er and Engel (1966) have shown that ve ry little renaturation to 

the auth entic tnple h elical structure takes place when renaturation 

is carried 011t at lo w temperature (+ 4 0 C), and the greater proportion 

of struc tures iormed exhibit a low degree of asymmetry, in direct 

contrast to the highly a symmetrical shape of the native tropocollagen 

mac romolecule. There is evidence to suggest that the small arnount , 

about 5 to 10%, of real re-formation of the native state that does take 

place is due to the presence of a 'If -component in which the thr ee 

polypeptide chains ar e covalently linked (Altgelt et al., 1961). The 

0( and /' -components appear to assume non-native stabilization 

states that do not r e present re -e stablishment of the triple helical 

arrangement. 

Drake and Veis (I964) have propos e d that individual polype ptide 

chains might double or triple back upon themselves, thereby serving 

to stabili ze the poly-·L-proline II type conformation, and acco unting 

f o r the a pparent concentration -independence of the renaturation 

proc ess at l ow t e;; rnp t.: r atu re . Thus it appears that the concentration-

independence shown in r enaturation studies carried out at low 

temperatur e s may be due to intrachain aggregation, and this pro c es s 

may be n eces sary for the formation of the poly-L - proline II type 

h elix in collagen, u nder those circurnstances where the potential for 

i nter c hain interacH 0ns is minimized . 

In the present work renaturation was carried out at 150 C in most 

cases and, as wi ll b e shown below, the process is independent of 

concentration c nly up to about 1 mg/ml. In contrast, at renaturation 

t e mperatures In the region of 4 0 C, it has been shown (vo n Hippel and 
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Harrington, 1959; Flory and We aver, 1960 ; Har r ington and vo!J 

Hippe1 ,1':1611') that t ht Tnutarotation process is indepe ndent of 

concentration IIp to 2 - 3 mg of p rotein per ml. This is in ke e pin g 

with the findings of Bei ,or a nd Engel (1966) and, a s they propo s " . 

casts cons id e rable doubt on t h e existence cf a single - c h ain 

intermediate as r e qui r e d by the three - stage proc e ss .. Thus it 

seems possible that inter-chain or int er - segment association n lay 

be ess e ntial te;. the, s t abilization of the poly- L-proline II type helix 

in collagen . The behaviou r of the stable single polype ptide h e lix 

of the synthetic polymer poly - L - proline itself (Harrington and 

Sela, 1958; St e inberg "t al., 1960; Kurtz and Ha rr ingto n , 1966; 

Schleich and von Hippel, 19 69 ; Engel and Schwarz , 197 0 ; Mattic(~ 

and Mandelkern, 1970) should not be d irectly equated with tha t of 

collagen sinc e po ly-L - proline does not forrn inter- or intra - chain 

hydrogen bonds (Engel, 19(7). Therefore, although helica I 

stabili ty has b e en shown to be a function of pyrrolidine ring 

content in a n u mb e r of collagens (von Hippel and Wong , 1963a; 

Ha rri ngton and R a o , 1967; Privalov, 19(8) , it app e ars tellllOUS 

to as s ume that the fo r mat ion of poly-L - prolin e II type h e lices in 

collagen must necess arily be an indep end ent proce ss preced i n g 

inter -chain hydroge n bond for mation, as required by the three ­

stage modeL 

RESULTS 

CONCENTRA TION DEPENDENCE 

In vie~" of th l:. lInpo :ctanc c 01 conc.entration tff e ctt" with r e :5p . {t 

to the- int e rpretatioll o f e xpe rime ntal finliin go, an in vcsllgati1...dl 01 

the i n f lu e nLe 01 prc.t8irl concentration o n r e n a turatioll w as und (.'rl d k~:n 

befor e pro t..~ eding to sysl f: fnS c.ontal nin g add e d organi :~ pertt", rban t ci, 
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Figure 3. 1 shoIN8 that r enaturation at 15°C, as rnonito ,. " d by 

optical r otatIon r e ':,c "\ .:: ry , is d.ln lost inde pen.dent of c onc e nt ration 

up to about 1 m / m!. A t h ;gher conc entration s, ho~:e\er, a 

d~finite Elfect b c<.orr,es apparent as shown by th" 1. 66 dnd 3. 33 

mg/ml p rof i l Es. Examination of the 1 h ou r and 4 8 hou r values 

c mphas:ze s cerLain points (Table 3 . I) . 

TABLE 3. 1 

E ffect of v arying p r (.tcin concentration on collage n renaturation at 

I _DC t ' 1 . 'J : op H:a ro tation reC0 ....... ry 

Prot e in Conr ent r atian Is" 
- [e><j"t at 1 Hour 

.,0 
- [o<J ... at 48 H'YL 1" S 

0 . 208 mg/m 925 102.2 

0 .417 rng/ml 910 1038 

0 . 833 mg/ml 890 1052 

1. 66 mg/ml 93') 11 12 

3. 33 m!; /ml 953 11 32 

There appears to be a d ec rease, at the 1 ho u r l e ve l , in the extent 

of opti cal rotation r c.-covery as protein concentrat ion is inc rea s Ld {Torn 

0 . 208 mg/rnl to 0 . 833 mg/ml. Further Inc. r eases in concentration 

reversp. the appar ent trend, however . In contra st , at the 48 hour level , 

there is no tre nd rev e rsal, the final value s In .: reasing i n the sam.- ord .. I' 

as protein concentration. This set of syst e ms s"rves to d emonstrate 

that, at lSoC a nd concentrations above.± 1 mg/ml, thEe con cen t rat"i on­

dependenc e of Lh., m utarotation pro cess b e conles signifl cant. III <ill 

subsequ e nt work cor,c <,ntratio!ls of b e lo w 1 rng/ ml wer e used. 

The pdttern '"HI ' rging from an examinatio!l o f the concenlrat,on­

depend ence of viscosi ty regain is sho wn in Figure 3.2 and Table 3. 2. 
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TABLE 3. 2 

j;;ffect of varying pr,c't"'~n concentration on coHagen renaturation at 

15°C . . . 
: VlSCOS l ty r e galn 

Protein Con e ntration ~ red at 1 Hour "'7 red at 48 Hou r s 

0 .208 mg/ml 2.37 dl/g 3. 26dl/g 

0 .416 mg/rnl 1. 95 " 3. 54 " 
0 . 833 mg/Tnl 2.70 " 5.28 !I 

1. 66 mg/ml 3. 97 " 13 . 29 " 
3.33 mg/ml + 14. 0 " + 260 . 0 " 

There appears to be an anomaly with respect to the 1 hour regain 

values in the 0.208 and 0.416 mg/ml profiles, since the latter is lower 

than the forrner (Table 3.2). Subsequently, a crossover point appears 

at.±. 9 hours (Figure 3.2), which is in support of the optical rotation 

patterns at about, nine hours and low protein concentration (comparing 

Figures 3. 1 and 3 . 2). Apart from this feature, it is clear that 

protein concentration has a decisive influence on viscosity regain at 

the 1 hour level, while the pseudo-equilibrium values (48 hours) show 

an even greater concentration- dependence . This high degree of 

concentration - dependence gives rise to a ITlajor experimental 

difficulty since v i s c ome try r e sults are not comparable unless 

obtained at identit.;al prote in concentrations. 

pH DEPENDENCE 

Table 3.3 shows that optical rotation val u es increase consisten tl.y 

as pH ris es from 3. 70 to 5 . 51. The 48 hour v alu es do not precisely 

follow this trend since there is a slight decrease in specific 

rotation betwe en pH 4. 70 and 5. 10 . Thi sis sufficiently small to b i. 
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due to inherent scatt. ", r , howeve r, and t.h e overall tende n cy is d eari y 

towards incr £ab in g r ecov e ry as pH is rais ed. 

TABLE 3 . 3 

Effect oi pH o n collagen renat u ration at 150 C 

~--------------------------------------------------------- •• -----

pH 
'1 red (d1/ g) 

1 hour 48 pours 1 hour 48 hours 

3. 70 823 1058 3.24 5 . 87 

4 . 08 875 1076 3.20 5 . 95 

4.70 940 1115 3. 80 7 . 0 7 

5. 10 947 1108 3 . 5 9 7. 00 

5. 51 960 11 35 3. 10 6.08 

Collagen concentration = 0 .83 mg/ml. 

Reduc ed visco sity measurements do not show the same cons istent 

pattern. FroIY! Table 3.3 it c an be seen that at pH values between 

4.70 and 5 . 10 th '_.re is not a great deal of variation at eithe r 1 hour 

or 48 hours . Above and below thes e median values, however, ther e 

is a considerablc fall in viscosity. This variation between trond s 

suggests a differ ential ef f ect of pH chang e s on separat e aspc c ts of 

renaturation. The formation of poly- L-proline II type heli ces 

appears to be r elatively insensitive to pH adjustments, wher eas the 

regeneration of the native , rodlike st ructures of re-formed co llag e n 

is considerably influenced by environnlentaJ pH; the former being 

revealed by optical rotation and the latter by vi scosity meaSllrenl~nb . 

It is sugge ste d that in t he latte r c as e simple e l ectro sta t i c (lon - p :,; r ) 

effects may b e important i n establishing suitable inter-ch ain 

registration and that raising or lowering pH tends to mask the s e 

interactions , thereby inhi biting the re-forrnation of the a uthe nti . 
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triple - stranded collagen fold . This suggestion is in direct contrast 

to the conclusion of Rauterberg and Kiihn (1968) that ele c trostati c 

forc e s play no part in directing the alignment of the polypeptide 

chains . 

The add ition of organic solvents to the protein-buffer systems 

caused a slight pH increas e in most case s. In general, variation d i d 

not exceed half a pH unit, ranging from ± 4 . 7 in the pure buffer to a 

maximum of ± 5.2 at high perturbant conceI)trat ions . Thus the 

o ve r all effect on mutarotation introduced by pH fluctuations was not 

considered to be s i gnificant in relation to the inherent error of the 

method. As shown above, vis c osity regain shows more substantial 

variation in response to pH adjustments than does mutarotation. 

Neve rtheless , in the primary area of interest (pH 4 . 7 to ± 5 . 2) there 

seems to be little d is turbance of regain potential. 

RENATURATION IN THE PRESENCE OF PERTURBANTS 

Th e main body of the renaturation work consisted of an 

investigation of the effects of the pre s ence of certain diols and 

related compounds on t h e course of recove r y . These solvents 

prove d to be particularly useful due to the compl e te water - mis cibilit y 

of a numbe r of hornologues and d e riv ative s. Typical data p r ofiles 

for systems r enaturing in the presence of varying concentrations of 

perturbant arc shown in Figures 3. 3 and 3 . 4 . Profiles of this type 

were const r ucted for all the p e rturbants studi e d in the renatur ation 

work . As is evident from the figures , the production of a smooth 

profile n ece ss itates t h e recording of a large n umber of data points 

over an ext ended period of t ime . In the discussion that follows t h e 

most s i gnificant aspects of the r enatu ration profiles are colld t c d in 

tabu l ar form ; the individual prof ile s are not sho wn. 
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OIOLS AND GL YCEROL : The "ffects of a series of relat e d (ito ts 

and glycerol ar e shown i n Tables 3 . 4 and 3 . 5. Ethyl t> ne gly,col 

exhi bits low m o l d r d Je c tivenes s with re s pect to retardation of 

mutarotation, Th e re appears to be a slight enhancement of 

renaturation at a conc entration of 1. 5 molar . The reduced 

viscosity measur e ments do not confirm this suggested enhanc"nletlt 

at 1. 5 M, the lat ter parameter indicating sl~ghtly increased 

r"naturation at O. 5 M but reduction of regain at 1. 5 M, however, s'"e ft 

variations are too small to be regarded as significant . In most of 

the la.ter work optical rotation was found to be the most satisfac to r y 

parameter frorn which to assess the lyotropic effectiveness of the 

perturbants studied, viscosity readings serving largely to suppon 

the rotation findings . Hence, in those cases where the viscosity 

data do not usefully s u pplement the information obtainable from the 

specific rotation readings , the former are omitted. 

The replacement of a hydrogen atom on one of the methylen e 

groups of ethylene glycol by a methyl group, to yield propane - 1, 2. ­

diol, produces a marked increase in lyotropic effectiveness , whi ch 

becomes apparent at concentrations of 3 molar and above . The 

isomer, propane - I,3-diol, does not retard renaturation to the 

same extent, however . Thus the sterically more accessibl e methy.L 

group of the 1, 2 - ; som e r appears to exert a significant influen c e (O n 

activity. The difference in effect of isomers is less clearly 

demonstrated by the v i scosity measurements , becoming ev ident on ly 

at higher molariti ". s . 

Introduction of a third hydroxyl group to give glycerol r e duc e s 

apparent lyotropic activity al:rnost to the level of ethylene glyc o l , 

which has the same polar atom / carbon atom ratio. The 

significance of this ratio in relation to perturbant effects is 

discussed in detail in Chapter 7. 
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TABLE 3.4 

Effect of diols and glycerol on optical rotation recovery 

of collagen renaturing at 15
0

C 

"I' 
Solvent Molarity - [o<j ... 

