
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



A STUDY OF PHOSPHOLIPID ASSOCIATING PEPTIDES 

A thes is pres ented in partial fulfilment 

of the requirements for the 

degree of Ph. D. in 

Chemis try at 

Mas s ey Univers ity 

DEREK ROBIN KNIGHTON 

198 3  



ABSTRACT 

This thesis describes the solid-phas e synthesis of a series o f  

5 p eptides and their subsequent purifica tion b y  conven tiona l chroma tography 

and semiprepara tive reversed-phase HPLC . The efficiencies o f  these 

2 methods of purifica tion have been compare d .  The peptides are : 

peptide 20 8 ,  VSSLLSSLKEYWSSLKESFS ; peptide 199 , RALASSLKEYWSSLKESFS ; 

pept ide 20 2 � LESFLKSWLSALEQALKA ; pept ide 20 3 ,  LESFKVSWLSALEEYTKA ; and 

pept ide 209 , LESFLLSWLSAKEQALKA . The peptides were chosen so tha t each 

would exhib it a s lightly different non-polar face when it adopted 

an a -he lical conforma tion . Pep tides 202 and 209 have exactly the same 

amino acid composi tion but differ in tha t a leucine and a lysine res idue 

have changed posit ions . This results in the non-po lar face of  pep tide 

209 containing one less leuc ine relative to pep tide 20 2 .  

Th e retentions o f  the series o f  pep tides in several reversed-phase 

HPLC sys tems were measured by gradient elution . These sys tems utilised 

the following solven t system :  Solvent A = 1 %  trie thylammonium phospha te , 

pH 3 . 2 ,  Solvent B = 80% 2-propanol , 20% solvent A.  Radial-PAK CN , 

Radial-PAK Cl8  and �Bondapak alkylphenyl columns were used . When 

a linear gradient from 0 to 1 00% Solvent B was used the retent ion o f  the 

pep tides on the Radial-PAK CN column were : peptide 202 , 54 . 7 5 ;  peptide 

208 , 5 1 . 5 ;  peptide 209 , 49 ; peptide 203 ,  4 8 ;  and peptide 199 , 44 ; 

�xpressed as a percentage o f  the gradien t) .  The isocratic elut ion of  

the pep tides were s tudied in the same so lvent sys tem on a �Bondapak alkyl­

phenyl column by varying the organic solvent content o f  the mobile phase . 

The re ten tion of  the pep tides could no t be correlated with the total 

hydrophob icity o f  the peptides but could be  correla ted with the total 

hydrophobici ty of the non-polar side of each pep tide when in the a-helical 

conforma tion . This result  suggests tha t the peptides adop t an a-helical 

c onforma tion when b inding to the reversed-phase and sugge s t  an ads orption 

rather than a par ti tioning mode of binding . 

The is ocratic elution o f  pep tide 202  in the same sys tem was s tudied 

at 4 different tempera tures • . Construc tion of van ' t Hof f  plots allowed 

the calcula tion of the s tandard entha lpies of association of peptide 

202 with the reversed phase . The s tandard enthalpy of association o f  

peptide 202 a t  39% Solvent B was - 1 2  kcal /mol . 
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The affinity of the peptides for dimyris toyl phosphatidylcholine 

(DMPC) was de termined by monitoring turbidity c learance and by de termin­

ing fluores cence emission wavelength changes of the tryp tophan res idues 

upon bind ing of the peptides to phospholipid vesic les . The peptides 

affinities for DMPC could be correlated with their re tention on the 

HPLC sys tems de tailed above and with their number of cationic res idues . 

Applica tion of this relationship to the total number of  syn thesised 

apolipoprotein fragments allows a very accura te division ( 9 2 %  correct ) 
between those fragments which wil l and those.which will no t bind to 

phospha tidylcho lines . This relationship also appears to be  applicable 

to peptides which are not apolipopro tein in origin and may also be 

us eful in modelling S-endorphin - opiate receptor int eractions . 

The hydrophobic effec t is discussed in relation to s imp le sys tems 

and to RP-HPLC and phospholipid binding. The conclus ion is drawn tha t 

the hydrophob ic effect is no t always entropy driven . 
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PREFACE 

This thes is examines the proces s of peptide interactions with 

revers ed-phas e bonded s ilicas as a model for the interaction of 

proteins and peptides with lipids . As s uch, the work is relevant to 

the s tudy of lipoproteins (and hence to atheros cleros is ), membrane 

proteins , cell receptor binding and perhaps to protein s tructure in 

general s ince proteins are s ynthes is ed in the pres ence of 

phos pholipids in the endoplas mic reticulum. 

The work is s et out in three main s ections . Section A is an 

introduction outlining the importance of peptide-lipid and 

protein-lipid interactions to the functioning of biological s ys tems . 

It als o  outlines the aims and philos ophy of this work. Section B 

relates the s ynthes is and purification of a s eries of 5 peptides us ed 

to model the lipid-protein interactions . Section C dis cus s es the 

hydrophobic effect, relates an inves tigation of the binding of a 

peptide s eries to the nonpolar s urfaces of revers ed-phas e bonded 

s ilica and dimyris toyl phos phatidylcholine and dis cus s es the 

relations hip between thes e two proces s es .  On the bas is of thes e 

res ults a modified theory of protein-phos pholipid interactions is 

propos ed. 
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PART A 

CHAPTER 1 GENERAL INTRODUCTION 

1 . 1  The Importance o f  Protein-Lipid Int eract ions 

Protein-lipid interactions are essential to many bio logical 

functions , however , despite vas t  resources which have been dedicated to 

this area we have only an elementary knowledge of the mechanisms of such 

interac t ions . There can be no doub t  that  the study of prot ein-lipid 

int eract ions is one of  the mos t  important front iers of  biochemistry for 

without a f irm unders tanding of these interac tions we are powerless to 

describ e the full nature of the s truc tures and processes of biological 

sys tems . The author hopes to convey in the remainder o f  this section 

the impor tanc e and diversity o f  protein-lipid interactions . 

1 . 1 . 1  Some General Considerations 

The s tudy of the struc ture of lipid-protein complexes has been 

severely hampered by a lack of X-ray crys tal lographic data due to the 

extreme difficulty of ob taining c rys tal line complexes . However , from 

the one high resolution structure which has been ob tained (bacterio­

chlorophyll-containing protein) , Mathews has drawn s ome valuable 

conclusions about the structure of  l ipid-pro tein comp lexes which is 

neatly summed up as follows : " • . .  the final s tructure of a lipid-protein 

complex need no t be dominated by lipid-lipid interac tions , nor by lipid­

protein interactions . Since protein s truc tures are rela tively rigid 

(at lea s t  compared to lipids in a bi layer) , the protein wil l be less able 

to  modify its stru cture to accommodate the lipid than the l ipid is free 

to adj us t i t s  s truc ture to conform to that of the protein . Therefore 

while the protein s tructure may be dominant in determining the s tructure 

of  the overall  comp l ex ,  the lipids will contrib ute to the overall 

s tab ility of the complex not only through their favourab le interactions 

with the p ro t ein , but also by favourab le interactions among themselves . 

The int eractions between the lipid tails are of  the type hydrocarbon­

hydrocarbon and the lipid tail-protein int eract ions are also  hydrocarbon­

hydrocarbon . Obviously the energetics are similar whether the lipid is 

surrounded by prot ein or by other lipid , jus t  as l ong as the lipid 

environment is not polar . " (1). Thus Mathews touches upon the importance 

of the hydrophobic  effect in s tabi lising l ipid-protein c omplexes . 
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1 . 1 . 2 Serum Albumin 

Albumin is the mos t abundant pro tein in human plasma . It has the 

interest ing property o f  being ab le to bind hydrophob ic ligands such as 

fatty acids , lysolecithin , bilirubin , tryptophan , st eroids , thyroxine , 

drugs and dyes ( 2 ) . Cons ideration of the amino acid sequence , the 

disulphide bridges , the high cont ent of alpha-helix , the location of Pro 

residues and the necessity t o  enclose hydrophobic faces has led to the 

proposal o f  a 3 dimensional s tructure for serum albumin . This s t ruc ture 

is compris ed of 3 largely independent hydrophobic ligand b inding regions 

(domains)  each of which is c ompos ed o f  6 antiparallel a-helical 

sections arranged in a h exagonal pat tern which enclose a hydrophobic 

channel in which hydrophob ic ligands could be accommodated ( 2 ) . Such 

a model is c onsistent with the restricted mob ility of the bound fatty 

acid hydrocarbon chain found by spin label s tudies ( 2 ) . 

1 . 1 . 3  Phospholipid Trans fer Proteins 

According to a recent review ( 3 ) , intracellular phospholipid 

transfer proteins are extens ively found in the tissues o f  mammals and 

have also been found to occur in plants , yeast and a facultatively photo­

synthetic bacterium .  Although the func tion of these  solub le prot eins 

is uncertain it is bel ieved that  they contribut e to the metabo lism of 

phospholipids by t ransfer of specific c lasses of phospholipid from their 

site of  synthes is , the endoplasmic reticulum,  to membran o u s  loca tions 

which have a deficit of this class  o f  phospho lipid b ecause of growth or 

metabolism . In doing this i t  is thought that these proteins maintain 

membranes in a s teady s tate with respect to their phospho lipid cont ent . 

Distinct proteins exist for the transfer of  different phospho lipid 

classes . One such protein the phosphatidylcholine trans fer pro tein from 

bovine liver has been extens ively charact erised and the hydrophobic 

residues with which the acyl chains of the phospholipid interact have 

been determined . This protein can t ransfer one phosphat idyl-choline 

molecu le at a time and mus t  relinquish it upon subsequent binding to 

a phospholipid bilaye r .  Th e  b inding o f  phosphatidylcholine trans fer 

protein to phospholipid b ilayers is increased with an increase in the 

phosphatidic acid or  phosphatidyl serine content of  the bi layers . As 

s tructures o f  these proteins b ecome available  much ins igh t  into lipid­

protein int eractions wil l  be gained . 
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Phospholipid trans fer proteins have also been found in human plasma 

where they are proposed to have an impor tant role in d is tributing phospho­

lipids between the various lipoprotein complexes and extracellular 

s urfaces ( 4 ) . 

1 . 1 . 4  Membrane Struc ture 

Membranes are fundamental to the existence of bio logical syst ems 

s ince they form a physical barrier to the dispersion o f  cell and 

organelle contents and a lso allow the pass age of subs tances into and 

out of cells and organelles to be regulated . Proteins are an integral 

part of this barrier . The amount of protein in dif ferent membranes 

varies greatly being 76% and 22% of the total dry weight of inner 

mitochondria l membrane and bovine myelin membrane respectively (5 ) . 