1 hour 48 hours 

Control 875 1051 

Ethylene glycol 0 . 5 894 1043 

1.5 916 1058 

3 . 0 901 1033 

5 . 0 887 1015 

Propane -I , 2 -diol 1. 0 895 1068 

2. 0 882 1040 

3. 0 857 990 

4 . 0 823 968 

5.0 777 927 

Propane-l,3-diol 1.0 892 1056 

2.0 900 10 50 

3. 0 879 1000 

4.0 855 990 

5. 0 830 975 

Glycerol 1.0 921 1088 

2.0 911 1052 

3. 0 896 1012 

4.0 887 1009 

5.0 854 977 

Collagen concentration = 0 . 84 mg/!nl. 
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TABLE 3 . 5 

Effect of diol s on v is cosity regain of collagen renaturing at 15°C 

Solvent Molarity "7 re d (dl/ g) 

1 hour 48 hours 

Control 2 . 79 5. 50 

Ethylene glycol O. 5 2 . 85 5.51 

1. 5 2. . 76 5. 10 

3 . () 2 . 52 4 . 38 

5. 0 2 . 50 4 . 08 

Propane -l,2-diol 1.0 2 . 62 5. 02 

2 . 0 2 . 49 4 . 66 

3. 0 2 . 25 4.00 

4 . 0 2 . 04 3 . 68 

5. 0 1. 93 3 . 42 

Propane-l, 3-dio l 1.0 Z. 55 4.82 

2 . 0 2 . 54 4 .5 8 

3 . 0 2 . 48 4 . 14 

4. 0 2 . 38 4 . 04 

5 . 0 2 . 36 3 . 58 

Collagen conc entration = 0.84 rng/rnl . 
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The relativ e lyot r opic effectiveness, with respect to 

retardation of rotation recovery, of the four perturbants discus sed 

above is shown i n Figure 3. 5 . 

The next higher homologue in the series ethylene glycol , 

propane-l , 3 - diol is butane - I , 4 - diol ; the relative effects of these 

are shown in Figure 3. 6. At low molarities separation of trend 

lines is not sufficie nt to show the activity sequence . Above 4 m .olar , 

however, there is a clear gradati on of lyotropic power correspondin g 

to increasing carbon chain length and decreasing polar atom to carbon 

atom ratio. 

An interesting comparison may be made between diethylene 

glycol and butane-I, 4-diol, from which the fo r mer differs by the 

presence of an oxygen atom in the centre of the chain. Tables 

3 . 6 and 3 . 7 show that diethylene glycol has a smaller effect on 

optical rotation recovery than does butane-I, 4 - diol whe r eas i t shows 

a greater tendency to retard viscosity regain than does butane - I, 4 -

diol. This inconsistency m i ght be due to the symmetrical ether 

structure of d ie thylene glycol. None of the other perturbants 

examined exhibit this degree of symmetry; some do contain ether 

linkages but the carbon atoms are not symmetrically disposed 

about a central oxygen as in diethylene gly(:ol. It seems poss ibl e 

that the symmetric al diethylene glycol mol ecules could exert a 

laminating effect on neighbouring molecules, thus causing a 

reduction in she ar whi ch results in a decrease in apparent viscosity . 

MONOALKYL DERIVATIVES OF ETHYLENE GLYCOL : The effects 

on renaturation ar e shown i n Tables 3 . 8 and 3 . 9. A much higher 

order of effectiveness is evident than with the parent diols 

themselves, despite the fact that the alkyl derivatives have half the 

number of potential donor hydrogen-bonding groups . The relative 

activities are summarized in F i gure 3 .7 which shows renaturation to 

b e increasingly retarded as hydrocarbon c ontent of perturbant 

molecules increas es . 
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TABLE 3. 6 

Effect of butane-I, 4-diol and diethylene glycol on optical rotation 

r ecovery of collagen renaturing at l50 C 

Solvent 

Control 

Butane - l,4 - dio l 

Diethylene glycol 

Molarity 

1.0 

2 . 0 

3. 0 

4.0 

5. 0 

1.0 

2. 0 

3.0 

4 . 0 

1 hour 

938 

913 

893 

858 

823 

804 

950 

940 

900 

868 

Collagen concentration '" 0.86 mg/ml. 

48 hours 

1112 

1086 

1048 

1019 

974 

952 

1102 

1074 

1024 

990 



TABLE 3 . 7 

Effect of butane-I , 4-diol and diethylene glycol on viscosity 

regain of collagen renaturing at 150 C 

Solvent Molarity 

Control 

Butane-l,4-diol 1. 0 

2 . 0 

3. 0 

4.0 

5. 0 

Diethylene glycol 1. 0 

2.0 

3.0 

4 . 0 

1 

'1 
hour 

3. 08 

3 . 22 

3. 16 

2.58 

2. 35 

2.20 

3. 10 

2.78 

2.57 

2.08 

re d (dl/ g) 

48 hours 

6. 15 

6 . 06 

5.81 

4. 52 

4.08 

3. 52 

5. 73 

4.99 

4 . 40 

3 . 49 

Collagen concentration ;= O. 86 mg/ml. 

40 
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TABLE 3. 8 

Effect of mono alkyl derivatives of ethylene glycol on optical 

rotation recovery of collagen r enaturing at l5
0

C 

Solvent Molarity 
,.0 

- [o<l~.s 
1 hour 48 hours 

Control 930 1105 

2 - ,nethoxy- ethanol 1. 0 908 1062 

2. 0 902 1012 

3. 0 880 1002 

4.0 843 963 

5. 0 800 907 

2-ethoxy-ethanol 1.0 875 1037 

2.0 847 958 

3 . 0 794 917 

4 . 0 718 853 

5. 0 650 764 

2 - butoxy- ethanol 1.0 787 1031 

Collagen concentrations : with 2-methoxy-ethanol and Z-ethoxy­

ethanol, 0.84 mg/ml; with 2- butoxy-ethanol, 0.86 mg/ml. 
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TABLE 3.9 

Effect of monoalkyl derivatives of ethylene glycol on viscosity 

regain of collagen renaturing at 15
0 

C 

Solvent Molarity 4J red (dl/ g) 

1 hour 48 hours 

Control 2. 82 5.31 

2 - metho}cy- ethanol 1. 0 2.77 5. 06 

2 . 0 2 . 63 4 .46 

3. 0 2.20 3. 37 

4.0 1. 62 2. 32 

5. 0 1. 13 1. 75 

2 - ethoxy- ethanol 1.0 2.60 4.99 

2.0 2.22 3.61 

3. 0 1. 35 2 . 0 1 

4.0 O. 94 1. 42 

2 - butoxy- ethanol 
( control) 0.0 3.26 6.40 

1.0 2.69 5. 94 

Collagen concentrations : with 2-methoxy-ethanol and 2-ethoxy­

ethanol, 0.84 mg/ml : with 2-butoxy-ethanol, 0 .86 mg/ml; the 

2-butoxy-ethanol r eadings were displaced upwards owing to the 

higher protein concentration useq, therefore a separate control 

was required. 
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DISCUSSION 

In general, the results outlined above indicate increased 

retardation of the renaturation proces s as hydrocarbon content of 

solvent molecules is increased. A certain degree of 

stereoselectivity is also apparent as evidenced by the greater 

lyotropic activity of propane-I, 2-diol as compared with its 

1,3-isomer . 

An interesting comparison may be made between 

butane-I, 4 - diol and 2-ethoxy-ethanol (Figure 3. 8) w h ich show a 

marked differenc e in lyotropic effectiveness. The diol retards 

mutarotation to a considerably smaller extent than does 

2-ethoxy-ethanol , despite the presence of an additional potential 

donor hydrogen-bonding funct ion and a longer unbroken hydrocarbon 

chain in the former . This may be interpreted in t erms of the 

increased probability of hydrophobic interaction between sterically 

accessible segm'lnts of perturbant hydrocarbon chain and apolar 

residues of the protein molecule. Thus, the terminal ethyl group 

of 2 - ethoxy- ethanol may confer a hi gher degree of lyotropic 

effectiveness on the molecule than does the centrally situated 

ethylene chain of the diol. An explanation in terms of a shielding 

mechanism, by which the apolar segment enhances the hYcVogen­

bonding potential of pe rturbant polar g roups, also appears tenable . 

An attempt to define the mechanism of perturbant action more 

precisely will be made in Chapter 7, in which the most useful of 

the results tabulated in this and the following chapters will be 

discussed in detail. 

In certain cases (e . g . diethylene glycol, Tal)le 3. 6) there 

appeared to be an enhancement of 1 hour optical rotation recovery 

at low concentration, by comparison with the control value. The 

possibl e significance of this phenomenon is dealt with in the kinetic 

analyses in Chapters 6 and 7 . 
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MELTING CURVES 
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Information obtained in respect of th e thermally induced 

collagen~gelatin transiti on was in many cases les s equivocal and 

more readily interpreted than the renaturation dat a. Typically 

divergent m elting curves are shown in F igures 4 . 1 and 4 . 2 . The 

former shows that the transition temperature, Tm, is progressively 

increas ed as perturbant concentration r i ses, i n the cas e of 

propane-1,3 -dio l, whereas the latt e r shows the opposi te to hold for 

butane -2 , 3 -diol. The effects of a number of related solvents were 

investigated by this method . In som e c as e s the h ighes t perturbant 

concentrations we r e inaccessible , due to precipitation or gelation 

of the prote in; generally, however, trends were very well defined. 

RESULTS 

The effects of the mono alkyl derivatives of ethylene glycol on 

Tm are shown in Table 4. 1. Precipitation of the protein occurred 

at concentrations above 1 molar . It is clear, howe ver, that alkyl 

substitution of the par ent compound results in progressive lowering 

of Tm as the size of the hydrocarbon substituent is increased. 

Notably, the unsubstitute d diol and the lowest derivative, 

2-methoxy-ethanol, produce Tm values that are above that of t h e 

control, wher e as the higher homologues lower Tm below the 

control va l ue. Thus there a ppears to be a d irect relationship 

between perturbant h ydrocar b on content and the effec t on Tm, 

despite the removal of a potent ial donor hydrogen- bonding function 

upon substitution of the parent dioL T h e phenomenon of increased 

perturbational power of solvents which have fewer potent ial hydrogen­

bonding sites may be s i gnificant with respect to the possible nature of 

macromolecular stab ilization processes and is dis cussed further i n 

Chapter 7 . 
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TABLE 4 . I 

Effects of mono alkyl derivatives of ethylene glycol on Tm of collagen 

Solvent Molarity TmoC 

Ethylene glycol I 39 . 25 

2 -methoxy- ethanol I 38 . 95 

Control 38. 90 

2 - ethoxy- ethanol 1 38.05 

2 - butoxy- ethanol I 35 . 30 

Collagen concentration = 0.86 mg/ml. 

Unlike the monoalkyl derivatives, ethylene glycol itself did not 

cause precipitation difficulties, and its influence on Tm could be 

followed to high concentration. As shown in Table 4 . 2, a steady 

increase in Tm occurs as solvent molarity is increased. Table 

4.2 also shows the effects of glycerol, which has an even greater 

stabilizing influence on the native protein than does ethylene glycol. 

Both these perturbants have the same polar atom / carbon atom 

ratios and all the methylene groups carry polar substituents, 

rendering hydrophobic interactions unlikely. The differenc e in 

activity appears to be a consequence of the diffe r ing molar 

volumes. Since these perturbants stabilize the native state of the 

protein it is implied that they are, on a volume basis, weaker 

perturbants than water itself. Thus, the reduction in environmental 

polar atom concentration appears to be the dominant influence , 

resulting in a decrease in the extent to which the co-operative 

hydrogen-bonded structure of the protein is co mpetitively perturbed 

by interaction with the e nvironment. 



TABLE 4 . 2 

Effe cts of ethylene glycol and glycerol on Tm of collage n 

Solvent 

Control 

Ethylene glycol 

Glycerol 

Molarity 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 

TmoC 

38. 90 

39 . 25 

39. 65 

39. 96 

40 . 18 

40.64 

40 . 97 

41. 17 

41. 62 

41. 84 

42 . 21 

39. 86 

2 40. 59 

3 41.51 

4 42 . 38 

5 43.26 

6 44 . 47 

7 45. 56 

8 46. 75 

9 48. 22 

10 49.45 

46 

Collagen c oncentrations : with ethylene glycol, 0.86 mg/)"n 1; 

with glycerol from 1 to 9 M, 0.43 mg/ml; 10 M, 0.25 mg /ml. 
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THE ISOMERIC PROPANEDIOLS 

The isomeric propanediols differ considerably in perturbati onJ.] 

activity, as shown in T able 4 . 3. Pr.opane-l, 3-diol stabilize d th " 

native prot ein structure w h ereas propane -I, 2-diol lowered Tm 

systematically up to a conc entration of .± 7 molar , <Lfter which ther e 

was a revers al of tren d . 

The effe c ts of the propanediols, glycerol and ethylene glyco l 

are compared graphically i n Figure 4. 3 . 

ETHYLENE GLYCOL HOMOLOGUES 

The effects of the members of the homologous s erie s extending 

from butane-I, 4-diol to hexane-I, 6-diol are shown in Table 4 . 4 . 

Increas i ng concentrations of butane -I, 4-diol produced a low­

concentration minimum at.± 2 molar, after wh ich there was a 

steady increase in Tm. P entane -1, 5-diol produced even mor e 

marked des tab ilization, followed b y a trend reversal at 3 to 4 molar. 

Hexane-I, 6-diol caused ve r y sharp redu c t ion of Tm at the access ible 

molarities . 

The effects of all the members of the homologous diol s eries, 

ethylene glycol to hexane-I, 6-diol, are compar e d graphically in 

Figur e 4.4 which shows the general ten dency towards 

destabilizat ion of the protein at lower conc entrations as h ydrocarbo n 

c ontent of perturbant molecules increases . Trend reversal s ar e 

appare nt, especially with butane-l , 4 -diol and pentane-I, 5 - diol. 

Although h igh molar i tle s were not accessible in the case of 

hexane-l,6-diol , owing to the formation of a gehlike precipiUtte, 

there is a definite suggestion of a potential trend reversal. 
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TABLE 4 . 3 

Effects of isom e ric propanediols on Tm of collagen 

Solvent 

Control 

Propane-l,3-diol 

Propane-l , 2-diol 

Molarity 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

38 . 85 

39 . 28 

39 . 51 

40 . 12 

40 . 65 

41. 55 

38.71 

38.56 

38 . 52 

38 . 19 

38 . 04 

37 . 62 

37. 31 

37 . 36 

37.48 

38.21 

Collagen conc entrations: with propane- 1, 3 - diol, 

0.86 mg/ml; with propane-l,2-diol from 1 to 9 

M, 0.43 mg/ml ; 10 M, 0 . 25 mg/ml. 
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TABLE 4 . 4 

Effects of hi ghtr ethyl<!nc glycol homologues on Tm of collagen 

Solvent 

Control 

Butane-I, 4 - diol 

Pentane-I,5-diol 

Hexane-I, 6-diol 

Molanty 

I 

2 

3 

4 

5 

6 

7 

8 

I 

2 

3 

4 

5 

I 

2 

38 . 90 

38. 57 

38.46 

38. 76 

38. 99 

39.73 

40.50 

41. 76 

45 . 59 

37.42 

36 . 62 

36. 59 

36. 66 

.±.39 . 10 

36 . 22 

35 . 20 

Collagen con centrations: with butane- I , 4 -diol from 

I to 6 M, 0 . 43 mg/ml; 7 and 8 M, 0.25 mg/ml; 

with p e n tane-I, 5-diql a nd hexane-I, 6-diol, 

0.43 mg/ml. 