Membrane proteins may b e  categorised by their depth of penetration into 

the bilayer matrix. Intrinsic proteins are embedded in the bilayer and 

destruction o f  the �embrane is required for their isolation while 

extrinsic proteins lie outside the bilayer and may be s eparated wi thout 

des troying the membrane . The extrinsic proteins spectrin and actin 

· c ompos e a network j ust  ins ide the plasma memb rane o f  erythrocytes (6 ) . 

This network forms a cytoskeleton which is considered important  in 

controlling the deformability of the cell and its shape . The association 

of other membrane proteins with this network is unclear . Some int rinsic 

membrane proteins appear to have a purely s t ructural role in the memb rane 

e . g .  s tructural protein of inner mitochondrial membrane ( 7 )  and basic 

p ro tein of myelin ( 8 ) . Another type of  intrinsic membrane protein , the 

glycoproteins , apparent ly function to anchor their carb ohydrate moiety 

to  the memb rane and thus identify the cell to the immune-sys tem .  An 
example of this type of protein is glycophorin from erythrocytes (9). 

The intrinsic membrane proteins are more hydrophobic  (at least  in 

certain d omains ) than are solub le proteins , however , both hydrophobic 

int eractions and polar interactions are likely to be  important in 

determining the association and orientation of  these proteins within 

the membrane (10). The function of  the many intrins ic memb rane proteins 

are divers e  and essential . Each specialised cell and o rganelle posses ses 

specialis ed membrane bound pro teins essential to the function of the 

o rganelle and cell . Some of these proteins are discussed s eparately 

below to emphasise the importance of lipid-protein interac tions to the 

life  process . 
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1 . 1 . 5 Memb rane Bound Enzymes 

A l arge numb er of memb rane bound enzymes require the lipid phase  

to func tion properly . The pro tein-lipid complexes of the mi tochondrial 

electron transport chain , mitochondrial ATPases and photosynthetic 

reaction cent res are examples of thes e ( 1 1 ) . A wel l characterised 

example of  an enzyme not requiring the l ipid phase for activity is 

cytochrome b 5 , an NAD linked reductase from liver mitochondria . This 

enzyme is compos ed of a large enzymatically active region which is 

4 

so luble in aqueous solut ion and a hydrophobic membrane bindi�g region ( 1 2 ) . 

The membrane bindi�g region penetrates to  the midd le o f  the bilayer then 

loops back (so that its amino and carboxyl termini are on the same side 

of the b ilayer) and is believed to be  highly structured ( 1 3) . 

1 . 1 .  6 :t-iembrane Transport Proteins 

The maintenance of a high c oncentration of potassium ions and low 

concentration of  sodium ions inside cells is essential to the function 

of many cell processes . The concent ration gradient is maintained by 

a so called sodium-potassium pump , an integral protein o f  the cell 

memb rane which actively trans fers potassium into the c el l  and sodium 

-out o f  the cell  at the expens e of  ATP . It  has been est imat ed that half 

of  the ATP utilisation in res ting muscles and a higher frac tion of that 

in the nerve cells is due to the maintenance of this gradient ( 14 ) . 

Negatively charged phospholipids appear to b e  essential for the activity 

of this  membrane bound enzyme ( 1 5 ) . Phospholipid is a lso ess ential for 

the activity of calcium-magnesium ATPase ,  an enzyme responsib le for the 

trans fer of calcium across the p lasma memb rane ( 1 5 ) . 

1 . 1 . 7  Cel l Receptors 

Many hormones appear not t o  enter cells but to  b ind to spec ific 

protein receptors of cell membranes . Thes e receptors require the lipid 

of  the membrane  for functionality and correct  topological arrangement ( 16 ) . 

The mechanism o f  action of  twenty diff erent hormones involves the 

activation of adenylate cyclase , a membrane bound enzyme found on the 

cytoplasmic side of the cell membrane , which catalyses the format ion 

of cyclic AMP . It is not known how the b inding of the hormone to its  

specific cell  receptor affects the activation of this enzyme however it 

is l ikely that the receptor extends through the membrane ( 17) . Phospho­

l ipid-pept ide  interactions have been implicated in the binding of the 



pept ide hormones adrenocorticotropin , glucagon and beta-endorphin to  

their respec tive cell receptors ( 1 6 , 1 8 , 1 9 ) . 

1 . 1 . 8 Cell Toxins 

The disease cholera is characterised by a massive loss o f  b ody 

fluid through the intes tinal epithelium . It is caused by a prot ein , 

cholera toxin , produced by Vibrio cho lerae bacteria . The protein is 

compos ed of 2 subunits one of whi ch is respons ib le for the binding of  

the protei� to  the lipids on the outside of the epithelial plasma 

memb rane while the other s ubunit penetrates the membrane and activates 

adenylate cyclase (20). This activation causes the clinical character­

istics of the disease . Lipid-protein interact ions are also important 

in the mechanism of  action of  various o ther cell toxins no tably 

melittin ( 2 1 , 22 ) . Phospholipase A-2 from snake and spider venoms have 

b een shown to bind to phospholipid micelles via an int erfacial binding 

s i te whereupon its catalytic rat e  increas es dramatically ( 23 ) . In 

addition the lysis or phagocytosis of foreign cells in a mammalian hos t 

is mediated by the protein-membrane int eractions o f  complement factors 

and the foreign cell membrane ( 3 1 ) . 

1 . 1 . 9 The Insertion o f  Pro teins Into and Across Membranes 

Many proteins are synthesis ed with a hydrophobic leader peptide 

which is  subs equent ly cleaved enzymatically e . g . preproinsulin contains 

a 24  amino acid leader peptide ( 2 4 ) . These leader pept ides are involved 

in the transport of  the prot ein across the endoplasmic reticulum membrane . 

A theory has b een advanc ed which accounts for the spontaneous trans fer 

of pro teins across  membranes and the anchorage of other proteins to 

the membrane by the formation o f  a "helical hairpin" which is inserted 

at  right-angles to the bilayer (25). According to the theory the 

polarity of the helices dic tates whether or not the protein is 

spontaneous ly exuded through the membrane and how the protein is lodged 

in the membrane . 

-
1 . 2 Serum Lipoproteins 

The s erum lipoproteins are , perhaps , the mos t  extensively character­

ised protein-lipid sys t em .  Because so much is known about plasma 

lipoproteins and because the f indings of this thesis are most directly 
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applicable to this system,  the plasma lipoproteins are discussed 

separately in the following sect ions . 

Serum Lipoproteins are the maj or vehicle for lipid transport in 

vertebrates and have also been found in crus taceans and ins ects ( 2 6 ) . 

Within the diff erent species of the animal kingdom there is a large 

diversity in the constitution of  serum lipoproteins , the amounts o f  

each lipoprotein class and the met abolism o f  lipids . It is interes ting 

t o  note tha t analogous proteins to human apolipoproteins A-I and B are 

widely distributed in the HDL and LDL , respectively , of vertebrate 

lipoproteins ( 26 ) . 

Although much is known about the clinical aspec ts of apolipoproteins , 

many of the underlying aspects of metabolism and struc ture are poorly 

und erstood . For example :  why are c ertain prot eins los t  and others 

col lected by lipoproteins in certain s tages of their metabolism? Is 

the maj or funct ion of the apolipoproteins struc tural , receptor 

recognition or  enzyme activation? What is the mechanism for the 

development of atherosclerosis and how is  this mechanism related to 

the lipoprotein sys tem at the molecular level?  If  the full answers to 

these questions are to be found , we mus t unders tand prot ein-lipid  

interac tions t o  a much higher degree o f  f iness e .  

The remainder of this introduc tion is concerned only wi th human 

serum lipoproteins (referred to simply as lipopro teins ) since a detailed 

discussion of the animal lipoproteins is beyond the s cope of this work . 

Lipoprot eins have been categorised into 4 maj or types based on 

their different electrophoretic mob i lit ies and their different d ensities 

as shown in f igure 1 - 1 . The different classes are usua l ly referred to 

in terms of their density i . e .  as high dens i ty lipoprot ein (HDL ) , low 

d ensity lipoprotein (LDL) , very low density l ipoprotein (VLDL) and 

chylomicrons . 

In addition subclasses of HDL have been found which differ s lightly 

in density (HDL2 and HDL3) .  The intermediate density l ipoproteins ( IDL) 

are derived f rom VLDL but their c oncentration does not build up in the 

plasma since they are rapidly taken up by the liver or further 

metabolis ed t o  LDL by the action of lipopro tein lipas e . 
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-Figure 1-1 Correspondence of �illj or Lipoprotein Classes  Categoris ed by 

Ultracentrifugation and Plasma Electrophoresis : The upper 

diagram shows the ul tracentri fugation sch1 ieren pa t t ern 

for who l e  plasma while  the lower d iagram shows the 

electrophoretic mobil ity o f  each of the major  d ensity 

classes , f r om reference ( 2 7 ) . 

Even when we l imit our consideration o f  l ipopro tein concentra tions 

to  one species (i . e .  humans ) we f ind a large variat ion in the individual 

lipoprotein  l evels . In particular a s ignifican t  d i f ference exis t s  

b e tween concentrations o f  lipopro teins in men and women . The 

concen t ration of  l ipoproteins in fas t ing sub j ects  is shown in Tabl e  1-1. 
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Tab le 1- 1  Concentrat ions of  Major Plasma Lipoprot eins in 

Normal Fas ting Humans 

Males Females 

C lass �M mol % �M mol 

VLDL 0 . 1  0 . 7  0 . 04 0 . 2  

IDL 0 . 04 0 . 3  0 . 03  0 . 1  

LDL 1 . 6 10 1 . 3  ·6 

HDL2 1 . 5  9 4 . 8  2 3  

HDL3 1 2 . 7  80 1 5 . 1 7 1  

chyle ' s  
a 

% 

a )  chylomicrons are introduced into the bloods tream after 

a fatty meal but are quickly cleared from the b lood , 

chyle ' s  = chylomicrons . 

--- from reference (28 ) , Table 2 .  

As can be  seen from the tab l e  HDL
3 is the mos t  abundant lipoprotein on 

a mo lar basis . The lower incidence of  atherosc lerosis in pre­

menopausal women compared to  men has b een a t tributed to their higher 

levels of HDL (29) . The ratio of  the concentrations o f  LDL to HDL is 

considered to be an important determinant in the development o f  

atherosclerosis ( 30 ) . The norm� concentrations of  lipoproteins are 

grea t ly changed in many diseases of the lipoprotein system as discussed 

in section 1 . 4 .  

The lipoprotein partic les of each lipoprotein class differ in 

aspects  o ther than d ensity and electrophoretic mobility . There are 

large differences in the s ize  and molecular weight of  the particles as 

shown in Table 1 -2 .  
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Tab le 1-2 Size and Mo lecular Weights of the Different 

Lipoprotein Classes 

Dens i ty Molecular Part icle 
Class 

a 
(g /ml) Weight (D) Diameter (nm) 

chyle ' s 

VLDL 

IDL 

LDL 

HDL
2 

HDL3 

<0 . 9 3  

0 . 9 3- 1 . 006 

1 . 006- 1 . 0 19  

1 . 0 1 9-1 . 06 3  

1 . 063-1 . 1 2 5  

1 . 1 25- 1 . 2 1 0  

>400 , 000 , 000 . 7 5-1 200 

10-2 0 , ,000 , 000 30-80 

5-10 , 000 , 000 25-35 

2 , 300 , 000 1 8-25 

360 , 000 9 - 1 2  

1 7 5 , 000 5-9 

(a) chyle ' s  = chylomicrons , from reference ( 28) , Table 1 .  

Furthermore , the lipid and protein composition o f  the lipoprot ein 

classes differ markedly , as is shown in Tab les 1-3 and 1-4  respectively . 

It is these dif ferences which mos t  ably demons trate the complex nature 

of thi s  lipid transport sys t em .  

Table  1 - 3  Lipid Compos i t ion o f  the Different 

Lipoprotein Classes
a , b  

Tot al Phospho- Es terified Unes terified Tri-

9 

Class 
c lipid lipids cho les terol choles t erol glycerides 

(%)  (%)  (%)  ( %) (%)  

chyle ' s 9 7-99 7-9 3-5 1-3 8 4-89 

VLDL 90-9 5 1 5-20 10- 15  5- 1 0  50-65 

IDL 80-85 2 2  2 2  8 30 

LDL 75-80 1 5-20 35-40 7-10  7-10  

HDL
2 

5 5  3 5  1 2  4 5 

HDL
3 

50  20-2 5 1 2  3-4 3 

a )  The predominant l ipid class i n  each lipoprotein class is underlined . 

b )  By weight of dry l ip oprotein , the balance of material is prot ein . 

Data from reference ( 2 7 ) '  Table 3-9 . 

c )  chyle ' s  = chylomicrons . 



Tab le 1-4  ab Prot ein Composition of  the Different Lipoprot ein Classes 

Chyle ' s VLDL IDL LDL HDL
2 

HDL3 

ApoA-I 0-3 0-3 0 trace 85 70-75 

ApoA-I I  0-1 . 5  0-0 . 5  0 trace 5 20 

A poD 1 0 0 1-2 

ApoB 10-22 40-50 50-60 95-100 0-2 0 

ApoC- I  5-10  5 <1 0-5 1-2  1-2  

ApoC-I I  1 5  1 0  2 . 5  0 . 5 1 1 

ApoC- I I! 40 20-25  1 7  0-5 2-3 2-3 

ApoE 5 5 - 1 0  1 5-20 0 3-5 trace 

a ) The predominant protein in each lipoprotein c lass is  underlined . 

b ) % by weight  of  dry delipida ted lipoprotein . From reference ( 2 7 ) ,  

Tab l e  3- 10 . 

The protein components of the lipoproteins are part icularly important 

s ince the metabolic fate o f  the particle depends upon i t s  constituent 

proteins . 

Current models of apolipoprotein-lipid complex formation involve 

protein , cho les terol and phospho lipids at the surface o f  the lipoprotein 

partic le  while triglycerides and cholesterol es ters form a nonpolar 

core (32). It is therefore o f  int eres t  to investigate the types of 

phospholip id with which the protein is associated . An analysis of  the 

composition of the phospholipid in the lipoprotein clas s es is found 

in Tab le 1-5 . As can be s een phosphatidylcho line is the predominant 

phospholipid in all lipoprot ein classes . For this reason mos t s tudies 

involving model lipoprotein formation have involved complex formation 

between phosphatidylcholines and apolipoproteins o r  their fragements 

(32-34 ) .  
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Table 1 -5 Phospho lipid Composi tion of the 

Different Lipoprotein Classes 

% o f  Total Phospho lipids a 

Class 
PC SP Lyso PC PE PI 

chylo ' s 78 . 5  1 1 . 7  4 . 2  5 . 6  

VLDL 59 . 7  1 4 . 8  5 . 0  4 . 6  3 . 6  

LDL 6 3 . 7 25 . 9  2 . 7  2 . 2  1 . 6  

HDL2 73 . 8  1 4 . 5  2 . 0  3 . 3  2 . 4  

HDL3 77 . 1  9 . 2  4 . 0  2 . 5  2 . 4  

a )  PC = phospha tidylcho line , SP = sphingomyelin 

PS 

1 . 5  

0 . 8  

0 . 9  

0 . 6  

Lys o  PC = lysolecithin , PE phosphatidylethanolamine , 

PI = phosphatidylinositol , PS = phosphatidylserine , 

Data f rom reference ( 34 ) , Tab le lB. 

The complexity of  this lipoprotein sys tem is evident in the 

variability of the composi tion of the lipoprotein classes , as shown 

throughout this section . At this point some discussion of  the current 

theories of lipoprotein metabolism may be informative . 
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1 . 3  Lipoprotein Metabo lism 

Th e maj or routes o f  lipoprotein metab olism as perceived at present 

are depi cted in figure 1-2 . 

lymphatic syst�m 

VLDL 

,- ... 
I 
r 
' 
\ 

\ 
lfe:xc�ss cholesterol 

',and phospholipid 
' �i!.pOS'ld of 

,_ --{ 
Suppli�d With chot�st�rol 

PERIPHERAL ������'"if 

Figure 1-2  The Maj or Metabolic Routes o f  Lipoproteins . 

FFA = Free fatty acids , LPL lipoprotein lipase ,  

LCAT = lecithin choles terol acyl transferase . Dashed 

arrows denote uncertain pathways . The loss of apoli­

proteins during metabolism o f  VLDL and the action o f  

various t rans fer proteins have been omit ted from this 

diagram in the interest of simplicity .  Based on 

informat ion from references (35 , 36) . 
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Recent in vitro s tudies have shown that macrophages take up modi fied 

LDL (i . e . LDL which has been reacted wi th reagents to chemically modi fy 

its lys ine or  arginine side  chain groups and render them uncharged ) and 

hence b ecome loaded wi th cholest erol es ters ( 3 7 ) . Fur thermore the 

choles terol ester loaded macrophages will releas e free cholesterol and 

ApoE independently , provided that a sink for the choles terol is present 

(e . g . HDL) ( 36 ) . This is an ex tremely interes ting discovery since 

macrophages loaded wi th choles terol es ters are known to form foam cells 

which are apparently ac tive in forma tion o f  atherosc lerotic p laque ( 38) . 

The damage of  LDL by chemical modifica tion of the ApoB moie ty (whi ch 

s t ops LDL up take by cell receptors thus stagnating the damaged LDL pool 

un til  up take by the macrophage which recognises the damaged protein) has 

been rela ted to the epidemiological atheros clerotic risk factors of  

smoking , diabe tes and alcoholism (39 ) . This damage migh t be respectively 

caused by Schiff base formation of the aldehyde moieties from cigarette 

smoke ( 40 ) , glucose ( 4 1 )  and acetaldehyde (42 )  wi th the lysine residues 

of  ApoB .  

High affinity receptor media ted uptake of  lipoprot eins by  the l iver 

and other tissues is an extremely impor tant facet of lipoprotein 

me tabolism. It  has been demons-trated tha t na tive ApoB and ApoE are 

essential for reco�nit ion by the receptors (4 3) . The s tructure and 

chemis try of ApoB is not well defined at present due to the difficul ty 

of solubi lising this apolipoprot ein . A recent breakthrough invo lving 

the blocking of ac tive sulphydryl groups (cys teine) has resulted in 

soluble ApoB and therefore rapid progress in the s truc ture and chemis try 

of ApoB is foreseen (44 ) . ApoE is more readily studied and hence the 

complete  sequence of ApoE is available ( 4 5 ) . Furthermore , the region 

of ApoE involved in b inding to the receptors has been identified as 

1 3  

a very dense region o f  cationic res-idues ( 48) . The chemical modification 

of some of  the arginine or lysine residues of  ApoE results in a prot ein 

wi th no affinity for the r eceptors (47) . ApoE  will  not bind to high 

affinity cell receptors when delipidated . The addition of phospholipid 

res tores the b inding affinity thus demons trating that phos�holipids 

are essential to the c orrect orientation or s tructure of  the ApoE  

pro tein (46) . 

At this point i t  is interesting to  inves tigate the various c l inically 

ob served disease s tates o f  the lipoprotein sys tem s ince this will  fur ther 



• 

confirm the importance o f  the protein components in the metabolism o f  

lipoproteins . 

1 . 4  Disease St ates of  the Lipoprotein Sys tem 

The clinical features of the various disease states can b e  broadly 

categoris ed into two classes : those when the concentration o f  a lipo­

protein class is greatly increas ed (hyperlipoproteinemias ) ·and those  

when the concent ration of a lipoprotein class is  greatly lowered 

(hypolipoproteinemias ) .  A brief description o f  the various ident i fied 

disease s tates is found in Table  1-6 . It is notable tha t the caus es 

of the dis ease s tates so far found have al l involved the defic iency of 

a particular apolipoprot ein or receptor or a deficiency of the activity 

of  the enzymes lipoprot ein lipase or LCAT . This is indicative of  the 

importance of  the protein components of  this system.  It  is  also  notable  

that no  hyperlipopro teinemia characterised by elevated l evels o f  HDL is  

known . A current diagnos tic me thod for identifying ' at risk ' patients 

involves the ratio of  HDL to LDL . This diagnostic method can b e  

explained i f  th e rol e o f  HDL i s  t o  transport exces s cho lesterol back to 

the liver and the role of LDL is to  supply cho lesterol to the peripheral 

tissues ( 35 , 49 ) . Thus the delicate balance of cholesterol metabol ism is 

s een as a deciding factor in the progression of atheros c lerosis with 

an imbalance result ing in depos ition of  choles terol in " fatty s t reaks " 

or atherosclerotic p laque in the arteries of  the individual . 