TABLE: 4. 5 

Effects of butanediol isomers and diethylene glycol pn Tm 
of collagen 

Solvent Molar ity 

Control 38 . 90 

Butane - 1, 3 - diol 1 38. 56 

2 38 . 32 

3 38 . 25 

4 38 . 21 

5 38. 56 

Butane-2 , 3-diol 1 38.05 

2 37 . 07 

3 36 . 12 

4 35 . 04 

5 34. 30 

6 34. 71 

Diethylene glycol 1 39.81 

2 40.39 

3 41. 15 

4 41. 88 

5 42.35 

6 43 . 19 

7 44. 22 

Collagen concentra tions : with 5 and 6 M butane -

2, 3-diol,O. 25 rug/m]; alJ others, 0 . 43 mg/ml. 

50 
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BUTANEDIOL ISOMERS AND DIETHYLENE GLYCOL 

The effects of the isomers related to butane-I, 4-diol and of 

diethylene glycol are shown in Table 4. 5. Butane-I, 3-diol causes 

destabilization up to a concentration of 4 molar, after which Tm 

starts to increase. Butane-2., 3-diol destabilizes up to 5 molar, 

following which there is a trend reversal. Diethylene glycol 

differs from butane-I, 4-diol only by virtue of the centrally 

situated ether oxygen atom of the former. Although this provides 

an additional potential polar interaction site, diethylene glycol 

stabilizes the protein to a considerably greater extent than does 

butane-I,4-diol, as shown by comparing Tables 4 . 4 and 4. 5 . 

The presence of the additional polar atom appears to be the 

source of this difference in activity. 

The relative activities of the isomeric butanediols and 

diethylene glycol are compared graphically in Figure 4 . 5 . 

DISCUSSION 

The Tm stl,ldies emphasise the effect of the direction from 

which the collagen_gelatin transition is approached on the 

apparent activity of organic perturbants. The highly co- operative 

system of non-covalent forces, that stabilize the native triple 

helical structure , appears to be much less sensitive to perturbant 

action than is a renaturing sy&tem. The re-formation of the 

triple helix and of non-native renaturation products seems to be 

subject to inhibition by solvents that do not destabilize the native 

structures, and may in fact stabilize them. A detail e d 

discussion of the possible significance of this observation with 

respect to the kinetic situation is undertaken in Chapt e r 6 . 
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CHAPTER 5 

PAPER CHROMATOGRAPHY 
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Chromatographic procedures using polyacrylamide and dextran 

gels to provide evidence for direct interaction b etwe en denaturin!; 

agents and amide groups have recently been investigated (Egan, 

1968; Saunders and Pecsok, 1968; St. Pierre and Jencks, 1969). 

Studies of this nature support the concept of direct interaction 

between lyotropic agents and peptide or amide groups in prot e ins 

and certain mode l systems (Mandelkern and Stewart, 1964; Nagy 

and Jencks, 1965; Robinson and Jencks, 1965a, b; Russell and 

Cooper, 1970). It seems po s sible that the sol vent- substrate 

interactions involved are of an even more general nature than is 

apparent from the studies cited above. The work to be described 

in this chapter was undertaken in an attempt to demonstrate such 

generality of effects for substrates as diverse as cellulose and 

soluble collagen. The apparent similarities and differences 

between the mechanisms of solve nt-substrate interaction in the 

two systems will be discussed in Chapter 7. 

All the solvents which produced interesting results in the 

soluble collagen systems were made use of in the paper 

chromatographic work. Catechin mobility patterns showed 

systematic variations which may be interpreted in terms of 

perturbant polar atom co ntent, steric accessibility of functional 

groups, and changes in the dielectric properties of the medium. 

RESULTS 

ETHYLENE GLYCOL AND MONOALKYL DERIVATIVES 

The first series of homologues examined was that consisting 

of ethylene glycol and its monoalkyl ethers. Figure 5 . 1 shows 

the original form of a typical mobility profile . The Rf v alues 

obtained from such profiles using ethylene glycol and it s mono alkyl 
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derivatives are shown in Figure 5.2 plotted as functions of molarity 

of organic component in water. From th" figure it can be seen 

that ethylene glycol causes a progressive increase in catechin 

mobility as concentration of organic component is i ncr eas ed, no 

maximum bLing observed at intermediate concentrations. In 

contrast, the alkyl derivativ es produce m obility maxima at 

intermediate concentrations, t h is effect becoming m .ore marked 

with increasing l ength of the alkyl substituent. Simultaneously, 

the re is a sharper decline in mobility at the high -concentrati on 

extreme as perturbant hydrocarbon content rises. The peculiar 

double peak of the 2 - butoxy- ethanol profile was confi rmed in 

replicate experiments. 

PROPANEDIOL ISOMERS 

In Figur e 5. 3 the effects of ethylene glycol and the propanediol 

isomer s are compared. The additonal methyl group of propane-

1, 2-diol and methylene group of propane -I, 3-diol shift the mobility 

maxima to lower concentrations, and cause a sharper decline in 

mobility after the maxima have been passed, than does ethylene 

glycol its elf. The 1, 2-isomer appears to promote mobility to a 

lesser extent than does propane-I, 3-diol. 

THE ISOMERIC BUTANEDIOLS AND DIETHYLENE GLYCOL 

The effects of the isomeric butanediols on cat e chin rnobility 

are shown in Figure 5.4. These isome r s all have very similar 

influences at low to intermediate concentrations . This is in 

direct contrast to their effects on Tm, as shown in Figure 4. 5, 

wher e considerabl e activity differences are apparent, especially 

with butane -I, 3-diol and butane-2, 3-diol. 
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Figure 5,5 shows that diethylene glycol promotes catechin 

mobility to a greater extent than does butane - I,4 - diol. Tn 

additio n there is no mobility decline at high concentrati ons of 

diethylene glycol. The significance of these obse r vation s is 

considered in detail in Chapt e r 7, 

ETHYLENE GLYCOL HOMOLOGUES 

Mobility patt t rns using ethylene glycol and its h i gher 

homologues, propane - I,3 - <1iol, butane - I,4 - diol, pentane- I,5 -

diol and hexane - I, 6-dioI, are s h own in Figure 5. 6. The 

following relationships are evident at low to intermediate 

concentrations of organic solvent: 

(I) Enhanc ement of catechin mobility: 

hexane - I, 6-diol > pentane-I, 5-diol > butane-I, 4-diol > 
propane - I,3-diol > ethylene glycol 

(2) Perturbant polar atom to carbon atom ratio : 

hexane - I, 6-diol < pentane-I, 5-diol < butane- I,4 - diol< 

propane-I, 3 - diol < ethyl €'ne glycol 

Thus it appears that l ow polar atom content of perturbant 

molecules favours mobility enhancement at low to intermediate 

c<;mcentrations . This implies that some factor other than direct 

polar interaction between organic solvent rnolecules ami the 

substrates may be involved in masking polar interactions b e tween 

catechin and cellulos e. 
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POLAR ATOM/CARBON ATOM RATIOS 

Figure 5.7 shows the distinct similarity, with r " spe ct to 

curve shape, of the profiles produced by solvent8 having the 

sanle polar atom / carbon atom rfltios . Methanol, ethylen e g ly col 

and glycerol all show the long shallow clinlb to d m a :dnlUrn Rf at 

high nlolariti es, followed by curve flattening or a slight de crease 

in Rf as th t' Ji"miting condition is approached. In contrast, 

Figttre 5.8 demonstrates that alteration of the polar atom/cdrbon 

/l.tOnl ratio gives rise to curves that are considerably different in 

shape . As can be seen fronl the figu1'e, the effect of adding polflr 

groups i n the series n-propanol , propane-I,2-diol, glycerol, is 

to reduce catechin nlobility at low solvent proportions whil e 

ip.creasing mobility at high solvent proportions, 

THREE - COMPONENT SOLVENT SYSTEMS 

The final experiment in the series was an attenlpt to det"ct 

non- specifi c effects arising purely out of changes in the properties 

of the bulk rnediunl and l"hich could not be attributed to di rect 

polar interactions between the organic components of the solvent 

systenl and the substrates. Chro .matographic mobility of catechin 

on cellulosf' was e x anlined jn t.hr ei~ -c ornporll'!nt syst l: n18 (unsistin g 

of a non-polar organic solvent, n-hexane, added to constant ratio 

n-propanol/wat er mixtures. The results are t ubled b elow. 

Solubility linlitations did not permit the use of higher conC t.' ntration ~ 

of n-hexar", . The re wa s n everthe less a dete ctab.l e enhancement of 

nlobility with increaSi ng he xane concentration. 
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TABLE 5 . 1 

T he addition of hexane to a propanol/water mixture : effec t on 
Rf of catec h in on cellulos" 

n- Propano l : water ratio (v Iv) Hexane(volumes %) Rf 

O. 6667 0. 000 0.750 

O. 6667 2. 439 0. 758 

O. 6667 4 . 762 0. 761 

T 21. OoC ernp l...:ra ture, 

prSCUSSION 

T he overall pattern emerging from the results obtained using 

the c h romatographic systems is summarized below. 

(1) Increa sing t h e con centration of the organic component of a 

s imple organic solvent/water systeIn invariably resulted 

i n an enhanceInen t of catechin Inobility at low proportions 

of organic solvent. 

( ~ ) Low polar atOIn to carbon atOIn ratios of I.h e orgallic 

cOInponents gave rise to higher Ino b iliti es at lo w 

p roportion s of organic solvent, while reducing Inobilit i e s 

at high organi c solve nt conc.entrations. 

(3) O rganic solvents such as Inethanol, ethylene gly-col a nd 

gl ycerol, which have high polar atoIn/carbon atom ratIOs, 

do no t produce lTlaxirna at l ow concen tration nor do they 

cause any sharp declin e in Inobility as Conc(mtration 

approaches the pure organi c:: ~olvent e xtreme. This is most 



noticeable with ethylene gl ycol and glycero l and also 

in the case of diethylene glycol, suggesting that dir ect 

polar interaction between perturbant and substrates is 

the dominant process in t h ese cases. 
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There appear to be two p o s sible mechanisms in terms of 

which to account for the observe d effects . The first involves the 

specific hydrophobic shielding concept d e scribed in Chapter 1. An 

alternative approach may be formulated based on the assumption 

that g eneral, not specific, influences con t ribute significantly to 

solvent effects. The l atter argume nt requires t hat an incrLase in 

the hydrocarbon content of the solvent system should enhance 

catechin mobility eve!) where no direct hydrophobic shielding 

mechanism can be operative. The results shown in Table 5 . 1 

tend to support the suggested non-specificity of solvent action 

since (1) hexane itself is unlikely to contribut e to catechin 

solvation and (2) the addition of hexane must rende r the 

environment more hydrophobic, and hence in terms of direct ­

shielding mediated propanol- substrate interactions, would b e 

expected to result in a mobility decrease . Thus the appearance 

of a slight mobility increase, upon addition of a small quanti t y 

of hexane, raises the possibility that changes in the general 

hydrophobicity of the medium may exert a significant effe ct o n 

a molecular species other than the 0 rganic components of the 

system. A detailed discus s io n of t his suggestion will be 

undertaken in Chapter 7. 



CHAPTER 6 

INITIAL RATES OF REACTION DURING COLLAGEN 

RENATURATION 



A number of studies (Flo r y a n d \Veaver; 1960; Harrington a nd 

von Hippel, 1 9(,1a; v o n Hippe] and Wo n g, 1962,1963,,: von Hlpl'cl, 

19(7 ) have shown t h a t a modifi ed expression bas ed on the Arrh"lllus 

e quation ade quat e ly describe s the "Heet of t l·mperat.n c· on 

nlutarotation r ata s . In t he a b sen c e of a n add ed p e rturbant the 

equation (Flory and Weave r, 1 9(0) is 

K = Canst e x p x 

where 

K = revers i on r ate constant 

T = renaturation t e mperature 

Tm':' = denaturation temperatur e 

A - apparen t activation energy 

k = Bolt7.nlann c onstant 

Following on from the above, it has been s hown (Mandelkern and 

Stewart , 19(4) that the same reveTson mechanism may be as sumed to 

apply in the presence of a lyotropic agent which lowers Tm; 

renaturation tenlperature and protein concentration being fixed i n thi s 

case. T he approach has been furthe r extended by Russell and 

Cooper (1969) to show that , with perturbants that lowe r Tm, the re 

is a hnear relations h i p between 1 hour optical r otation v alues and thc' 

logarithnl of zero-tinll'.· reve r s ion r a t c's; 1 hour (0<] v a lues the r pfnre 

serving as <1 convenient rn e aSll.r e 'o f i nitial r a t es . 

The p.xist t~nc c of a line ar r elat ionship b e twe e n 1 hou r rotation 

value s and t he log of the ini t ial r a te has b,. en sub st a ntiat e d in the 

pr eseI)t work , in thos e ca St"'> S wh e'l'C: rnutarutat.ion d e crea sed 

significantly and systemat'ically w ith in Cr(::l s ing p c'rtul'bant concpnt r o tlOl1, 

narnely , with prop a n e- I , 2 -diol , hut ane-·l, 4 ~' (hol J and 2-t!thoxy-e thatlcl l 

(Table s 3 . 4, 3 . 6 a nd 3 . 8, re spc ctivdy) . In cc r ta1l1 oth~r c ast-·s 

hovve\.e r~ wber e r ecovery d e cre a se \\'c;!s n o t l a r ge a n d s y s tplnatirall y 

relat e d to pertur ba nt c once ntrat ion , as with Cothy }'.' "" g l y col ('1'; ,]; 1<; 1,4 ), 



it was cons id ered n ecessary to e V::ilur . .Lt" l : the r e l iab ilit y o J 1 l'HlUl' 

rotation valu es a s rela.tivE· rrl(~ a su r e s of ini tia l re c nvl ' I ' y· l' :l t V i3 . 

ORDER OF THE REAC nON 

From a n examination of van't Hoff plots of ] ll g (d [o<J I ,lt ) "g~i" bi 

log (["'J"" - [<x)t), derived from the equat ion 

Harrington and von Hipp el (19I.da) hav e shown the lIldi al 8t" g' 0,; '" 

renaturation to b e apparent second order (n " 2. . 2 t o. 1 '1), 

irrespective of tempe rature or protein concentrat i on. The u s c of a 

sec;:ond order equation in the present work provided a conv <:ni ,mt 

means of determining initial rate values. The nlOst suitable fo r m 

(Gardiner, 1969) was found to be 

1 I 
[AJ - CA] --V k'(Tlt 

0 A 
where 

[AJe = conen of A at s t art of r e action 

[A] 0 - concn of A at variable uppe r limit 

T = absolute temperature 

-VA is n e gative and equals - I or - 2 

t = time 

k' (T) = the rate constant , k ; T is included 

indicate the temperature dependence of t h o rate c onstant . 

Letting k" - 'Y Ak' 

I 
[A) 

I 
- [A] + let 

o 
0 " •• ( 1 i 

to 



Introducin g the terms 

= observed value of [0<] it t ze ro ti.ml' 

(i. e. the specific rota tion of tully d e n a tur e d c oilag" n) 

y = (["'Jal time tl - y o 

o 
.- - ·160 

y .. - assumed maximum (1. e . equ i lib ri um) v "tiu e 

for [o<j 

y' = y", - y 

and since y' is directly related to (AJ 
and y .. is eli rectly related \0 [AJ 

0 

equat ion (1) become s : 1 = 1 
y .. Y y .. 

y .. y = y .. 
ktY.., + 

Y = Yoo [1 - 1 
ktyoo + 

2 
kt y = y~ 

y"" • kt + 1 

I -= y_ . kl + I ...., 
Y 2 

y;.. . kt 

i. e . 1 I + 1 = -r-
y y", 2 . k y .. 

This i s of the form y = m x + c, thus a plot of 1 
y 

will have slope .0 I 

and lllt prcept 

2 
y"" k 

._1_ 
Yop 

I 

I J 

I 

+ 

vs . I 
t 

k t 

. . .. . . (2 ) 



In order to test the accuracy with WhH:h a ~ ecol .d orcl (: r r'll v 

e quation of this foryn could be fitt t!rl to Cxpt'1'lr uc< nt dl d at.d prl)fdf's , < I 

c ornparison betwe~n expe rime ntal and tht-.'or e l lc al ('1I rv (' ~ wa ,;,; tfl rH lc' 

using a He wlett-Packard Model 9100£ p rogrammal,) " II.: " k - t ,,1' 

c al c lllator, f'lTlploying a pr()grc.iJnnH~ writtc.:!n Spt 'CII,( all y fur th l!-:o 

purpOf\e. Basing calculatIons on the:: data point:") cov(~rJrJt~ tLe [11'· . ..,t 

Ihrt't: hours of renaturatIon, the th eoretical cn.rVf·~ obt ained f rl)/I"l tbl ' 

ra t e Lqua tion were compared v,dth the exp(~r irnt"l1tal va!ltf'!-> ;t~ s l It) \' II 

i n Figure 6. 1. The experim ental and tht~or eti (' aJ profl1t·s ;.tf'l~ d i l !'Ll~ I" : 1 

s uper lmposabJe both in the absence of perturbant "nd iLl the p 1" ,:" , ·11< ,. 

of a relatively high concentratLOn (.} rnolar) 01 <>Jlt' "f th e n1u I' " I"gl,i) 

lyotropic p erturbants investiga.ted, nam.e+y, 2-t'thoxy-pthanol. Th,' 

correlation coefficient r elating the experim.ental data and (11('(, I·"11C·.' ) 

curves in both cases shown in Figure 6 . I is O. II '} in di catin;~ a \' t' ry 

good fit . The register between experimental data and th"orellLill 

profiles was checkE'd in similar manne r for all the perhH""nt ~ 

E'xarninerl and found to be satisfactory in eVt' r y' casE' , corrt:' lat ll.H1 

coefficients of the ordE'r of 0 . 99 being the !'tIle . 

THE RELATIONSHIP BETWEEN [o<j AT 1 HOUR AN D LOC; 

INITIAL HATE 

Having "siablished the utility of th e' second n!"der kllletic " 4" " 11<)11 

in r e lation to renaturing systems, in the prcs ~~ llcC and absC' tlc( ~ of 

added organic pcrtu r bants, th e equation \)i.'d B t" lr th c r modi fied <-1:-; 

iollows: 

(f ro m equation (2) ) y ~ Y;'" [I 1 ] kty_ + 1 

= >::.0 ---~ 
(k t Yoo + I ) 
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Figure 6. 1. Application of second order rate equation to experimental 
data for renaturation of acid-soluble collagen at lSoC. Solid curves 
show theoretical second order recovery profiles predicting the cou rse 
of the first three hours of renaturation (i) in the absence of perturbant, 
(ii) in the presence of 4 M 2-ethoxy-ethanol. Dotted lines show 
experimental profiles; .' without perturbanti ., with 4 M Z-ethoxy­
ethanol. 
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Diffl' r entiation of t h is e quation with r(' ''p,, =t to tim e YJ(.' icis &. 

diff" rential of the form 

d = y. du - n . d c' 
2 

v 

and hence at t=ze ro the ra.te equation reduces to 

(.<iy\ 
\dt)o 

2 
y~ . k 

An assess ment of th e utility of 1 hour [0<) valu,~s, aB a 1l,htS U" " 
" 

of initi al mutarotation rates , was then Illade by plottlTlg log ):.:; . k 

as a functIOn of 1 hour [ex) values. Figure 6 . 2 ill ustr at es th (' usc' of 

t he lTlE,thod, the values for log initial rate vS.[eX) a t I h<'hlr b", ug 

plot"ted for various concentrations of 2-,>thoxy- ethanol in a S)'ste1., 

r enatur:m g at 150 C . A linear relationship between the two pararnc,tprs 

is evident., the cor relat ion coefficient being O. 99 . ':('his serves ,is the 

model cas e where there is a s ignificant and systematic d eC rt'ilSe in 

nmtal'otation rate as perturbant concent. ration is incr eased. 

Application of the above method of analysis to other perturbant. 

systenls, however, s ho w s tha t there are cases w h ere the di r eoc l 

relationshi p between [0<] at I hour and log in itia l rate is not apparent. 

This is ill ustrated by Figure 6 . 3 which shows that with diethyl"ll<' 

glyc ol, in a systenl renaturing at J.S o C, th e two paraJnptt-' r~ (' "hi b.it 

no linear r<'gister, the correlation coefficient being O. 30. All 

the perturbants used in the renaturation srudil's were subj e cted to 

similar analys e s and a number of c a ses w"re fo"md where the 

correlation between [0<) at I hour and lo g of initi a l r a te wa s po " r, 

Furthcrnlorc, it was noticed that there w as <in appar f'nt l"eiatllHlslllP 

bet\ve t.::n th e effects of p e rturbant s on Trn and tb t: regl::)t (' r b ( t\Vt'~\ n 

[C!CJ at 1 hour and log initial rat e, as sho wn.in Tabi e (). 1. 
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Figure 6.2. Demonstration of linear relationship between 1 hour optical rotation recovery 
value and log initial nlutarotation rate of heat-denatured (4SoC; 15 min) acid-soluble 
collagen (0.84 m.g/ml in O. 15 M potassium acetate buffer) in the presence of various 
concentrations of 2-ethoxy-ethanol. Renaturation temperature., 15°C. 
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TABLE 6.1 

Rdationship b e tween correlation cOefficient for [0<] ilt 1 ho ur \ ' S. log 
initial rate and the effe c t on Tm of ('o ilag"''! 

Corr. coeff. for Effect on 
[0<] at 1 hou rand Tm a t 1 

Solve nt 2 ' 0 molar D escrlptiun 10 g Yo<> . k at 15 C 
--

61 yc (, 1~ ()1 O. 88 + O. 96 sit.t.bil i L;C" r 

dieth ylene glycol O. 30 t O. 91 " 
propan e- l,3 - diol O. 74 + O. 38 " 
e thylene glycol O. 60 + O. 35 " 
2 - m ethoxy- ethanol O. 77 + 0. 05 " 
propane-l.2 - diol O. 97 - o. 19 d estab;.!" ... r 

butane- I, 4-dio l o. 99 - O. 33 " 
;0 - c thoxy - ethano l 0 . 99 - O. 85 " 

Pe rturbants are referred to as stabilizers or d estabilizers according 

t'o w hether t h ey raise or lowe r t h e Tm of native soluble collagen with 

res p ect to th e control value. 

Table 6.1 shows that stabilizers have low corr elation codfi Cl('nts 

with respect to the [0<11 hou r; log;;. k relatio n, for renaturation at 15 0 C, 

whereas destabilizers show hi gh correlation coefficient s. It appears 

that [0<] at 1 hour is a simple function of initial mut 'l-rotation rate onl," 

with perturbants which destabilize the native collagen rnolecule . Thu;;, 

in the c a se of the st a b i lizer s, although th e [0<] va lue s at 1 hour I" <ty 10 " 

r(' ga rded as valid indicators of the s irnpl e order 0 r r ankin g oi 

perturbant effectiveness at ,fiili !e time , they do not serve as '""1Iab1,:' 

functions of the react i on rate at zero time for r l'naturat l ons carrlt··d 

o ut at 15
0

C . It is noted that t he use of 1 hour [0<] va1ue s e l sewlH' r. ' III 

th(· cu rr ent work, as a convenient m easure o f the rf'lattve lyotropl c 
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power of the various perturbants at fixed time, is unaffected by th" 

implications of the pr e sent dis c ussion. 

THE EFFECT OF TEMPERATURE 

Since mutarotation rat e depends markedly on t))(~ tempc' rature at 

which T(maturation takes place (Flory and Weaver, 1960; Harrington 

and von Hippel, 196Ib), it was conside red to be of int e r e st to 

ascertain the effect, on the above rela tionships, of slpwing th" 

overall reaction rates by raising the renaturation temperatur e. Thi s 

would simultanp.ously allow more precise monitoring of the early 

stages of the process. A stabilizing and a de stabilizing perturbant 

were examined for their effects on renaturation kinetics at lOoe . 

The perturbants used were 2-ethoxy-ethanol, a powerful destabilizer, 

and diethylene glycol, a highly effective stabilizer. 

When renaturation is monitored at lSoC, [o<J at 1 hour, in the 

absence of perturbant, is approximately -900
0

• A conlparable 

r e action stage for a control renaturing at ZOoC is [o(J at 3 hours, 

since [0(] is then in the region of -90 0
0

• Thus the correlation 

between [ex] at 3 hours and log initial rate for renaturations at 

ZOoC is regarded as the most useful equivalent of the [o(J I hour : 
o 

log initial rate relation for renaturations at J S C . Values for [0<] at 

3 hours at varying concentrations of the two perturbants used are 

shown in Table 6.2. The effect of increased r enaturation 

temperature, on the correlation between f ixed-time [0(] values a nd 

initial rates, is shown in Table 6.3. 
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TABLE 6.2 

Effects of 2 -ethoxy-ethanol and diethylene glycol on optic"l 

rotation r ecovery of collagen renaturing at 20
0

C 

Solvent Molarity 
",,' 

-[o<J •• lt 3 hours 

control 908 

2 -lOthoxy- ethanol 1 879 

2 813 

3 746 

4 671 

5 607 

diethylene glycol 1 917 

2 876 

3 852 

4 834 

5 780 

Collagen concentration = O. 86 mg/ml 

TABLE 6.3 

Comparison of correlation coefficients rela ting fixed - time[",] 

va lues and log of initial rate s for collagen renaturation in 

the presence of 2-ethoxy-ethanol and diethylene glycol at 

Solvent 

~ - ethoxy- ethanol 

di ethylene glycol 

different temperature s 

Corr. coeff. between 
[0<] at 1 hour and l og 
y~ . k, at l5 0 C 

O. 99 

0 . 30 

Corr. coef!. between 
[o<J a t 3 hours and 
log y3 . k, at 20 0 C 

O. 99 

O. 95 



Fran1 'fablL l) . 3 it app ears that renaturation U'! rnperature 1.8 nOt 

a (h~ cisiv(! factor af£(-'c tulg th e· co rrelation b etw ef' O fl xl? d-t inle [o<J 
values and initial rates in the case of 2 - othoxY-I...:t banu l. hi co nI rast, 

systems containing the stabill 7.e r , diethyh;ne glycol, s ho w" mu( h 

i.mproved c orrelation betw(' en the fixed-tim e [0<] values dnd the 

initial rate parameter when th e reaction is slo wed by r e na turIng at 

the higher temperature . 