1 4  



Tab le 1-6 A descript ion of the Disease States of the 

Lipoprotein Sys t em 

Name of 

Dis ease 

Hyperlipo-
. i a prot e1nem as : 

Type I 

b Type II 

b Type III  

Type Ivb 

Type V 

Hypolipo-

prot einemias : · 

A-beta-lipo-

prot einemia 

T . 
b ang1ers 

dis ease 

LCAT 

deficiency 

Incidence 

Rare 

Rare 

Rare 

Rare 

Clin1cal 

Observations 

increased 

concent ration of : 

chylomicrons 

LDL or LDL+VLDL 

incr fat in b lood 

abnormal l ipoprotein 

floating ,B 
- lipoprotein 

VLDL 

VLDL + chylomicrons 

Abnormal lipoprotein-X 

lowered 

concent ration of : 

chylomicrons , LDL 

and VLDL 

HDL ( 1 . 5% ) , Plasma 

choles terol and 

phospholipids . Also  

build up  o f  cho les t­

erol in lymph syst em 

HDL + VLDL (increas ed 

lipoprotein-X) 

Probable 

Caus e 

Deficiency in 

lipoprotein 

lipase 

Deficiency of 

LDL rec eptors 

(peripheral 

cel ls)  

ApoE-II1  

deficiency 

( 50 )  

unknown 

unknown 

No synthesis 

of  ApoB 

Lack of  

peptidase for 

ApoA-1
2

� 

ApoA-1
4

( 5 1 )  

LCAT 

deficiency 

a)  The hyperlipoproteinemias are numbered according t o  the increasing 

electrophoretic mob i l i ty of  the increased species . 

b )  Disease associated with an increased risk o f  atheroscleros is . 

Data from refer ence ( 2 7 ) . 
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1 . 5  The Apo lipoproteins 

The apol ipopro teins are extremely important components of the 

lipopro teins . Firs tly they are apparently impor tant for s tabilis ing 

the s truc ture of lipoprotein partic les . Several theories of  lipoprotein 

structure have been proposed . The common feature of mos t of these 

theories is an outer coa ting of  phospho lipid and apolipoproteins 

approxima tely one molecule thick wi th an internal core of more 

hydrophob ic l ipids ( 32) . Second ly the pro tein components determine the 

metabolic fate of the lipoprotein particle by ac tivating the enzymes 

LCAT (ApoA-1 and ApoC-I ) and Lipopro tein Lipase (ApoC-I I )  at the surface 

of HDL and VLDL particles respectively and by at taching the particles to 

cell receptors ready for subsequent endocytosis (ApoB and ApoE) . 

Mos t  of  the apolipoproteins have been intensively s tudied and some 

of  their  properties are lis ted in Tab le 1-7 . 

Table 1- 7  Properties of  the Apolipoproteins 

Apolipoprotein 
Molecular Calcula ted u-helix 

Wgt Amino Acids Content 
lipid-free 

ApoA-1 c 28 , 300 243  55% 

Apo-I I  17 , 380 2x7 7a 35% 

ApoB 
d 

8 , 000-
300 , 000 

ApoC-I c 6 , 600 57 56% 

ApoC-I I  
b 

8 , 800 78 23% 

ApoC-I I I  8 , 700 79 2 2% 

A poD 20 , 000 

ApoE d 3 3 , 000 66%? 

a)  ApoA-I I  is a dimer of a 77 amino acid peptide . 

b )  Activat es lipoprotein lipas e . 

c )  Act ivates LCAT ( lecithin choles terol acyltrans ferase) . 

d )  Important in cell surface receptor recognition . 

From references ( 27 , 32 ) . 

+ lipid 

70% 

40% 

25% 

7 3% 

54% 
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It is notable that almos t all of the apolipoproteins exhib it 

an increase in a-helical conforma tion upon binding to phospho lipids . 

This information has led to the amphipathic helix theory for apolipo­

protein-phospholipid association , see  section 6 . 1 . 1 .  A more in-depth 

discuss ion of  the phospholipid-protein interactions which occur in 

lipoproteins can be seen in sec tion 6 . 1 .  Suffice it to say at present 

that these  non-covalen t interactions are extremely important to the 

correctly functioning lipoprotein sys tem . 

1 7  

1 . 6 Me thods of Inves tigation 

Becaus e lipoproteins are so c omplex , approaches to their s tudy have 

been designed to minimis e the large numb er of variables found in the 

natural sys tems . One method frequently used in the s tudy of  apol ipo­

protein-phospholipid association is the examination of  the interaction 

o f . an isolated apolipoprotein with a single phospholipid . This can be 

done with spec tros copy (NMR, ESR with spin labels , CD , fluorescence 

measurements , turbidity c learance ) , calorimetry (DSC and microcalorimetry) , 

stoichiometry of the isolated products , kinetic studies of  the association 

reaction and X-ray techniques . A wide range of such measurements have 

been made and the reader is referred to references ( 32 ) , ( 34 )  and (52 )  

for reviews o f  this topic . 

Another approach to finding out more about apo lipoprot ein-phospholipid 

interactions has involved the synthesis o f  series o f  pep tides corresponding 

to sec tions of the apolipoproteins . The s tudy of the phospholipid binding 

charac teris t ics of these peptides has revealed much about the mechanisms 

of apol ipoprotein-phospholipid interactions ( 33 , 54) . A similar approach 

has been u til ised in this thes is as can be seen in the following sections . 

1 . 7  Aim of  Thesis 

The aim of this thesis is to t es t  the hypo thesis that the interaction 

of po tentially amphipathic helica l  peptides with a reversed-phase high 

performance liquid chromatography packing is in some way related to the 

peptid es ' ab ility to bind to phospholipid . Inherent in this aim is 

a concomitant examination of the accuracy of the amphipathic helix model 

in describing peptide-phospholipid association . The hypothesis is 



tes ted through the synthesis and purifica tion o f  a series of 5 model 
* apolipoprotein peptides and the subsequent study of  their reversed-phase 

and phospholipid binding proper ties . The series of peptides used is 

designed to be s imilar in leng th,  amino acid content and compa tibility 

with the amphipathic helix model . However ,  each peptide possesses 

sub t le changes to the character of  its  nonpolar side when in an a-helical 

conformation . A full explana tion of  the design of the peptide s eries 

ac tual ly used is found in the following sec tion . 

1 . 8 The Des ign o f  the Model Apolipoprotein Peptide Series 

The des ign of the peptide  series is based upon the sequence of 

a model apol ipoprotein peptide named LAP-20 (55 , 56) which is known to 

bind s trongly to  phospholipid , and the sequence of ApoA-I (225-243 ) **  

which includes a presumed "lipid binding region" of ApoA-I ,  ApoA-I (2 25-

232)  ( 5 7 ) . The series of  pept ides were chosen to link these two 

sequences so that the position and number of nonpolar amino acids changed 

sub tly throughout the series . The sequences o f  the pept ide series and the 

relative pos itions of their nonpolar residues can be seen in figure 1-3 . 

Peptid e 209 , of  the series no t shown in figure 1-3 , is identica l to 

pep tide 202 except that Lys
6 

and Leu 1 2  have been interchanged . Each o f  

the peptides has a Trp residue t o  enable fluores cence wavelength shi f t  

measurements upon binding o f  the peptides t o  phospholipids . 

There are some difficulties invo lved in designing such a series . 

The 2 p eptides at  oppos ite ends of  the series are of  different length 

and c on tain different amino acids in all polarity classes . Furthermore , 

the series was des igned to enable the tes ting of  LCAT activation caused 

by a p ropos ed LCAT activating sequence (59 )  when bonded to each of thes e 

peptides . This involved the shortening of  the sequences at their amino 

terminals relative to LAP-20 . Such a shortening brings the nonpolar 

sides of  the proposed LCAT activating sequence and the peptide series 

int o  l ine when they are bonded together . The Arg-Ala sequence at the 

amino terminal of peptide 199  represents the first 2 amino acids of the 

carboxyl terminal of the p roposed LCAT activating sequence . No at tempt 

* For a definition o f  reversed-phase see section 5 . 1 . 1 .  

** A peptide enclos ing this region , ApoA-l ( 2 20-245 ) ,  has been shown 

to also b ind to phospholipid (58) . 
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Peptide 208a 

Peptide 199 

Peptide 202 

Peptide 203b 

Native Sequence 
ApoA-1 ( 225-242 ) 

'V*lJSer-SerfLeufL;uJser-SerfLeufLys-GlulTyrfTrp}ser-SerfLeuJLys�Glu-SerfPheJser 

Arg-AlafLeufAla-Ser-SerfL•utLys-GlufTyrfTrpfser-SerfLeu}Lys-Glu-SerfPheiSer 

+ 
IL•utGlu-SerfPhejLeutLys-Serfrrp!Leujser-AlafLeulGlu-Gln-AlafLeulLys-Ala 

\ I 
ILeutGlu-SerfPheiLysfvaltS•rfTrpfLeufser-AlafLeutGlu-Glu{Tyr}Thr-Lys-Ala 

� 
[LeutGlu-SerfPhetLysfvalfserfPhefLeutser-AlafLeufGlu-GlufTyr}Thr-Lys{Leu l 

Figure 1-3 The Relative Positions of Nonpolar Amino Acids in the Sequences of the Apolipoprotein Model Peptide 
Series . Nonpolar amino acids are shown enclosed by boxes . The symbols � , � and * deno te the 
inclusion , trans fer and substitution or omission respectively of a nonpolar amino acid at that 
position compared to the next peptide in the sequence . 
a) Peptide 208 has been synthesis ed by others and was named LAP-20 in these s tudies (55 , 56) . 
b ) Peptide 203 is Trp232 , Ala242 _ ApoA-l ( 225-242) . ...... 

\J:) 



to tes t the different LCAT activating properties of these peptides was 

made in th is study . Some other aspects of the series need discussion . 

The carboxy terminal Leu of the native sequence is no t inc luded in the 

sequence of peptide 203 because of  conflicting repor ts . The amino acid 

in this pos ition has been identified as Leu 242 by Baker � al . ( 5 7 )  

and a s  Lys 2 4 1  by Brewer � al . (60) . The differences b e tween the polar 

and intermediately polar amino acids in the sequences of LAP-20 and the 

native p ept ide are largely changed in the peptide 199 to peptide 202 

transi tion . 

A pictorial repr esentation of  the character of the nonpolar sides 
* 

of the p ep t ide series drawn in the a-helix formation is shown in 

figure 1-4 . This clearly shows the compact nature of the hydrophobic 

�ides of peptides 208 and 202 compared to the more disperse hydrophobic 

sides of p eptides 209 and 203 . 

* The a-helix confo rmations are depicted in an opened-out form o f  

an a-h e lix net ( 6 1 ) . 
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Leu - Lys 
� 

i nterchange 

PEPT I DE 1 Q9 
A_.- R - - - -;� C"':s.:::. - - - - s.:-

_.--K--{9--t-;� 
.-.:-- - - - -�s­.-- K-'V:J .E _ _ _  - - - -s-...-

-s� 
� 

PE PT I DE 2 0 2  
E.--(9---�� ·S - - - - ;;_� 

s--v- \..:./ 

..-;:-_ _  ��� �:-::-- - - - - A� 
A __ K-(9--

! 