THE RELATIONSHIP BETWEEN PERTURBANT CONCENTRA nON 

AND REACTION RATE 

A linear relationship between perturbant concentration and l ug 

zero-time reversion rate has been denlonstrated f.or neutr al salts 

and f.or urea by von Hippe) and Wong (1962, 1963 ,, ). A similar 

linear relationship between perturbant concentration and r ec.overy 

rates has been faund in studies using palar .organic salvent s .of the 

lower homologous al.cohol seri e s (Russell and Cooper , 1969) and 

various amides and alkyl- substituted amides (Russell and Cooper, 

1970). In the present study, hawever, there have arisen a number 

of examples of an apparently non-linear relati onship betw eerl zero-

time reversion rates and perturbant cancentration. These are 

shawn in FIgures 6.4, 6.5, 6.6, 6.7, 6.8, 6.9, 6.10. Con1nlenciug 

wl!.h the powerful stabilizer, d iethylene glycol, it appear s f ron, 

Figure 6 .4 that there is a mar ked acceleration of log initial 

mutarotation rate as perturbant concentration is increased , rea ching 

a maximum at about 2 molar, after whic h a pha s e of prog ressive' 

rate de c rease becomes evident. The less powerful s tabi lizl'r, 

Z- methox y -ethano l (Figur e 6 . 5) , gives ris e to a siIniJar patt"rn of 

effect s ; however the acceleration of zero -t itne r t~vf-!rsjon r(ltv .-d 

low perturbant conc~ntrations 16 not as nlark e d as w i th ci i..:thyl t!lh: 

glycol. 
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Figure 6.4. Effect of diethylene glyco~ concentration on log initial 
mutarotation rate of heat-denatured (45 Cj 15 min) acid- soluble 
collagen (0 .86 ma/ml in O. 15 M potassium acetate buffer). Renaturation 
temperature , 15 C. 
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Figure 6.5. Effect of 2-methoxy-ethanol concentration on log initial 
mutarotat ion rate of h eat-denatured (45°C; 15 min) acid-soluble 
collagen (0. 84 mg/rnl in O. 15 ~ potassium acetate buffer). 
Renaturation temperature, 15 C . 
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Figure 6 . 6 . Effect of propane - I , 2 - diol concentration on log initial 
mutarotation rate of heat-denatured (4SoC; 15 min) acid-soluble 
collage n (C. 84 mg/rnl in O. 15 ~ potassium acetate buffer). 
Renaturation temperatur e, 15 C. 
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Figure 6.7. Effect of butane-I, 4-diol concentration on log initial 
mutarotation rate of heat-denatured (4S

o
Ci 15 min) acid-soluble 

collagen (0.86 mg/ml in O. 15 M potassium ac e tat e buffer) . 
Renaturation temperature, lSoC. 
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Figure 6. B. Effect of 2-ethoxy-ethanol concentration on log initial 
mutarotation rate of heat -denatured (45°C; 15 min) acid- soluble 
collagen (0 . 84 mg/ml in O. 15 M potassium acetate buffer) . 
Renaturation temperature, lSoC. 
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Figure 6 . 9 . Effect of diethylene glycol concentration on log 
initial mutaro tat ion rate of heat - denatured (4SoC; 15 min) acid­
soluble collagen (0.86 mg/ml in O. 15 M potassium acetate buffer). 
Renaturation temperature , 20 c e . 
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Figure 6 . 10 . Effect of 2 - ethoxy-ethanol concentration on log initial 
mutarotation rate of heat-denatured (45°C; 15 min) acid-soluble 
collagen (0.86 mg/ml in O. 15 M potassium acetate buffer) . 
Renaturation temperature, zoDe. 



On pr OCe(:rilng to th e w vak t::s t o f th e desta bll12v r s eXnnll!H ct, 

n a m el y p rop" n(·' - J, 2 - d , ol ( F'g lln' (, . (,), it is se e n th ilt th e " ' Il(lc-nr y 

to wa r d ti i nit inl a('( (~] f ru. t Ion of tnut3.ro t at i o n at low s o l Vl fIt 

c oncentratio ns has disapPL'a red, a lthou gh ther e rE"nla in s a p t:T'.od 

of l I>durt io n up to abo u t 2 m o lar, afte r which m u taro ta tio n rat" 

d ecel e rat es r a p i d ly. Thi S t r enn i n the d i rec tion of in c r eas ing 

lin eari t y is mainta in e d w ith t h e more e ff e ctivE' d establlizers , 

butan e - I. 4 - diol an rl 2- ethoxy- e lhanol , a s s h own in Figures c. . 7 

and 6 . R, a lthou gh sli gh t st eepen ing of t he cu r ve s a s p e rtu r b"n! 

cone en! rat ion in crcas e" is sHll su gge sted. 

" T he tr end s shown i n th e s y stems renatu ring at 15 e w e N ' 

confi rrn ed by an exa min ation of the 20 0 e renatu r ati o n profi l " s o n 

th e sarne b asi s . D i e t h yl "ne gl yco l serve s a s the p r o totype f or 

perturban ts s howi n g a s t ro n g l e nrlcncy to stabi li z e the native state 

of the p r o t e i n, an d 2 -pth ox y- l'th anol a s an exa m pl e of a p o w erful 

d e stabilizt· r . Fro m rlgur .. (). 9 it appe ars that w ith diethy l ene· 

glyc ol t h e in itial a c('ele r a t ion o f muta r o tatio n r ate at l o w p e nurbrilll 

con cent ra tion , fo llowprl by a I r end r ,,;ve r s al after w hi ch r al" 

reta rd ation r apid] y in c r e n s e ,; , i s aga in m anife st e d. T h i s s ( , rves 

to c onfirm Ihe f indings for thi~ p" rtu rbant a t 15°C (Figur c (). 4 ). 

S i mila r l y, t h e r es u lts obtnen" rl a t 2 0 0 e u sin g the d estab ili z er, 

2 - e t hox y -dha no l , sub s t a n tial " th e a ppa rent 1 5
0 e tr e nel s, as m ay 

b e se<!n by com pa r ing Fig.ne s (, . 10 anrl 6 . 8 . The c urve s are 

c losely similar ill s hap e and h 'J t h sho w sli ght curvatu r e , 

su gg esnng incr e a slllg .lyo tro pic acti vity i n the syste nl at hl:!!", r 

p e r turuant c onl t=ntra tl ons . 

'fh i:'" n,-) n. -lin f>a rity u [ th ~ Jog y,e ro - ti rn c r e ver sion rat e vs . 

c o n e ent rat io n p lt1 ts ho.s n n po 1'1 ant j rnpli catio n s f o r the m ec h .. u d S In 

of perturha nt act lO n. It a pp e a r H that di r e ct i nte racti on betw e ('n 

pert ur bant Tnolecu l c s and prote in m ight not b e the only f a c tor 

aff ecti ng l11 t-: cour Se I)f c Vt!nt s i n thu renatu r i n g s yst e nls. Cl.'l"t<l JI J 
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ot\ler competing influences, in the case of stabilizers, or 

complementary effects , in the case of destabilizers, mus t be 

invoked to explain the complexities of the curves, A 

theor etical interpretation of the observed trend s is att"mpted 

in the following chapte r in the section dealing with renaturation 

k inetics, 



CHAPTER 7 

THEORETICAL INTERPRETATION OF SOLVENT­

SUBSTRATE INTERACTIONS IN HYDROCARBON­

WATER SYSTEMS 

PART I 

GENERAL CONSIDERATIONS 
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The basic assumpti on underlying the experimental approach to t he 

present study has been that an examination 01 solvent -substrate 

interactions using s ubstrates as diverse as soluble collagen, catechin. 

and cellul.ose might be of value in establishing the relative contnbutions 

of various non-covalent fo rces to the solvation process. Should a 

mechanism emerge which can be applied with equal facility to the 

diverse substrates examined, the existence of a common, non - specific 

solvation process would be implied which would be largely independent 

of entropy-mediated effects such as hydrophobic interactions. 

Conversely, if the experimental findings are regarded as indicative of 

fundamental differences between the nature of the interactions in the 

chromatographic and proteinaceous systems, it becomes necessary to 

account for these differences in terms of processes other than 

exclusively polar interaction mechanisms. 

The current work has revealed interesting relationships between 

the chromatographi.c systems and the collagen studies. Paper 

chromatography has contributed significantly to the construction of an 

interpretative framework upon which to base an attempted explanation 

of the experimental evidence. A model for the mechanism of solvent 

action in the paper chromatographic systems will be discussed in 

detail below, before proceeding to c onsider the applicability of such 

an interpretation to the stabilization and perturbation of the structure 

of soluble collagen. 

CATECHIN-CELLULOSE INTERACTIONS 

The presence of hydroxyl groups in the cellul.ose polymer i s 

considered to be the main factor gov ernlng the c henlical l'eactivity of 

pape r surfaces (Knight, 1962) . Cellulose is capable of entering i nto 

strong polar association with environmental molecule s of a sufficiently 
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electronegative nature. Cons den, Gordon and Mart in (1944), however, 

have contended that t he paper serves merely as a suppo r t for the 

aqueous stat ionary phase and does not act ively participate i n polar 

interactions wit h the constituent molecules of the mobile phase or with 

the sample itself. In these te rms the stat i onary phase is regarded as 

a r elatively immobil e film of water molecules hydrogen- bonded to the 

cellulose m .atrix. A majo r objection to this approach arise s out of 

the use of water-mi scible solvents to effect separations (Arden et a.1. , 

1948; Hanes and Isherwood, 1949; Bentley and Whitehead, 1949,1950). 

This woul d not be poss ible if separations were due to a simpl e 

partitioning proces s. The explanation offered by Hanes and Isherwood 

(1949) postulates the existence of a water-cellulose complex, 

partitioning between this complex and the mobile phase being the 

effective mechanism. It seems unrealistic to ignore the possibility 

of direct polar interactions between cellulose and environmental 

molecules other than water, however , and the fact that many dyes 

and other substances are known to adsorb is of considerable relevance 

in this connection (Lederer and Lederer, 1957). 

On the basis of the above arguments , and since the polyhydroxy 

catechin molecule presents a relatively large number of polar groups 

to the external environment, it is concluded that direct catechin ­

cellulose polar interactions do occur, and that any interference with 

these interactions will affect the chr omatographic mobility of 

catechin on a cellulose substrate. 

In all the organic solvent/water systems examined, an increase in 

the hydrocarbon content of the systems caused an init ial increase i n 

catechin mobility. This increase was gradual and maintained, with 

those solvents having high polar atom to carbon atom ratios, whereas 

solvents having low polar atom/ carbon atom ratios produced sharp 

maxi ma at low solvent/water rat ios, followed by a marked reduction 
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in mobility a t high c c-n cent r <ltions of organic so l v ent . Any 

mechani stic interprei 3.t ion of the se T <'SUltS m u st acc ount adeq'J,ately 

not only for the pc o g 'r essiv e enha nceme nt of catechin mobility at low 

solvent proportions, b ut < • .1 50 £01' the p r ogres sive mobility d ecline at 

h igh solvent concentra ti.on a s the pola r atorn content of perturbant 

molecules increa ses . Thus the m odel must reconcile the appar ent 

weakc ning of catechin- cellulose pol ar interactions , due to the 

presence of lower c onccntration of hydrocar bon, with the 

c ons iderable enb. ncement of these interactions when the hydrocarbon 

c ontent of the sy s t e m io high. 

It is proposed that, with solvents having low polar atom to 

carbon atom ratios , the masking of catechin- c e llulose polar 

interactions might not be due s olely to hydrogen bond formation 

between organic s o lvent molecules and catechin and cellulose polar 

groups • Instea d it is suggested that in such systems the water 

. molecules ar e, on a mass-action basis, the mos t active hydrogen­

bonding species presen t, and that the introdu ction of hydrocarbon 

into the envi ronment 1"enders water better able to solvate catechin 

and cellulose pol a r groups. In rnolecular terms this model may be 

described as follow , : the presence of hydrocarbon molecule s in the 

solvent envirom:nent reduces the affin ity of water molecules for that 

cnvironrnent s inc e it contain s a lo \.ver concentra t i on of pola r a t ornl:::i 

tha n does pur e vlatcr. In contrast, the affinity of water mole c ules 

fo r p olar g roups on e n techin a nd cellulose i s not d iminishe d by 

reduction of the p o l r atom cont e nt of the liquid environment. The 

resultant effect is a decr e ased tendency fo r wdter lTIolecules to 

exchange with the soh c nt mixtur e, and h ence the pe r iod of residency 

of wa.ter molecules at polar s ites on c a te chin a nd cellulose is 

prolonged. Thus, the cxtent to which polar groups of catechin and 

cellulose are solv ated by water is inCI'C sed, a nd the consequent 

r e duction in t h e potenthl for catechin-cellulose hydrogen bonding 
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enhances chromatographic mobility. Although hydrogen bond 

formation between organic solvent polar groups and catechin and 

cellulose must a l so c ontribute to th e solvation process, it is 

suggested that thia ir..tel'action alone could not a ccount for the 

observed patterr.. of eff ects. Mobility enhancement is more readily 

explained by incorporating the concept of enhanced water activity due 

to increasing hydrocarbon content of the system. Masking of 

catechin-c ellulose polar interactions by perturbant molecules would 

be augmented by the reduced tendency of water molecules at polar 

surfaces to exchange with the liquid environment as the hydrocarbon 

content of that environment is incl'eas ed. 

The above suggestion is supported by the findings using the three­

component hexane/propanol/water system (Table 5.1). As already 

mentioned (Chapter 5), the effect of the addition of hexane cannot be 

adequately accounted for in terms of direct-shielding mediated 

propanol- substrate interactions, since such a mechanism requires 

that the introduction of hexane molecules into the environment should 

result in decreased catechin mobility. The observed mobility 

increase is readily explained, however, if it is regarded as an effect 

of the presence of hexane on the activity of the third component of 

the solvent system., namely water, in accordance with the mechanism 

outlined abov e. 

In contra st to the effects at low solvent concentrations, the 

pre s ence of high concentrations of solvents having high hydrocarbon 

contents reduces chromatographic mobility t o a value below the Rf 

maximum, which occurs at lower s olvent/water ratios. The overall 

situation witI respect to solvents with l ow polar atom to carbon atom 

ratios, a rbitrarily taken a s tho s e in which this ratio i s 0.5 or less, 

is summarized in Table 7. 1. 
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TABLE 7.1 

Influence of solvents with low polar atom/ carbon atonl ratios on 

mobility of catechin on cellulose 

Solvent 

2 - ethoxy - cthanol 

butane -I, 4 - diol 

butane -I ,3 - diol 

butane - 2, 3 - diol 

pentane -I , 5-diol 

hexane - I,6-diol 

2- butoxy- ethanol 

Eolar atonlS 
carbon atoms 

0.50 

0.50 

0.50 

0.50 

0.40 

0.33 

0.33 

Rf max. Conc. at which 
Rfmax. occurs 

(volumes %) 

0.87 60 

0 . 89 90 

0.83 70 

0.83 60 

0.93 60 

0.93 70 

0.89 30 

Table 7. I shows that in each case the Rf at very high solvent 

Rf at 
90%v/v 

0.65 

0.86 

0.80 

0.78 

0.83 

0.60 

conc entration (90%) is lower than the maximurn Rf. This supports the 

suggestion that water is an active contributor to mobility enhancement. 

Thus, when water concentration falls below a critical minimum, the 

reduced concentration of this highly ac tive molecular species renders 

the solvent mixture unable to sustain a high degree of solvation of 

catechin and cellulose polar groups, hence catechin mobility decreases. 

A different situation obtains where polar atom/carbon atom ratios 

of organic solvents are higher : 

Table 7 . 2 shows that solvents with polar atom/ carbon atom ratios 

of 0.67 produce a small decline in catechin mobility when the 

concentr ation of the organic conlponent exceeds the optilnum value. 

In contrast, solvents having polar atom/ carbon atom r atios of O. '7 5 

or more, show the opposite tendency. D iethylene glycol, ethylene 

glycol and glyc erol produce maximum mobility at the h i gh 
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conceJ;ltration extreme (100 volumes 0/0), By comparing these 

results (Table 7.2) with those shown in Table 7.1 it can be seen 

that there is a tendency for Rf maxima to occur at progressively 

higher concentrations of organic component as polar atom/ carbon 

atom ratios increase. In the latter cases the polar atom 

concentration in the liquid envirqnment i s relatively high, even in 

the absence of water, hence it seems probable that the masking of 

catechin-cellulose polar interactions may be due, to an increasing 

extent , to direct solva.tion of catechin and cellulose polar groups by 

organic solvent molecules. 

TABLE 7.2 

Influence of solvents with high polar atom/ carbon atom ratios on 

mobility of catechin on cellulose 

Solvent '~olar atoms Rf max. Cone. at which Rf at 
car bon atoms Rf max.occurs 900/0v /v 

lvolumeso/n 1 
2-methoxy- ethanol 0.67 0.85 80 0.84 

propane-I, 2-diol 0.67 0.85 70 0.82 

propane-I, 3-diol 0.67 0.90 80 0.88 

diethylene glycol 0.75 0.99 100 0.99 

e thylene glycol 1. 00 0.99 100 0.97 

glycerol 1. 00 0.92 100 0.89 

It is regarded as significant that solvents with high polar atom 

ratios are less effective mobility enhancers at low concentrations than 

are solvents having low polar atom ratios. This remains valid for 

comparisons made both on a volumes % and a molar basis, as shown 

in Table 7.3, from which certain interesting relationships are apparent. 

Methanol, ethylene glycol and glycerol enhance mobility only slightly at 

low concentration, whereas solvents with lower polar atom ratios cause 
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TABLE 7.3 

Influence of solvent polar atom/ carbon atom r atios on m obility 01 

catechin on cellulose at low solvent concentrations 

Solvent Eolar atoms Rf at Rf at 1M 
carbon atoms 10%v/v 

methanol 

[ 
1. 00 O. 32 0.28 

ethylene glycol 1. 00 O. 33 0.29 

glyce r ol 1. 00 0.34 0.32 

diethylene glycol 0.75 0.43 0.43 

propane -l, 2-diol 

[ 
0.67 O. 37 0 . 34 

propane - l,3-diol 0.67 0.42 0.37 

2 - methoxy - ethano 1 0.67 0 . 42 0.39 

2 - ethoxy- ethanol 

[ 
o. 50 0.44 0.44 

butane-I, 4 - d i ol 0.50 0.41 0.39 

butane - I , 3 - dioI 0.50 0.39 0.38 

butane - 2, 3-diol 0.50 0. 3 9 o. 38 

pentane-I , 5-di ol 0.40 0.50 O. 51 

hexane -1, 6 - diol [ 0.33 0.54 0.58 

2- butoxy-ethanol 0.33 0.64 0.70 
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p r ogr essively larger mobility inc re ments . Solvents having the 

lowe st polar atom ratios (h exa ne - I , 6-diol and 2 - butoxy - ethano l) 

cause the greatest mobility enha ncement at low c oncentr a t ion but , 

as previously ment i oned, are a s sociat e d with lo w e r Rf value s at 

high concentrations . 

With respect to the p ossible i nfluence of the presenC 8 of o r ganic 

solvent molec ules on the polar bonding ac tiv ity of wate r , it a ppears 

that the intro duc tion of solvent molecules havi ng high polar atom 

ratios into the environment does not greatly enha nce water - c at e c hin 

and wat e r - cellulos e polar interactions . This may be explained on 

the following bas is. The addition, to the liqui d envi ronment, of 

molecules which have high polar atom ratios does not sufficiently 

reduce the environmental polar atom content . Consequently, the 

tend ency for water molecules, hydrogen bonded to c atechin and 

cellulose, to exchange with the solvent atmosphere is not d i m in i shed 

to an extent that significantly increases the period of r e s idenc y of 

wate r molecules at polar sites on the substrates. This is in 

contrast to the situati.on when organic solvents with l ow polar atom 

ratios are introduced into the medium. In such cases the 

environmental exchange affinity of water is decreased, lea d i ng to 

prolongation of water-catechin and water - cellulose interactions, 

with a cons equently sharp mobility increase at low proport ions of 

the organic component. 

ACCESSIBILITY OF POLAR GROUPS 

The effects, at high concentration, of the i someric butanedi o l s 

and isomeric propanediols on the chr omatographic mobility of 

catechin on cellulose are of con s ide rable inte r est. A d ifferen ce in 

steric accessibility of solvent polar groups is s uggested, de p ending 
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on whether such groups are centrally or terminally situated. Table 

7 . 4 shows tha.t, at high solvent concentrations, i somers in wh i c h 

hydroxyl groups are terminally situated promote catechin mobility to 

a greater extent than do their counterparts which have the polar groups 

nearer to their geometric centres. 

TABLE 7.4 

Effect of the positions of solvent polar groups on the mobility of 
catechin on cellulos e at high solve nt concentrati ons 

Solvellt Rf at 900/0v/v Rf at 100%v/ v 

propane-I,3-diol ] 0.93 ± O. 50 

propane-I,2-diol 0 . 82 + 0 . 32 

butane-I,4-diol 

1 
0.86 + 0.44 

butane-I,3-diol 0 . 80 + 0 . 10 

butane-2,3-diol 0.78 + 0.0 1 

Although there is considerable error in estimating the R£ values 

when us ing the pure organic solvent, owing to streaking of c atechi n 

spots, the order of effects is neve r theless quite clear. 

It seems likely that terminally situated polar g roup s ar e 

sterically more access~ble than those nearer the geometric m i dpoints 

of unbranched carbon chains. Consequently, organic solvent Inolecules 

with terminal polar groups might have s tatistically h i gher polar 

interaction potentials than would their i sorners. Thus butane- 2, 3- dio l , 

f o r e x ample, mi~ht less effectively solv ate catechin and cellulo se pol.ar 
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groups than would butane - I, 3-diol, which would, in turn, be less 

effective than butane - I, 4-diol. At lo w solvent proportions, however, 

the isomeric butanediols produce only very slight mobility differences 

(Figure 5.4). Nevertheless, in support of the suggested effects of 

polar group accessibility, it is noteworthy that propane-I, 3 - diol 

promotes catechin mobility to a considerably greater extent than does 

propane-I, 2-diol, even at low concentrations (Figure 5.3). Since the 

propanediols have a higher pola r atom! carbon atom ratio than do the 

butanediols, it is to be expected that the effect of isomerism should 

be relatively greater in the former case . In other words, changed 

hydroxyl group position represents a more significant alteration to 

molecular structure with the compound of lower molecular weight . 

It is suggested that a mechanistic interpretation of this nature may 

account for the apparently greater polar interaction potentials 

displayed, at various concentrations, by those butanediol and 

propanediol isomers in which the polar groups are nearer the 

carbon chain extremities. 

A neces sary corollary follows from the above molecular 

explanation of the apparent differences in polar interaction 

potentials of isomers, since reduced steric accessibility of polar 

groups implies greater accessibility of the carbon chain itself. 

This inference is significant with respect to the influence of 

isomerism on the effects of organic solvents on the denaturation and 

renaturation of soluble collagen, and is discussed in detail in the 

following section. 
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COLLAGEN-SOLVENT INTERACTIONS 

In recent years muc h evidence ha s been produced in support of 

the concept of apolar interaction as a major contributor to the 

maintenance of the solution structure of a number of different proteins . 

Nevertheless, the generally complex nature of the systems s t udied 

presents great difficulty with respect to the formulation of an 

unequivocal interpretation of the experimental findings. Many cases 

arise i n which a given set of results may be explained in terms of 

diffe rent bas ic assumptions, the validity of which is not open to 

empirical verification. In this c onnection it is noteworthy that, 

ev en with respect to the globular p r oteins , recent findings appear 

to cast doubt on the widely accepted theory that hydrophobic 

interactions contribute significantly to conformational stability 

(B r andts et al., 1970). Similarly, i n the present study the gene ral 

tendencies, as revealed by the experimental findings discussed in 

Chapters 3 and 4, can be interpreted in a number of ways. The 

arguments that follow represent an attempt to account for the 

observed effects in terms of a lim.ited number of theoretical 

approaches. 

RENATURATION 

Polar atom to carbon atom rat i o s and steric considerations were 

found to be closely related to per turbant effectiveness . This 

resembles the findings arising from the paper chromatography 

studi es. There were a number of notab l e differences, however, the 

po s s ible significance of whi ch will be d i s cus s ed below. 

From Table 7.5 it is clear tha t increasing hydr ocarbon content 

of perturbant molecules results in a n appa rent increa s e in 

effe c tiven ess of ethylene glycol de rivat iv e s, as monitored by 

retardation of optical r otat ion recovery . Similarly. Table 7.6 shows 
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the order of effects in all comparable syste.ms to be relat ed to the 

polar atom/ carbon rat ios. 

TABLE 7.5 

Influence of solvent polar atom/ carbon atorn ratios on collagen 

renaturation at l5
0

C, as monitored by 1 hour optical rotation 

regain values 

Solvent 

ethylene glycol 

2 - methoxy - ethanol 

2 - ethoxy- ethanol 

2- butoxy-ethanol 

polar atoms 
carbon atoms 

1. 00 

0.67 

O. 50 

O. 33 

,.' 
-[O<]",a t 1 hour 
and 1 n10lar 

922 

908 

875 

787 

N everthele s s, the problem of interpretation remains unsolved. 

Results could be rationalized in terms of (1) the shielding influence of 

the apolar chain on the hydroxyl group, (2) direct apolar interactions 

between perturbant hydrocarbon chains and apolar groups on the protein 

it self, or (3) the influence of the presence of hydrocarbon in the 

environment on the hydrogen-bonding capacity of water molecules. 

A more definitive inte rpretation can be placed upon the differing 

effects of the isomeric propanediol s, shown in Table 7.7: 

propane-I, 3-diol retards l'ecovery to a snlaller extent than does it s 

isomer . This is regarded as significant in view of the finding that, in 

the paper chromatographic systems, propane-I, 3-diol was a more 

effective mobility promoter than was propane-I, 2-diol (Tables 7.2,7.3 

and 7.4). The chromatographic reslllts were interpreted as implying 

that the I, 3-diol is capable of forming hydrogen bonds more effectiv ely 

than its I,2-isomer, due to the greater steric accessibility of the 



TABLE 7.6 

Influence of solvent polar atom/ carbon atom ratios on collagen 

renaturation at l5
0

C, as monitored by I hour optical rotation 

regain values 

Solvent 

" ethylene glycol 

" glycerol 

propane-l,3-diol 

butane-I,4-diol 

glycerol 

diethylene glycol 

diethylene glycol 

':,* methyldigol 

"* ethyldigol 

polar atoms 
carbon atoms 

1. 00 

1. 00 

0 . 67 

0.50 

1. 00 

0 . 75 

0.75 

0 . 60 

O. 50 

Molarity 

5. 0 887 

5 . 0 854 

5 . 0 830 

L. 5. 0 804 

[ 4 . 0 887 

4.0 868 

[ O. 8 
951 

o. 8 945 

0.8 931 

81 

i< The apparently greater effective!).e s s of glycerol as compa r ed to 

ethylene glycol may be expla ined in terms of their differing molar 

volumes , since glycerol has a molecular weight appro'1'imate ly 50% 

greater than ethylene glycol, while the i r densities are similar . 

,~,:, The effects of alkyl derivatives of diethylene glycol have not been 

discussed elsewhere in the present work, since precipitation 

difficulties greatly restrict their usefulness . They are shown in the 

above comparison, however, because they tend to confirm the p r esence 

of an apparent retardation of renaturat ion upon alkyl substitution of the 

parent compound. 
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terminally situated hydroxyl groups. It s eems reasonable to expect, 

therefore , that the 1, 3-diol should be capable of greater retardation of 

renaturation than its isomer, provided that direct polar interactlOn 

between perturbant and collagen is the dominant process . The opposite 

situation prevails, however, since the 1, 2-i.somer retards renaturation 

to a much greater extent than does the I , 3-diol (Table 7 . 7) . It appears 

tnat an additional mechanism must be operative in the prote i.n- containing 

systems and is, at this particular concentration, the most signific a nt 

of the non- covalent interactions i nvolved. T he {act that the I, 2 - diol 

contains a sterically more accessible methyl group than does its is oITler, 

suggests that hydrophobic interactions between the accessible methyl 

groups ap.d apolar side chains of the prote in may be implicated. 