Figure 1 -4 The Charac ter of the Non-polar Sides of the Apolipoprotein 
Model Peptide Ser ies Depicted in the a-Helical Conformation . 
The amino acids are represented in the one let ter code : 
A = Ala , E Glu , F Phe , K = Lys , L Leu ,  Q = Gln , 
R = Arg , S = Ser , T Thr ,  V = Val , W = Trp , and Y = Tyr . 
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PART B 

Part B of this thes is consists of the synthesis of the series of 
peptides by solid-phase peptide synthesis (Chapter 2 ) followed by 
their purification by conventional chromatography and semi-preparative 
reversed-phase HPLC (Chapter 3 ) . 

CHAPTER 2 SOLID-PHASE PEPTIDE SYNTHESIS · 

2 . 1  Introduction 

2 . 1 . 1  The Basic Problem 

There is one basic problem in peptide synthesis . This is to achieve 
the correct order of amino acids in the synthesised product while 
retaining the optical integrity of each amino acid . Of course ,  this 
cannot be accomplished by adding unblocked amino acids to each other 
under conditions where peptide bonds will form since by this approach 
little control could be exercised over the number and order of amino 
acids in the product .  To overcome this problem the synthesis mus t be 
performed sequentially with each coupling being completely unambiguous , 
i . e . only one free amino group and one activated carboxyl group mus t be 
present . 

The formation o f the peptide bond is in itself a simple dehydration 
as shown in reaction 2-1 . 

0 0 H 
11 11 I 

R-C-OH + NH2-R ' 4 R-C-N-R ' + H20 Reaction 2- 1 

The simplicity of this reaction belies a fundamental probl em of peptide 
synthesis . This is the requirement for very high yields of coupling 
without side reactions occurring . Thus extremely efficient methods of 
activating the carbonyl group must be used which are also unreactive to 
the peptide bond and to any side-chain functional groups . 

2 . 1 . 2  The General Scheme of Solid Phase Peptide Synthesis 

Usually peptides are chemically synthesised from the carboxyl 
terminal amino acid to the amino terminal amino acid . This is opposite 
to the direction of synthesis utilised by the ribosome in the b iosynthesis 
of pro tein , figure 2 -1 .  The main reason that the peptide chemis t does 
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not synthesise peptides in the "natural" direction is that high levels 
of racemised amino acids accumulate in the peptide . This racemisation ,  
which occurs via oxazolone formation , is almost completely ha lted when 
urethane protec ted amino acids are used to build the peptide from the 
carboxyl terminal end ( 6 3) . 

b iosynthesis 
A-B-C-D . + E ) A-B-C-D-E 

chemical 
V + W-X-Y-Z ) V-W-X-Y-Z synthesis 

Figure 2 . 1  The Directions of Synthesis Utilised in the 
Biosynthesis and Chemical Synthesis of Peptides . 
The amino terminal is on the left and the carboxy 
terminal is on the right of the peptide . Each 
letter represents an amino acid residue . The 
large arrows indicate direction of synthesis . 

To achieve the result of an unambiguous synthesis , the peptide 

23  

must be assembled peptide bond by peptide bond . This can be accomplished 
as shown in figure 2-2 ,  provided that any reactive side-chain groups are 
efficiently b locked throughout the synthesis . A more complete dis cussion 
of peptide synthesis can be found in o ther sources (6 4 , 65 ) . 



pept i d e  

R 0 H 

c hai n }  H 0 I 1 1  
8- NCHC- A 

I R 

I 1 1  I N H2C H C  - N- pept ide  H 0 H 
l \1 I 

8-N CHC - N-peptid e  
l 

R 0 H 
+ I 1 1  I · 

N H3 C H C - N-pept i de  

R 
B l oc k i n g 

G ro u p  

Figure 2-2 A Schematic Representation of Peptide Synthesis . 

This figure shows the cyclic nature of the 
synthesis procedure . 
A a good leaving group . 
B = a temporary amino blocking group . 

2 . 1 . 3 The Advantages and Disadvantages 
of Solid-Phase Peptide Synthesis 

The major advantage of Solid-Phase Peptide Synthesis ( SPPS ) is the 
ease with which the synthesis can be automated . Since the growing 
peptide is always linked to an insoluble polymer resin ( the solid-phase) 
a simple filtration removes the reagents and by-products , thus after 
washing the pep tide-resin is ready for the next treatment .  Compare 
this with solution-phase peptide synthesis where the changing solubility 
and chromatographic behaviour of the growing peptide may require changes 
to the conditions of reaction and s eparation of the product at each 
cycle . Another advantage of SPPS is that due to the ease of separating 
the product ,  double couplings can easily be employed . The use of 
a second coupling reaction , when the yield from the firs t is already 
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high , results in a very large excess of activated Boc-amino acid which 
assis ts to drive the coupling reaction to completion . 

A disadvantage of SPPS is that since the peptide cannot be purified 
after each cycle contaminating peptides may accumulate due to termination , 
deletion and side-reactions . Some of these impurities are ext remely 
difficult to separate from the produc t . 

2 . 1 . 4 Synthesis Modifications 

Lipophi lic peptides have been demons trated to be difficult to 
synthesise (66 , 6 7 , 75) . The problems encountered in these and o ther 
syntheses have led to the modification of synthesis conditions to 
optimise the yields of peptides . Such modifications include better 
solvation by shrinking and swel ling the resin at each cycle ( 6 8 ) and 
the use of less cross-linked polymer resins (69 ) , eliminating the 
formation of quaternary amine groups on the resin by using the more 
hindered base N , N-diisopropylethylamine (DIEA) instead of triethyl­
amine in the neutralisation step ( 70 ) , the use of double couplings to 
increase yield ( 7 1 ) , the use of acetylation after each coupling to 
eliminate deletion peptides ( 7 2 ) , the use of more stable side chain 
pro tecting groups e . g . -Lys ( Cl-z )- ( 7 3 ) and finally the use of resin­
peptide linkages which are more s table to acidolytic cleavage than the 
benzyl ester o f the Merrifield type peptide-resins ( 74 , 75 ) . All but 
the last modification have been included in the synthesis of the 
peptide series described here . 

2 . 2  Experimental 

2 . 2 . 1  Equipment and Chemicals 

The peptides were synthesised using a Schwartz-Mann peptide 
synthesis er . 

* The following Boc amino acids were obtained from indicated sources : 

Na-t-Buty�oxycarb onyl-Ng-Tosy_l-L=-Arginine (Boc-Arg (Tos ) ) ,  
Na-t-Butyloxycarbonyl-L-Glutamine (Boc-Gln) , 
Na-t-Butyloxycarbonyl-N£-2-Chlorobenzyloxycarbonyl-L-Lysine · 
t-Butylamine (Boc-Lys (Cl-z) . TBA) , 

* Boc = t-butyloxycarbonyl 

25 



I . 

N �t-Butyloxycarbonyl-L-Phenylalanine (Boc-Phe) , 

N �t-Butyloxycarb onyl-Nin_Formy l-L-Tryp tophan (Boc-Trp (CHO) ) ,  

Na-t-Butyloxycarbonyl-0-Benzyl-L-Tyrosine  (Boc-Tyr (Bz 1 ) ) , 
* 

N�t-Butyloxycarbonyl-L-Valine (Boc-Val ) , 

Na-t-Butyloxycarb onyl-0-Benzyl-L-Serine (Boc-Ser (Bzl) ) and 

Na-t-Butyloxycarbonyl-0-Benzyl-L-Threonine (Boc-Thr (Bz 1 ) ) , 

were purchased from Peptide Research Foundation , Osaka , Japan . 

Na-t-Butyloxycarbonyl-L-Alanine (Bee-Ala ) ,  

Nort-Butyloxycarb onyl-L-Glutamic Acid y-Benzyl Es ter (Boc-Glu(OBzl) ) ,  

Nort-Butyloxycarbonyl-L-Leuc ine (Boc-Leu) and 
* 

Nort-Butyloxycarbonyl-L-Valine (Boc-Va l )  

were purchased from Schwartz-Mann . 

N , N ' -Dicyclohexylcarbodiimid e  (DCC ) was of  redist illed purity , 

purchased from Protein Research Foundat ion . Trifluoracet ic acid (TFA) 

was purchased from Halocarbon Products Corporation,  Hackensack , NJ , USA 

and was further purified by dis tillation in a system prot ected from 
** 

mois ture with a CaC1
2 

Drying tube . N , N-Diisopropylethylamine was 

purchased from Sigma and purified by reflux over calcium hydride for 

1 h followed by distillation . Pyridine was laboratory reagent grade 

purchased from Aj ax Chemicals , Sydney , Aus tralia , and pur ified by 

reflux over calcium hydride for 3 h followed by dis tillatio n .  Acetic 

anhydride was A . R .  grade purchased from Koch-Light Laboratories Ltd . , 

Buckinghamshire , England , and was purified by reflux over cal cium hydride 

for 1 h followed by distillation . N , N-Dimethylformamide (DMF) was A . R .  

grade purchased from Aj ax Chemical s . I t  was purified by adding calcium 

hydride ( 10 g/ 1 DMF) and evacuating for 8 h followed by dis tillation 
0 under vacuum (B . pt .  at 10  mm Hg = 39 . 9  C ) . Absolute ethanol was 

laboratory reagent grade purchas ed from May and Baker , Dagenham , England . 

Dichloromethane (CH
2

C l
2

) was laboratory grade reagent purchased from 

Smith Biolab . I t  was purified by redis tillation followed by passage 

through a 40 x 3 cm alumina column . 

* Schwartz-Mann Boc-Val was used for  the synthesis o f  pep tide 203 . 

Boc-Val from Peptide Research Foundation was used for 

the synthesis of p ep t ide 208 . 

**  A 21  s cale was found to be  convenient . . Note do not  use calcium 

hydride as  a dehydrat ing r eagent for TFA . 
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The chloromethylpo ly (s tyrene-c o-divinylbenzene) res in used to make 

the amino acid res ins was 1%  divinylbenzene ( 200-400 mesh) and had 

a chlorine s ubstitution value of 0 . 75 mmol /g resin . It was purchas ed 

from Lab Sys tems Inc . , Calif�rnia , USA as "Merrifield resin" . 

2 . 2 . 2  Method 

(a)  Preparation of amino acid resins : 

Pep t id es 202 , 203 and 209 were prepared from Boc-Ala-Merrifield 

resin which was prepared by the caesium· salt me thod ( 7 6 ) . Boc-Ala ( 1 0  g) 

was dissolved in 75  ml ethanol and 25 ml water and the pH adj us ted to 

7 . 0  with an aqueous so lution of approx . 1 M caesium bicarbonate .  The 

neutral so lution was t aken to d ryness under vacuum then subj ected to  

freeze-drying . The Boc-Ala-0- , Cs
+ 

(yield = 100%) was used directly 
- + 

in the n ext step . 1 7 . 6  g of Boc-Ala-0 , Cs (a 2 fold excess)  was 

dissolved in 1 7 5 ml DMF and added to 25 g of the chloromethyl-Merrifield 

resin . The mixture was s ti rred overnight at 50°C then washed wi th DMF , 

DMF :water  (9 : 1 ) ,  DMF and ethanol and final ly dried in a vacuum dess icator 

over P2o5 . The product ob tained had a subst itution o f  0 . 33 mmol alanine /g 
* 

of resin . 

Pept ides 199 and 208 were prepared from a Boc-Ser (Bzl )-Merrifield 

res in prepared by the method of S tuart and Young ( 7 7) . To 2 5  g o f  the 

Merrifield resin and 1 1 . 2  g of  Boc-Ser (Bzl) ( 1  fold excess )  in 1 7 5  ml o f  

absolute  ethano l was added 7 . 2  ml o f  triethylamine . The mixture was 

ref luxed gently for 2 4  h then filtered and the res in washed wi th 1 00 ml 

of ethanol (3x) , water (3x) , methano l ( 3x) and dichlo romethane ( 3x ) . 

The f ines were separated by d ecant ing the bulk of the resin from 

dichloromethane then the res in was filtered and dried over P
2o5 in 

a vacuum dess icator overnight . The product ob tained had a substitution 
* 

of 0 . 25 rnmol serine /g resin . 

(b ) The synthesis procedure : 

The cyc lic pro cess used to synthesise the peptides is depic ted in 

Table  2- 1 .  The coupling method used was an in situ symmetrical anhydride 

coup ling . 

* Ob tained by amino acid analysis of  an hydrolysate o f  the r esin . 

Conditions of hydrolysis : - concentrated HCl : · propionic acid ( 1 : 1 ) 

a t  1 40°C for 3 h under vacuum,  see reference ( 78 ) . 
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Table 2-1  The Synth�sis Protocol for the 

Addition o f  the Nth Amino Acid 

Boc- (amino acid)
(n+1 )

-peptide-resin treated as follows : 

� 
Treatment Time 

Reagent 
Reagent 

Repetit ion Shaken Volume 

3x 1 min CH2
c1

2 30 ml 

3x 1 min Et OH 30 ml 

3x 1 m in CH
2

c1
2 30 ml 

2x 1 m in (Ac0)
2

0 : Pyr ( 1 2 : 88 )  25 ml 

2x 1 0  m in 1 1  1 1  1 1  25 ml 

4x 1 min CH2
c1

2 

1x  5 m in TFA : CH2Cl
2 

( 1 :  1 )  20 ml 

lx 30 m in 11 1 1  ( 1 : 3 )  40  ml  

3x  1 min CH
2

c1
2 30 ml 

3x 1 min Et OH 30 ml 

3x 1 min CH
2

c1
2 30 ml 

2x 5 m in DIEA : CH
2C l2

( 1 : 19 )  30  m1 

6x 1 m in CH2
c 1

2 
30 m1 

1x  5 min 2mmol Boc-amino acid 10 ml 

1x  60 m in lmmol DCC in CH2
c1

2 10  ml 

1x  60 m in 1 1  1 1  1 1  10 ml 

5x 1 m in CH2
c 1

2 30 ml 

1x 5 m in 2mmol Boc-amino acid 10 ml 

1x 60 min 1mmol DCC in DMF 10 m1 

1x 60 min 1 1  1 1  1 1  1 0  m1 

i 
Boc- ( amino acid) - (amino n acid )

( n+l ) 
-pep tide-resip 

� 
re-enter cycl e  above with n=n-1 

Cat egory 

of  Process 

Washing and 

so lvat ion of  

resin 

Acetylat ion of  

unprotected 

aminea '
e
washes 

Deprotection 

removal of  Boc 

Washing and 

solvation 

of resin 

Neutralisation 

Washes 

First 

coupling 
. b , c , d , f 

react1on 

Washes 

Second 

coupling 
. b c d f reac t1on ' ' ' 
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Syntheses were performed on a scale of 2 g Boc-amino acid-resin 

for all p eptides except the synthes is o f  peptide 199  which was performed 

on a s cale of 3 g Boc-amino acid res in . 

Boc-Lys (el-z)  was released from its t-butylamine salt immediately 

b efore its use by dissolving the required amount of Boc-Lys (el-z ) . 

TBA in dichloromethane and shaking wi th cold 1 N He l in a separa ting 

funnel . The aqueous layer was then dis carded and the process repeated 

twice . The dichlorome thane layer was washed with water until the 

washings were neutral then reduc ed in volume on a rotary evaporator . 

The vol ume of  this solut ion was then made up to the required volume and 

loaded into the peptide synthesiser . 

Footnot es to Tab le 2 - 1  

a )  Also ace tylated in  this s tep are free -OH groups produced on 

the resin by acidolytic cleavage of peptide  (62) . 

b )  I n  mos t cas es the amino acid was disso lved directly in dich loro­

me thane , however ,  nMF : nichloromethane ( 5 : 1 6 )  was used as s olvent 

for Boc-Trp (eHO) , Boc-Tyr (Bzl) , Boc-Gln and Boc-Leu . Boc-Lys (el-z) 

was released f rom its t-b utylamine salt immediately before us e 

by the procedure indicat ed below .  

c) In each of  the coupling s teps the reagents are added sequentially 

to the reaction vessel without removal o f  the previous reagent . 

d) In the case  of the coup ling o f  the third amino acid from the 

carboxyl terminal an invers e addit ion o f  these reagents was used 

i . e .  

1 x  5 min shake with 1 mmol nee in CH
2e12 

1x 60  min shake wi th 2 mmo l Boc-amino acid
(n-l ) 

1x  60  min shake with 1 mmol nee in eH2
c1 2 

e)  (Aco) 20 : Pyr = ace tic anhydride : pyridine . 

f) 1-Hydroxyb en zo triazole ( 0 . 2 7 g) was added to the Boc-amino 

ac·i d solution for each coupling o f  Boc-Gln . 
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CHAPTER 3 PURIFICATION OF PEPTIDES 

3 . 1  In troduc tion 

Each of the peptides was purif ied as described in their individual 

sec tions . All the peptides were purified by semi-prepara tive reversed­

phase HPLC as a final s tep . In addi tion pep tides 202 and 203 were 

purified by ion-exchange chroma tography and pep tid e 202  by gel filtration 

chromatography . It is usual ly cons idered preferab le to purify pep tides 

based on at  leas t two different c riteria " (e . g .  charge and s i ze by ion­

exchange and gel-filtration respectively) . However in the course o f  

this work i t  was shown that ion-exchange and gel-filtrat ion do not have 

any advan tage over reversed-phas e  HPLC and indeed the la tter technique 

app ears t o  be vas tly superior .  It  was therefore decided to purify 

pep tides 208 , 209 and 199 only by reversed-phase HPLC a fter a desal ting 

gel-filtration s tep . The purification of peptide 199  is cons idered las t 

as it requires special condi tions for elution in the reversed-phase HPLC 

step . 

3 . 2  Equ ipment and Chemicals 

Hydrogen Fluoride Cleavage 

The liquid hydrogen fluoride (HF) cleavage and depro tec tion reac tions 

were performed in a Type II HF-Reaction Apparatus from Protein Research 

Foundation (Japan) wi th liquid HF from Matheson Gas Products (USA) . The 

HF was dried by placing about 0 . 5  g of CoF3 in the firs t distillation 

chamber . The pep tide-resin was placed in the second dis tillation chamber 

wi th anisole from Prolabs , France (laboratory reagent s tored over 

molecular sieves) and a s tirring bar . The required amount of  HF was 

dis tilled from the firs t chamber by placing the second chamber in to 

liquid air . The mixture was brought to 0°C with an ice-wa ter bath . The 

HF was removed by evacua ting the second chamber through a reaction tower 

(Protein Research Foundation)  containing calcium oxide and teflon shavings . 

The txi fluoroacetic acid used in the extraction of  peptide has been 

describ ed in the experimental section of chapter 2 ,  section 2 . 2 . 1 .  

Gel Fil tration and Ion-Exchange Column 

G-1 0  Sephadex gel filtration separations were performed in a glas s 

c olumn fitted with ·a no . 2 · glass sinter. The G-50 Sephadex gel filtration 
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and ion-exchange separations were performed in Pharmacia columns wi th 

plunger adaptors . 

Urea (puris grade) was purchased from Koch-Ligh t  and was dissolved 

in water  to the required concentration and filtered through Whatman No . 5 

filt er p aper . Any isocyanate  present in the solution was removed 

imme diat ely before us e by pass age through a column of Amberlite MB-3 

mixed bed ion-exchange resin ( 30 cm x 7 cm dia . ) . The conductivity of 

6 M urea was reduced to 1 . 2  mi cro �ffiO by this method . All manipulations 

with urea solutions were performed in a refrigerat ed room at approx­

imately 10°C to minimise is ocyanate formation . 

The eluted pep tides were r ecognised by their absorbance at 280 nm 

using an 8300 Uvicord II detec tor and control uni t  coupled to a type 

6520-8 chopp er-bar recorder (LKB , Bromma) . Conductivity was moni tored 

with a type CDM2 e conductivity me ter (Radiome t e r ,  Copenhagen) connec t ed to 

a flow-through cell . Fractions were collected using a mod el 7000 

Ultrorac fraction collector (LKB) . 

Salt concent ration gradi ents for ion-exchange chroma tography were 

prepared using a Gti- 1 gradient mix e r  from Pharmacia . 

Deformyla tion 

Guanidine hydrochloride was sequenal grade purchased from Pierce 

Chemic als Co . (Rockford , Illinois , USA) . Ethanolamine ( 2-aminoethanol )  

was laboratory grade purchased frow Aj ax Chemicals ( Sydney , Aus tralia) 

and purified by distillation from calcium hydride . 

Reversed-Phase HPLC 

The HPLC equipment used is described in the experimental section 

of  chapter 5 .  All HPLC s eparat ions in this chapter were performed a t  

ambient temperature . A guard column (Wat ers Assoc iates) filled wi th 

a reversed-phas e packing (usually Bondapak Cl8/porasil B) . was ess ential 

in order t o  s top the Radial-PAK cartridges from degrading too quickly 

in the slightly alkaline mob ile phases used in the preparative 

separations . Ammonium formate  was a lab oratory reagent purchased from 

Ajax Chemicals ( Sydney , Aus t ralia) . 
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UV Spec t ra 

UV spectra were obtained on a Shimad zu MPS-5000 spectrophotometer 

with a path length of 1 cm , scan speed 3 min/400 n m .  