TABLE 7 . 7 

Effects of the isomeric propanediols on collagen renaturat ion at 

lSoC, as moni tored by 1 hour optical rotation regain values 

Solvent 

propane-I,3-diol 

propane-I,2-diol 

DENATURATION 

polar atoms 
carbon atoID.S 

- [oc]"f'at 1 hour 
" and S molar 

830 

777 

Investigation of the influence of the various organic solvents on Trn 

has, in many cases, provided the most readily interpretable data 

concerning the possible mechanisms involved in perturbational act ivity . 

The generally most convenient concentration at which to compar e 
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melting temperatures, and relate them to polar atom ratio s, wa s 

found to be 2 molar . The monoalkyl ethers of ethylene glyc ol were 

exceptional, however, since they caused precip i tation of th e p rotein 

at concentrations above I .molar. 

TABLE 7.8 

Influenc~ of solvent polar atom/ carbon atom ratios of ethylene 

glycol and derivatives on Tm of collagen 

Solvent 

ethylene glycol 

2 - methoxy - e thanol 

control 

2- ethoxy- ethanol 

2, butoxy - ethanol 

polar atoms 
carbon atoms 

1. 00 

0.67 

O. 50 

O. 33 

Tm at I molar 
(0 C) 

39. 25 

38. 95 

38. 90 

38.05 

35. 30 

Table 7.8 shows that ethylene glycol raises Tm to a value 

appreciably above that of the control, even at low concentration, 

whereas the methyl ether raises Tm only slightly. In cont r as t, t h e 

higher alkyl derivativ e s cause a progressively greater r e d uction of 

Tm. The fact that ethylene glycol has one more potential donor 

hydrogen atom than do the derivatives, is apparently of lesser 

significance than the presence of additional hydrocarbon in the 

molecules of the latter. A simple relationship between pertur bant 

polar atom/ carbon atoIn ratios and Tm is evident. Thi s i n it self, 

however, does not give any indication of the direct cause of 

destabilization w ith increasing hydrocarbon content. 
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TABLE 7.9 

Influence of solvent polar atom/carbon atom ratios of un­

substituted polyols on Tm of collagen 

Solvent 

glycerol 

ethylene glycol 

d i ethylene glycol 

propane-l,3-diol 

control 

propane -1, 2-diol 

butane - 1, 4- diol 

butane - 1, 3 - d i ol 

butane - 2, 3 - dio l 

pentane-I , 5 -diol 

hexane-l,6 - diol 

polar atoms 
carbon atoms 

L 00 

L 00 

0.75 

0.67 

0.67 

O. 50 

O. 50 

O. 50 

O. 40 

O. 33 

Tm at 2 molar 
(0 C) 

40 . 59 

39 . 65 

40 . 39 

39 . 51 

38. 90 

38.56 

38. 46 

38 . 32 

37.07 

36.62 

35. 20 

Table 7.9 shows the close relationship between polar atom content 

of the unsubstituted parent polyols a n d their influence on Tm. 

Glycerol, ethylene glycol and diethylene glycol, which have high polar 

atom ratios, cause a considerable elevation of Tm above that of the 

control. The fact that diethylene glycol ra i ses Tm to a greater extent 

than does ethylene glycol, despite the lower polar atom/ carbon a tom 

r atio of the former, is probably due to the larger (.:!:. 70%) molar volume 

of diethylene glycol. It has been argued, with respect to catechin -

cellulose interactions, that high polar atom/carbon atom ratios a re 

commensurate with a high degree of di r ect sol vation of the substrat <.> s 

by organic solv ent molecules; this becoming most evident at high 

solvent concentr at i ons. The reverse is seen to apply to the influ e n ce 
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of these solvents on the Tm of collagen, since it is clear that they 

caused stabilization of the n tive structure (Table 7. 9) . Thi s d f eet 

was maintained, up to the highest accessible molarities, as s hown in 

Table 7. 10 . 

TABLE 7. 10 

Effect s of high concentrations of solvents with high polar atom/ 

carbon atorn ratios on the Tm of collagen 

Solv .nt Eolar atorns Molarity Tm 
carbon atoms (oC) 

glycerol 1. 00 10 49 . 45 

ethylene glycol 1. 00 10 42.21 

diethylene glycol 0 . 75 7 44.22 

propane-l.3-diol 0 . 67 5 41. 55 

It a ppear s that whereas direct solvation by organic solvents, with 

high polar atom ratios, successfully disrupts catechin-cellulose 

hydrogen bonds. this type of direct solvation is unable to perturb the 

This highly co -operative triple helical structure of native collagen. 

leads to the additional implication that interactions other than 

hydrogen bond formation may be involved in the stabilization of the 

t riple helix . Under these circumstances. the main effect of reducing 

the polar atom concentration in the liquid environment would be an 

enhanc e m e nt of the highly co-operative system of pola r interactions 

in the protein. The non-interference with apolar stabili zation 

mechanisms by solvents which have high polar atom/carbon atorn 

ratios. such as glycerol. ethylene glycol. diethylene glycol and 

propane-l,3-diol, <ould be accounted for in terIns of (I) the ste rle 

inaccess i bllity of the hydrocarbon portions of these molecules . 'lIla 
(2 ) thl! r (·duction of the pola.r atom concentration III the li'lu ,d 

enVlronment being insuff ici e nt to nullify the t e ndency of apo lar gr oups 
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of the protein to associate with one another by hydrophobic interacti on. 

The reduction in environmental polar atom concentration would, however, 

be sufficient to enhance dectrostatic stabilization of the highly co-operative 

structure. 

The question of steric accessibility is regarded as being of major 

importance. Returning to Table 7.9, the relevance of steric 

considerations , to the effects of solvent on Tm, is apparent from the 

marked difference in the action of propane-I, 3-diol and its isomer, 

propane-I,2-diol. It appears that the greater steric access i bility of the 

terminal methyl group of the 1, 2-isomer may be responsible for 

de stabilising the collagen structure. A similar order of effects is 

apparent with the isomeric butanediols, where increasing exposure of 

the carbon chain results in increasing destabilization of the prote i n. A 

more detailed assessment of the significance of these results is possible 

when the effects of the isomers on the protein systems are compared 

with their influence on the chromatographic mobility patterns, as shown 

in Table 7.11. 

TABLE 7.11 

Comparison of effects of butanediol and propanediol isomers 

on Tm of collagen and mObility of catechin on cellulos e 

Solvent 

propane - I , 3 - diol 

propane-I , 2-diol 

butane-I,4-diol 

butane-I,3-diol 

butane-2,3-diol 

polar atoms 
carbon atoms 

0.67 

0.67 

0.50 

O. 50 

O. 50 

effect on Tm at 
2 M (oCl 

+0.61 

-0.34 

-0.44 

-0. 58 

-1. 83 

Rfat 90% v / v 

0.88 

O. 82 

0.86 

0.80 

0.78 

Positive Tm value s repres e nt those higher than the control, 
and the negative values those lower than the control. 
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It has been argued that the effects of high concentrations of 

organic solvents on chromatographic mobility must be due to direct 

masking of catechin-cellulose polar inte ract ions, since the 

concentration of water is so reduced as to largely e liminate its role 

as a solvating species. Mobility patterns at a concentration of 90 

volumes percent should, therefore, give an indication of the 

comparative hydrogen bonding capacities of isomers. Since it 

appears that propane-l , 3-diol more effectively masks catechin­

c ellulose interactions than does propane-l, 2-diol, it is assumed 

that the terminal disposition of the hydroxyl groups of the 1, 3-isomer 

allows for a statist i cally greater potential for the formation of hydrogen 

bonds between the solvent and the catechin-cellulose system. (This 

suggestion has already been discussed in detail.) Consequently, i t is 

regarded as significant that propane-l, 3-diol raises Tm whereas 

propane-l, 2-diol lowers it. This result is in direct contrast to what 

would be expected if direct hydrogen bond formation between solvent 

and protein was the dominant interaction mechanism, since this 

would require that the 1, 3-diol be the more effective de stabilizer. 

Similarly, the isomeric butanediols show the reverse order of effects 

in the protein systems as compared to the chromatographic profiles. 

Thus, in sequence, butane-l, 4-diol, butane-l, 3-diol and butane-2 , 3-

diol show progressively diminishing effectiveness as promoters of 

chromatographic mobility at high solvent concentrations, but 

progressively greater ability to destabilize the native structure of 

collagen. This supports the suggestion that direct polar interaction 

between organic solvent molecules and the protein might not be the 

only, or even the dominant, destabilization mechanism. 

In terms of the theoretical approaches adopted in the foregoing 

discus sion, there appear to be two pos sible mechani snls which may 

account for the observed effects of the isom,eric propanediols and 

butanediols. The first i s that described in relation to the 
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chromatographic behaviour of catechin at low to moderate 

concentrations of organic solvents. Thus, perturbant effects could 

be regarded as a func t ion of the influence of the polar atom 

concentrat i on of the liquid envi r onment on the ability of water molecules 

to exchange with that environment . The second mechanism that nlUst 

be considered is one involving apolar interactions between organic 

sol vent molecules and hydrophob i c side chains of the protein . The 

introduct i on of stericaHy accessible non-polar groups into the 

environment would competitively reduce the tendency for apolar side 

chains of the prote i n to stabilize thE: triple helix through mutual 

hydrophobic intera ction. In those cases where steric accessibil ity 

of perturbant hydrocarbon chain is reduced by the presence of 

terminally situated polar groups, as in butane-I, 4-diol and propane-

1,3-diol, the tenden cy towards destabilization by apolar interaction 

is diminished, and may in fact disappear. 

It s e ems likely that both mechani sms outlined above might 

complement one another at low concentrations of organic solvents , 

since the concentration of wate r in the system will be relatively high. 

At high solvent mol arities, however, the virtual elimination of the 

perturbant effects of water would lead to an opposing tendency, which 

may reverse the obse rv ed trends, owing to t he enhancement of 

co - operative polar interaction s within the triple helix. 

The re rrlai ning problem is to asses s the relative nlagnitudes of 

the contr i but ion s of t h es e two mechan i srns, and thereby es t imate the 

extent to which hyd t' ophob ic interactions are involved in the 

stabilization of the triple helix . In Chapter 1, it was suggest ed t hat 

the stabilization of th" triple helix by hydrophobic intera ctions 

s eeme d u nlike ly, in vi e w of the o rientati on of all apolar side chains 

away frorn the helix axir,. Thi s argul1.)ent will now be ex~rn ined in 

relati on t o th£> implic a t i ons arising f r o m '1'",ble 7 . 12. 
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TABLE 7. 12 

Comparison between the relative effects of isomers on Tm qf 

collagen and Rf of catechin on cellulose 

Solvent Tm at 5 M I:::, Tm Rf at 5 M I:::, Rf 
(OC) 

propane-I,3-diol 41. 55 0.72 

propane- 1, 2 - diol 38. 04 ] 3. 51 
0 .66 ] 0.06 

butane- I,4-diol 39. 73 

1 
0 . 79 

1 
butane-I,3 -diol 38 . 56 5.43 0.78 O. 01 

butane-2,3-diol 34. 30 O. 78 

The values I:::, Tm and I:::, Rf represent the total range over 

which the respective parameters vary when comparing the 

most effective and least effective isomers . 

A notable feature of Table 7 . 12 is the contrast between the large 

variations i n Tm and the very small variations in Rf arising from 

isomerism. The situation suggests fundamental differences in the 

mechanism of interaction of the organic solvents with the substrates 

in the two types of systems . Moreover, if polar interaction 

mechanism;; were the dominant processes i n both cases, the expected 

order of effects would be the reverse of that observed, since the 

co-operatively hydrogen-bonded structure of the triple helix is 

assumed to be less sensitive to polar-group mediated destabil izing 

influences than is the simpler catechin-cellulose syste m . 

Finally, a comparison between the effects of diethylene glycol 

and butane-I, 4-diol on the Tm of collagen and the mobility of 

catechin on cellulose (Figures 4.5 and 5,5, re s pectively) confirrns 

the tendencies described above. It is clear that diethylene g lyco l 
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strongly stabiliz es the native state of collagen at low perturbant 

concentrations, whereas butane-l, 4-diol does not (Figure 4 . 5) . 

In contrast, diethylene glycol destabilizes catechin-cellulose 

intera ctions t o a c ons idera bly greater extent than does butane- 1,4-

diol (Figure 5 , 5) . The latter situation implies increased polar 

intera c tion potential in the case of diethylene glycol, which has a 

h i gher polar atom/carbon atom ratio than does butane-l, 4-diol. 

It appears anomalous, therefore, that diethylene glycol should 

stabili z e nat ive collagen molecules to such a marked degree. This 

suggests that apolar interact i on may be the critical factor in such 

cases . The longer unbroken butylene chain of the 1, 4-diol may be 

capable of a higher order of apolar interaction with non-polar amino 

acid side chains of the protein than are the short ethylene chains of 

diethylene glycol. Thus, destabilization of the protein through 

apolar interac t i ons between perturbant molecules and amino acid 

side chains might render butane-l, 4-diol a more powerful 

de stabilizer than is diethylene glycol, despite the apparently lpwer 

polar interaction potential of the former . 

The foregoing evidence appears to support the contention that 

apolar interaction s between organic solvent molecules and arnino 

acid side chains may be an important factor in the perturbation of 

the collagen triple helix. The nece s sary corollary to this 

conclusion is that hydrophobic interactions contribute significantly 

to the stabilization of the monomeric tropocollagen macromolecule. 

Recent work (Bianchi et al., 1970) tends to substantiate the 

suggestion that hydrophobic stabilization mechanisms might 

contribute to the stability oi the collagen monomer in solution. 