3 . 3  The Puri ficat ion of Pept ide 202 

A s cheme of th e s equence of chr omatographic techniques and 

deprot ection reactions used in the purification o f  peptide 202 is 

shown in figure 3- 1 . 

f 

Prot ected Peptide-Res in t Step 1 HF cleavage 

Trp (CHO) -Peptide 202
a t Step 2 G-1 0  Sephad ex gel Fil tration 

(65% AcOH , v/v) material 
freeze dried . 

I Step 3 G-50 Sephadex gel filtration t (6  M urea) 

I Step 4 Semi-preparative RP-HPLC ' (Radial-PAK CN) t Step 5 Deformylation 

PEPTIDE 202 

f Step 6 G- 10  Sephadex gel filtration 
(6 M urea) 

t Step 7 SP-C25  Sephadex ion-exchange 

' Step 8 Semi-preparative RP-HPLC 
(Radial-PAK CN) 

PURE PEPTIDE 202
d t Step 9 Semi-preparative RP-HPLC 

(Radial-PAK C18 )  

PURE PEPTIDE 202
e 

Figure 3 - 1  The sequenc e of  Chromatographic Techniques and 
Deprotection Reactions Used in the Purification 
of Pep t ide 202 

a) Trp (CHO ) -Peptide  202 is peptide 202 wi th its t ryptophan 
residue protect ed by a formyl group . 

b) Based on weigh t  of  product . 
_ 1  _1  c )  By UV abs orbance ,  (E 280 = 5200 l .mol . cm , M . Wt . peptide 202 

= 2034 , M .Wt . Trp ( CHO)-peptide 202 - 206 2 )  
d )  Used  i n  revers ed-phase HPLC s tudies (Chap ter 5 )  
e )  U s ed i n  phospholipid binding s tudies (Chapter 6 )  
f)  The yield o f  peptide i n  Step 1 i s  included i n  Step 2 
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3 . 3 . 1 Hydrogen Fluoride Cleavage - Step 1 

To 1 . 4  g res in-pep tide was added 4 ml anisole and 20 ml liquid 

hydrogen fluoride (HF) . The mixture was s t irred for 1 hr at 0°C then 

the hydrogen fluoride was removed under vacuum . The resin was washed 

with 20 ml diethy l ether (5x) to remove the anisole . The peptide was 

then separated from the resin by t rea tment wi th 20 ml trifluorac etic 

acid followed by fil tra tion (5x) . The collected filtrate  was evaporat ed 

under reduced pressure to an oil . 

Amino acid analysis of  the t-rifluoroace tic acid treat ed res in 

confirmed that 99%  of the peptide h ad been cleaved from the res in by 

the liquid hydrogen f luoride treatment . 

· 3 . 3 . 2  G- 1 0  Sephadex Gel Fil tration o f  the Crude Peptide - Step 2 

The oil  from S t ep-1 above was d iss olved in 27 ml o f  65% acetic acid 

and loaded onto a G-1 0  Sephadex gel f il tration column ( 32 cm x 5 . 5  cm 

dia . )  a t  approximately 10°C .  The eluted fractions containing the bulk 

of absorbance at  280 nm were pooled , as indicated in figure 3-2 , 

diluted to approximately 1 l in volume wi th water and freeze dried . 

Yield 5 40 mg of off-white powder . This repres ents a 104%  yield 

based on the original substitution o f  alanine on the res in .  

20 40 60 
Frac tion number 

80 

salts 
eluted 

100 

Figure 3-2 The Gel Filtration o f  Crude Trp ( CHO) -Pept ide 202 
on a G-1 0  Sephadex Column . 

Condi tions o f  Gel Fi ltration : 
Sephadex Type :  G-10  Sephadex 
Column Dimensions : 32 cm x 5 . 5  cm dia . 
Eluent : 65%  acetic acid (v/v) . Each 

fract ion containe� 5 . 8  ml . 
Sample : The to tal trifluoroacetic. acid solub le frac tion o f  

peptide cleaved from 1 . 4 g of peptide-resin loaded 
in 27 ml of  65% acetic acid at fractions 1 -5 . 
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Figure 3-3 The Gel Filt ration of  Trp ( CHO) -Peptide 202 on a G-50 Sephadex Column .  

Conditions o f  gel filtration : -

Sephad ex Type : 84 cm x 2 . 6  cm dia.  

Eluent : 6 M urea , 0 . 02 M ammonium acetat e ,  pH 7 . 5 . 

Samp l e : 10 1 mg (weighed) Trp (CHO ) -Peptide 202 loaded in 8 ml . 
- 1  - 1  

of  eluent ( 9 7  mg  by UV absorbance ; £
300 = 5200 l . rnol . cm , 

M . Wt . = 206 2 

Recovery : Col lected peak contains 58% of  the 300 nm absorbance 

o f  the loaded s ample . Total recovery of UV ab sorb ing 

ma terial = 91 % .  

Those f ractions correspond ing to . the bar under the graph were 

pooled ready for HPLC puri fication . 



3 . 3 . 3  G-50 Sephadex Gel Fi ltration - Step 3 

The p roduct isolat ed in Step 2 was further treat ed by gel fil tration 

on a G-50 Sephadex column . 

1 0 1  mg of Trp (CHO) -pep tide 202 was diss olved in 8 ml of 6 M urea , 

0 . 02 M ammonium acetate ,  pH 7 . 5  and applied to a G-50 Sephadex fine 

column ( 8 4  cm x 2 . 6  cm dia . )  and eluted with the above s olvent . The 

eluted fractions corresponding to the l argest peak were pool ed as described 

in figure 3-3 . The collected peak represent ed 58% of the 300 nm absorbance 
* 

of the loaded s ample . HPLC analysis of fractions collected from a G-2 5  

Sephadex gel filtration of this peptide , see  figures 3-4B and 3-4A 

respect ively , have demons trated that the fore peak c ontains lit tle 
* *  

Trp (CHO) -peptide 202 and fur ther has demons trated that reversed-phase 

HPLC may be a more effect ive way of isolating products than is the gel 
*** filtration used in Step 3 .  

3 . 3 . 4  S emi-Preparative RP-HPLC - Step 4 · 

The pooled fractions from the G-50 gel filtration separations 
* *** 

contained 1 38 mg of Trp (CHO) -peptide 202 in 9 2  ml of solution . The 

pept ide was further purified ( and in the s ame process desal ted) by semi­

preparat ive reversed-phase HPLC on a Radial-PAK CN column . This was 

accompl i shed in s everal runs by loading variab le amounts o f  the pool (not 
* * * * *  

exceeding 15 ml) directly into the sys tem via pump A after dilut ion 

* The total recovery of all  300 nm absorbing material was 9 1 % .  Lower 

recoveries e . g .  70% were observed when polyacry lamide resins were 

used in earlier attempts to purify this pept ide by gel filtration . 

* *  This was c onfirmed by amino acid ana lys is which showed tha t only 

34 

2 . 5% of the weight of the freeze-dried forepeak was due to amino acid s . 

* * *  Subsequent purification of pept ides 203 , 208 , 109  and 199  rel ied on 

the superior separation properties of reversed-phase HPLC to separate 

the different sized peptide contaminants . 

* * * *  

* * * * * 

- 1  - 1  
By UV abs orbance £300 

= 5200 l .mol . cm , M .Wt . = 206 2 

Note tha t it  is necessary to remove the solvent manifold filter from 

pump A when loading vis cous s olvents  containing urea or  guanidine 

hydrochloride . Failure to c arry out this prepara tion results in the 

pump drawing liquid fas ter than i t  can pass the filter and hence 

inevitably to the introduc tion of air into the pump heads . As fas t 

a flow rate was used as was c ompatible with the 2500 psi pressure 

limit for the RCM- 100 radial c ompression module . 



Figure 3-4A The Gel Fil tra tion of Trp (CHO) -Pep tide 202 

on a G-25 Sephadex Column . 

Cond i tions o f  Gel . Fi l tra tion : ­

Sephadex Typ e : G-25  Sephadex Fine 

Column Dimen s i ons : 77 cm x 2 . 6  cm dia . 

Eluent : 6 M urea , 0 . 02 M ammonium acetate , pH 7 . 5  

Samp le : 30 mg Trp (CHO) -Pep tide 202 loaded in 4 ml of e luent . 

The e luted  frac tions were pooled into 3 solutions (a ,b&c ) 

as indicated in the f igure . 

Figure 3-4B The Reversed-Phase HPLC Ana lysis o f  Frac tions Collec ted 

from a G-2� Gel Filtration Separation of Trp (CHO) -Pep tide 202 . 

Condi tions o f  Elution : -

Column : Radial-pak CN 

Guard Column : None 

Solvent A :  0 . 1  M ammonium bicarbonate , pH 7 . 8  

Solvent B :  2 -propano l : acetoni trile : solvent A ,  

( 3 : 3 : 4 ,  v : v : v) 

Detec tion : 2 80 nm, 0 . 2  AUFS 

Sample : 500 �1 of each of the frac tions a ,b&c from the gel 

fil tra tion in part A o f  this figure . The UV spectra 

of the pools suggest  the fol lowing loadings of 

pep t id e  202 were used : 

a )  0 . 1 3 mg 

b )  3 . 25 mg 

c )  0 . 1 1 mg 

- 1 - 1  (£300 = 5200 l . mo l  . cm , M .Wt . 

Flow Rate : 1 . 0  ml /min . 

206 2 )  

Gradient : L inear , 0-100% solvent B over 60  min . 
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Figure 3-SA The Semi-Prepara t ive Reversed-Phase HPLC Purification of 

Trp ( CHO) -Pep tide 202 a fter Ge l Fil tration Chromatography . 

Condi tions of  Elut ion : -

Column : Radial-pak CN 

Guard Column : None 

Solvent A :  0 . 1  M ammonium bicarbona te 

Solvent B :  2-propanol : ac etonitrile : solvent A ,  

( 3 : 3 : 4 ,  v : v : v) 

Detec tion : 280 nm , 2 . 0 AUFS 

Samp le : 1 5  ml of the pooled frac tions from the G-50 gel 

fil tra tion of  Trp (CHO) ·� ep tide 202 diluted to 

approximately 45 ml wi th s o lven t A and loaded · 

direc t ly through pump A a t  1 . 5 ml /min . Mass o f  
- 1  - 1 · 

sample = 22 . 5  mg . (E
300 = 5 200  l . mo l . cm , 

M .  Wt . = 2062)  

Flow Rate : 1 . 0 ml /min . 

Gradient :  Linear , 0-100% solvent B over 60 min . 

Figure 3-SB The Reversed-Phase HPLC Analysis of HPLC 

Purif ied  Trp (CHO) -Peptide 202 .  