Uncertainty with respect to the above interpretation arises 

in connection with the possibility that collagen molecules in 

solution may exi st in forms other than the simple monomeric 

state. (Davison and Drake, 1966; Davidson and <;:ooper, 1967; 

Davidson and Cooper, 1968) . 1£ dimers and higher aggregates are 
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pres e n t, and if the sta bil ization of such aggregates is partly due to 

apolar interact ions amo ng the peripherally d is posed ammo ac i d 

s ld e cha1ns, explanatlOn of the experimental findings would not 

reqUlre the assurnptlOn that apola r interactions contr i but e 

s lgmflcant ly to the stabllizatlOn of the monomeric triple helix . It 

seems more probable , however, that the existence of dimers in 

d il ut e solution 1S a function of e le ctros tat1c , rather than hydropho bic 

interaction mechanisms. Conside rat i on of phase equilibria involving 

highly asymmetric ro dlik" polym er units (Flory, 1961) indicates that, 

in d ilute solution, apo l ar interparticle interactions between native 

three-stranded helices are of a very low ord e r . Transition from 

the native to the denatured state appears to be largely a function of 

the collapse of the triple h elix itself. 



PART II 

THE KINETICS OF RENATURATION 
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In order to interpret the significance of changes in the kinetic 

parameter, log y; . k, made use of in the present work, regard Illust 

be had to the lik ely sequence of events dur ing the early stages of 

renaturation. The three -stage mode l for renatul"ation, consisting of 

(1) nucleation of the poly - L - proline II type helix, (2) propagation of 

the helical form along individual chains, and (3) formatiQn of the 

triple helix by specific hydrogen bond formation between chai ns, has 

been shown to be subje ct to certain serious object ions (Chapter 3). 

In particular , the work of Beier and Engel (1966) and Piez and 

Carrillo (1964) suggests that renaturation to the most comple t. e ly 

native state is a concentrat ion-dependent phenomenon. This implies 

tha t steps (1) and (2) are functions of step (3), and not independent of 

it, as proposed by von Hippel and Harrington (1959). Thus, the 

exact mechanism of the r enaturation process is imprecisely defined. 

Various poss i ble implications arising out of the kinetic observations 

recorded in Chapter 6 will now b e examined. 

The marked improvement in the correlation between I hour 

[0<] values and log zero-tilne reversion rates, upon :r:aising the 

renaturation temperature from 15
0

C to 20°C. suggests a 

modification of the mechanism of renaturation, In terms of t.he 

proposals of Beier and Engel (966), this could imply a movement 

towards the format ion of a higher proporti.on of t!'uly native collagen 

helices, as opposed to other poss i ble uni- or multi-stranded 

arrangements of poly - L - proline 11 type structures. It seems 

possible that the more uniform reversion to the strictly native-type 

structure, which might result from renaturation at h igher 

temperatures , could account for an ilnp roved linear relationship 

between fixed-tilne [o<J va lues and zero - time reversion rates. In 

contrast, the kinetic situation appears to b e more complex at the 

lower renaturation ten1perature. This is assumed to result frarn 

an increase in the degr ee of competiti.ve equilibrium between t h e 

re-forming native triple helical structur e s and non-n<;<tive 
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aggregates of poly -L-proline II type helices. Conceivably, this 

could destroy t he register between zero-tirne reversion rates and 

the attenuated situation at finite time. 

The second point of major int eres t is the apparent non - linearity 

of the log init ial rate v. perturbant c oncentration plots. There arc 

two distinct groups into which the perturbants m ay con ven iently be 

d ivided , namely, stabilizers and de stabilizers (as defined in Chapter 

6). These terms refer to the effects of perturbants on collagen in 

the native state, however, and it becomes necessary to reconcile 

their use with the observed effects of these solvents in ren a turing 

systems . It has been shown (Harrington and von Hippel, 1961b; 

von H i ppel and Wong, 1963a) that changes in the nature of the 

solvent that result in an increased i n itial mutarotation rate are 

associated with an increase in Tm in certain cq,se s& In the pr esent 

wo r k, however , although initial rate v. concentration curves showed 

an apparent ac celeration of rnutarotation rate at low concentrations 

of certain perturbants, this was followed by sharp t rend reversals . 

Thus , an initial enhancement of the rate of PQly- L-proline II type 

helix formation is indicated, but t h is is subsequently ove r c ome by 

a supervening effect as perturbant conc entration is increased . 

This pattern may b e interpreted by ass uming that pe r turbant s that 

elevate Tm abov e the control value, do so be cause they are less 

powerful polar- bonding agents than is water. Hence a sirnple 

dilut ing effe c t, which l owers the d ielec t ric constant of the solvent 

mixture, do m inates at low concentrations of the organic component. 

The resulting stabilization of the native collagen structure is due to 

(1) e nhanced interchain hydrogen bonding within the triple helix , a nd 

(2) reduced frequen cy of polar interactions between molecules in 

the environment and peptide carbonyl and imide groups in t h e protl'in, 

thus further restricting the already limited rotation a bout p e ptide 

bonds. 



94 

Extending the above approach to renaturing systems, it i s to 

be expected that the reduced polar atom content of the enviromnent 

should result in enhanced formation of the poly-L-proline II 

conformation both by v i rtue of statistically reduced bonding of 

environmental molecules to peptide carbonyl and imide groups, and 

by diminished competitive disruption of the native and non - native 

tertiary structures which probably serve to stabilize the poly - L -

proline II type configurat ion. At higher concentrations of 

stabilizing perturbants, however, it is conceivable that random 

intra chain folding could become so prevalent as to reduce the 

extent and the rate of f o r mati on of the poly-L-proline II type 

helix. Thus, the formation of doubled or tripled back, non -

native conformations of individual polypeptide chains {Drake and 

Veis, 1964}, might prog r essively give way to multiple se1£­

association of chains . In the resulting pseudo-globular structures, 

the high degree of coiling might actually reduce the potential for 

the formation of poly-L-proline II type helices . There is also t he 

possibility that this type of inhi bition process could arise due to 

random interchain aggregation, on much the same basis as that 

suggested above for intra chain association. 

This theoretical approach is consistent with the explanation 

of the effect of stabilizers with respec t to the molecule in the 

native state. The pre - existing native triple he.lix would be 

progressively stabi lized by reducing the polar perturbational 

potential of the environm ent. In contrast, a sufficiently large 

change of this nature, in the constitution of the environment, 

could have completely different consequences for a renaturing 

system by promoting r andom aggregation processes to an 

extent incompatible with the formation of poly - L-proline II type 

helices. 

Different cons i de rations arise with respect to the effrocts of 



95 

perturbants that destabilize t h e native state of the protein. The 

de stabilizers mo s t closely s tud ie d i n the p resent work wer e 

propane- l,2 -diol, butane-I, 4-diol and 2 - ethoxy - ethano1. Sinc (' 

these perturbant s lower the Tm of the native s tate, it is t o be 

expected that they would retard the renatu r ilt ion process, wh i ch 

they clearly do (Figures 6.6, 6.7, 6 .8 and 6. la, respectively). 

The apparent non - linearity of the log i n itial rate v. concent rat ion 

curves, ho wever, implies the operation of a mechanism oth('1' t han, 

or additional to , direct interaction between pertur ba n t and pr o t dll , 

A linear relationship be t ween rate and concentration, that is t lH' 

absence of any lag pha se, may be taken to impl y the existenc f! of 

a direct b inding mechanism (von Hippel and Wong, 196 3a ). 

Therefore, the appearanc e of a noticeable lag in the curves at 

present under consideration, a ppears to require the p os tulation 

of an indirect or dual rnechanism. Such a rnechani sm could 

possibly be formulated in the follo wing terms . (I) In the 

presence of lo w concentrations of a destabili7.ing perturban t , in 

a renaturing system, retardation of the rate of format ion of poly-L­

proline II type helices could simply be due to direct polar 

interactions between p ert;"rbant hydroxyl groups and polar grou ps 

in the polypeptide chains. This inference seems the marc' lib' l y 

in view of the pr edorninantly aqueous nj3.ture of the environIllCnt, 

when the c oncentration of organic CO ITlpO n ent is low, sinc" the: 

tendency of p erturbant molecules to re-enter the bulk of the 

solut ion, after associating with protein mole c ule s , c ou ld b e 

expected to be reduc e d. This, c ssentially-, is the hyd ro pho[,i c 

shielding rnechanism discussed in detail in Chapt er 1. (2) 'I'll" 

additional factor which might account for the a ccelera t i ng I"el!.l' 

o f lyotropic activity, as perturbant conc e n t r a t i o n is in c r e <.l s (·d, 

is the increased polar interaction capacity of water ITlOlecu l l s a H 

the g e n eral dielectric con·stant of the medium i s lowered. T hus 
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the rate of exchange with the environment, of water molecule s at 

polar sites i n the polypept ide chains, would decrease as the polar 

atom content of the environment is reduceli. This protraction of 

the duration of water-polypeptide associatio,+s would res/llt in 

further retardation of the renaturation process. 

The most obvious objection to the above approach aris es out 

of mas s <'!-ction considerations , since the concentration of the 

increasingly active species, namely water, is decreas i ng at the 

same time as the hydrogen bonding capacity of water rnolecules is 

increasing. It seerns reasonable to suppose, however , that the 

mass action effect n1ight become dominant only at low water 

concentrations, at which a trenp deceleration should appear . In 

the present study, this effeot was not observed, since perturbant 

concentrations could not conveniently be increased to include such 

limiting cases in the renaturing systems. It has already be en 

noted, h0'i'lever, that denaturing systems frequently show trend 

reversals of this nature at high proportions of organic solvents. 

In relation to the foregoing suggestipns, work on the effects 

of solvent composit i pn on the helix content of ribonuclease is 

regarded as significant {Weber and Tanford, 1958; Atsu.hi and 

Noda, 1968} . It has been shown that the effects of the addition of 

2-chloroethanol to aqueous solutions of ribonuclease may be 

divided intp two clear stages. The first stage involves a decr ease 

in helix content with increasing chloroethanol concentration , 

reaching a limiting {low} value when the concentration of the 

organic component is 10 to 20 moles percent (30 to 50% by weight) . 

At higher chloroethanol concentrations, however, a trend reversal 

appears and helix content begins to rise, becorning progressively 

higher as the chloroethanol contellt of the system approaches 100 %. 

The helicity of ribonuclease ill almost pure 2-chloroethanol is of 

the order of 70%, in cpntrast to tlJ.e less than 20% helix content 
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These findings may readily be 

interpreted in terms of the mechanism d iscus sed above . Thus, 

when the concentration of 2-chloroethanol i s increased, the 

hydrogen- bonding activity of water i s enhan,::ed. The effect reve rs a l 

beyond an optimum concentration of organi c component is sirnply a 

function of the incr\,asing scarcity of envi ronm ental water, mass 

action considerations dominat ing the pr imary process beyond thi s 

stage. 

The final poss i bility that must be considered, in r.elation to 

these systems, is that perturbant effe ct s are a d i rect function of 

apolar association between perturbant rnolecules and protein sid" 

chains, and that direct polar perturbant - protein interacti ons 

are of secondary importance . Thus, with respect to the influen c e 

of 2 -chloroethanol on the helix content of ribonuclease, the 

following model seems possible . (l) Addition of the organic 

solvent results in perturbation of the te r tiary structure of the 

protein through hydrophobic interaction between perturbant 

rpolecules and apolar side chains of the pr otein. (2) Destabilization 

of the tertiary structure of ribonuclease reduces the stability of 

the secondary str uctural elements, thus reducing the «-helical 

c ontent. (3) ·Simultaneously, the reduct ion in dielectric c onstant , 

which accompanies the increase i n co ncentration of the organic 

c omponent of the solvent mixture, would r esult in enhanced 

inter - peptide hydrogen bonding. This would favour the for mation 

of extensive regions of <X -helix, that is secondary structure, 

despite the absence of a signifi cant degree of tertiary structural 

organization. Tertiary structure is assumed to be greatly 

r educed or absent, since its primary causa tion , the unfavourable 

free energy of interaction of apolar side chain s with water 

(Tanford, 1970), must tend to disapp e ar ilS the composition of 

the environment approaches the pure o rga nic s olvent c.xtreln c. 
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The above model may readily be adapted to account for the 

observed trends in the renaturing c ollagen systems . Thus , 

destabilizing perturbants might retard renaturation by d irect 

apolar interaction with collagen s i de chains . As suming the 

formation of poly-L-proline II type helical e le ments to b e a 

co-operative rather than a stepwise p r o ce ss (Beier and Engel, 

1966), the apparent non-linearity of the i n itial r ate v . c oncentration 

profiles i s readily explained in terms of a suggestion by B ello (1963). 

This postulates that part ial denaturation may rende r prote in structures 

more labile, resulting in apparently greater lyotropic effectiveness 

as perturban t conc entr at ion is increased. It seems reasonable to 

expect, therefore, that the partial inhi bit ion of the renaturation 

process , in a c o-operq.tively forming structure, might cause an 

increased sensitivity to the action of addi t ional amoun ts of 

de sta b ilizing pe rtur bants. 

ADDED IN PROOF 

Since the completion of this work, a series of p a pe rs 

reporting k inetic data for various natural and modi.fied collagens 

has appeare d (Harrington and Karr , 19 70 ; Harrington and Rao, 

197 0; Hauschka and Harrington, 1970a, b, d. The findings support 

the suggestion (Beier and Engel , 1966) that int er or intra -ch ain 

interactions are ne c essary for the generation of poly - L-proline II 

type helical elements in collagen, in c ontrast to the three - stage 

mechanisms proposed by Harrington and von Hippel (196l b) and 

Flory and Weaver (l960). In addition, i t is confirmed tha t 

r enaturation at low temperatures « l5
0

C) favour s random po lar 

aggregation p r ocesse s that reduce th e extent to which poly-L -

proline II t y pe helices are formed . This substantiates the 

approach adopted in the present work, where the apparently 
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anomalous action of h i gh concentrat i ons of stabilizing 

perturbants in reducing mutarotation rates , was interpreted 

in terms of the formation of inter and intra -chain aggregation 

states in which the degree of folding is in exc es s of that which l 8 

compati ble with the regeneration of pol y - L -proline II type h eli ce s. 
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