Condi tions o f  Elution : - as in A wi th the following 

modifications 

Detec tion :  280 nm , 0 . 1  AUFS 

Samp le : 50  �1 of  the pooled HPLC purified frac tions . 

Mass  = 49 � g .  
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with so lvent A ( 1 : 2 ,  v : v) . The conditions of  th e separa tion have been 

given in figure SA which details the puri fication of 1 5  m1 of  the 

Trp (CHO) -pep tide 202 solution . Evidence o f  over-loading was identified 

in this separation by the skewed peak shape . However , the revers ed­

phase HPLC analys is of the poo led fractions collected from all runs 

demons t rated that the sepa ration produced peptide of an excellent puri ty 
* 

( figure SB ) .  The mass of  pep tide in the pooled frac t ions was 73  mg of  

Trp ( CHO) -peptide 202 representing a yield of  purified peptide of  5 3% . 

No te  h owever that re-inj ec tion of th e HPLC puri fied pept ide resul ts in 

a 9 2% recovery . 

3 . 3 . 5  Deformylation - Step 5 

To  35 ml o f  the pooled HPLC frac tions from Step 4 was added 35 ml 
** of wat er and 40 . 5  g guanidine hydrochloride to produce a solution o f  

the peptide in 4 . 2  M guanidine hydrochloride and appr ox . 5 %  2-propanol 
*** 

and 5%  acetonitrile (v/v) with an apparent pH of  7 . 7 .  The solution 

was cooled to 4°C and 9 . 8 ml o f  ethanolamine was added and the solution 
*** 

sti rred for 5 min . The apparent pH was moni tored at 1 0 . 9-1 1 . 0 .  

Aft er t his time the reaction was quenched by titration with hydrochloric 

acid ( c one . )  to  pH 6 . 2 .  The UV spec t ra b efore and after the treatment 

are shown in figure 3-6 . Yield 1 1 3% 
**** 

* Not e  that the elution point of  Trp (CHO) -peptide 202 has decreased 

from 74% solvent B ( figu re 3-4B) to 64% solvent B consistent  wi th 

loss of some reversed phase in the high pH solvent sys t em wi thout 

protection from a guard column . This  obs ervation was made regard­

l ess  of  loading . 

** The deformylation o f  Trp (CHO) -peptide 202 did not proceed in the 

absence of guanidine hydrochloride , 

*** Not adj us t ed for temperature or  solvent effects . 
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**** Based on UV absorbance ( £280 Trp = £ 300 Trp (CHO) 
-1 - 1  5200 l . mol . cm ) .  
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Figure 3-6 A Comparison of  the UV Spec tra of Trp (CHO)­

Peptide 202 and Pep tide 202 . 

Pept ide 20 2 ( ) ,  

38 

Trp ( CHO) -peptide 202 ( - - - - ) .  

Recovery : 1 1 3% assuming £280 Peptide 20 2 £300 Trp (CHO) -pept ide 20 2 .  

3 . 3 . 6 G-1 0  Sephadex Gel Filtration - Step 6 

Before proceeding to the ion-exchange separation (Step 7 )  i t  was 

necessary t o  remove the guanidine hydrochloride from the deformylation 

mixture .  

A s amp l e  o f  60 ml o f  the neutralised deformylation mixture was 

loaded onto  a G-10 Sephadex column ( 30 cm x 5 . 5  cm dia . )  equilib rated 
* 

with 6 M urea , 0 . 02 M ammonium acetate at a pH of  4 .  5 '. The 2 80 nm 
absorbing f ractions were pooled (90  ml) . The recovery of  pept ide 202 

** 
in this s t ep was 70% . 

* I t  was necessary to use condit i ons which were no t acidic due to the 

s ens i t ivity to oxidation of the unprotected tryptophan as evidenced 

by the b roadening of  the UV absorbance spectrum of the peptide in 

65% a cetic acid . 

** Based on absorbance at 2 80 nm . 



3 . 3 . 7  SP-C25 Sephadex Ion-Exchange - Step 7 

The desalted peptide s olution ( 9 1  ml ) cont aining 1 5 . 7  mg o f  

peptide 2 0 2  was loaded onto a column of  SP-C25- 1 20 Sephadex ( 15 cm 

x 1 . 6 cm dia . )  which had been equilib rated with a solution of 6 M urea 

(cyanate free) , 0 . 02 M ammonium aceta te , pH 4 . 5 .  After binding , 

a 0 . 02 M to 0 . 3  M ammonium acet ate gradient was started wi th 2 peaks 

being eluted at conductivi ties of 2 . 5  and 5 . 2  m MHO as shown in 

figure 3-7 . The collec t ed fract ions contained 53% of the absorbance 

at 280 nm of the loaded sample . 

/ 
E 6 0  / / c: / 

0 / / 0 CO / N / I 
/ � 01 E u § ......... >-

.E ·:; 
-1/) u c: ::J 0 "0 L. c: 0 
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Fraction numbQr 

Figure 3-7 The I on-Exchange Purification o f  Peptide 202 

on SP-C25  Sephadex 

Conditions of Elut ion : -

Ion-Exchanger : SP-C25- 1 20 Sephadex 

Column D imensions : 1 5  cm x 1 . 6 cm dia . 

Eluent : 6 M urea , gradient from 0 . 02 M to  0 . 3  M ammonium 

acetate , pH 4 . 5 (each fract ion was approx . 8 ml 

in volume) 

Sample : 9 1  ml of eluent from a desalting gel filt ration 

s eparation on G-10 Sephadex containing 1 5 . 7  mg o f  
- 1  - 1  

peptide 202  (£
280 = 5 200 l .mol . cm , M . Wt . = 2034)  

Recove ry : 5 3 %  based on  absorbance a t  280 nm . 
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A very similar profile as in figure 3-7 was found on elut ion o f  
* 

peptide 20 2 from SP-C50 Sephadex wi th a s odium chloride gradient . 

The reversed-phase HPLC analysis of these two peaks , which eluted at  

simi lar conductivities to  the preparat ion detailed above i . e .  at 

conduc tivities of 2 . 6 and 4 . 2  mMHO , are shown in figure 3 . 8 .  

w 45 � 15 
�me ( m� )  

Figure 3-8 The Reversed-Phase HPLC analysis o f  Fractions 

from an Ion-Exchange Purification o f  Peptide-202 . 

Condit ions of  Elution : -

As for figure 3-4B  wi th the following modifications . 

Samples : a )  78  �g of peptide from the 1st  peak of  

an ion-exchange purification of pep tide 202 . 

b )  2 8  �g of peptide from the 2nd peak of  

an  ion-exchange purification of peptide 202 . 

Detection : 2 80 nm ,  a)  0 . 2AUFS , b )  O . lAUFS 

* This samp le had b een subj ected only to S t eps 1 , 2 , 5  and 6 of 

this purification scheme , see figure 3-1 . 
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This figure clearly shows that reversed-phase HPLC can be  uti lis ed in 
* 

this ins tanc e to separate peptides which differ in charge . Amino acid 

analysis of  the two ion-exchange peaks showed identical amino acid 

content , however , the firs t peak eluted (at a conductivity of 2 . 6  m MHO) 
** 

contained 0 . 6  eq . of ethanolamine . Since this peptide is eluted 

before p eptide 202 on the cation exchange resin ,  the modification of one 

of the free amino groups of the pept ide is imp li cated . This modification 

could involve the formation of a s ubstituted urea with the carbonyl 

moiety c oming from the formyl protec tion for t ryptophan . Such a react ion 

could possib ly proceed via an N-substituted formamide . The hypo the tical 

N-substitut ed formamide might  then be reduced by 2-propanol to an N­

subs tituted isocyanat e int ermediate which could b e  subsequently attacked 

by an amino group as is found for carbamylation of proteins in urea 

so lutions containing high levels o f  isocyanate ( 79 ) . 

3 . 3 . 8  Semi-Preparative Reversed-Phas e HPLC - Step 8 

The pooled fractions from the ion-exchange s eparation used in Step 7 

was puri f ied and desalted on a Rad ial-PAK CN column by s emi-preparat ive 

reversed-ph ase HPLC . A sample of 5 3  ml of eluent from the SP Sephadex 
*** 

column ( f igure 3-7 ) containing 6 . 8  mg of  p eptide 202 was neutralis ed 
**** 

to pH 8 . 0  �th concentrated ammoni a ,  filt ered through a sample 

clarification kit fitted wi th a HAWP 0 1 300 Mi llipore fil ter and loaded 

into the HPLC sys tem directly through pump A at a flow rate of 1 . 0  ml/ 

min . The conditions of  elution have been given in figure 3-9A.  The 

volume of  eluent corresponding to the b ar in this figure was pooled . 

It contained 87% of  the 280 nm ab sorbance loaded . 

* Hence no ion-exchange s tep was used in the purification of peptides 

2 0 8 , 209 and 199 . 

** C al culated  from the amino acid analys is chromatograph assuming 

e thanolamine has a colour factor wi th ninhydrin equal to that of 

glyc ine . Ethanolamine was eluted s ligh tly before lys ine on the 

amino acid analysis chromatograph . 

*** 

**** 

- 1  - 1  
B y  UV absorbance ,  £2 80 

= 5 2 00 l . mol . cm , M . Wt . = 2034 . 

The pH of  the sample mus t be  similar to the pH of  the eluent or 

gaseous carbon dioxide wil l  form inside the HPLC column . 

4 1  



Figure 3-9A The S emi-Preparative Revers ed-Phase HPLC Purification 

of Peptide 202 after an Ion-Exchange Purification . 

Condit ions of Elut ion : ­

Column : Rad ial-pak CN 

Guard Column : Bondapak phenyl /Poras il  B 

( 37-75  mic rons , 0 . 1 5 g )  

Solvent A :  0 . 1 M ammonium bicarbonate , p H  7 . 8  

Solvent B :  2-propanol : acetonit rile : solvent A ,  ( 3 : 3 : 4 ,  v : v :v)  

Detection : 280 nm ,  2 . 0  AUFS 

Sample : 5 3  ml of a neut ral ised frac tion from the ion-exchange 

purification of peptid e  202  loaded through pump A .  

To tal mass  o f  s ample  = 6 . 8  mg . 
-1 - 1  

(£
280 = 5 200 l .mol . cm , M . Wt .  

Flow Rate : 1 . 0  ml /min 

2034 ) . 

Gradient : L inear , 0-100% solvent B over 60 min . 

Figure 3-9B The Reversed-Phas e  HPLC Analys is of  HPLC 

Pur if ie d  Peptide 202 . 

Conditions of  Elut ion : - as in A with the following modifications . 

Guard Column : None 

Detection : 280 nm , 0 . 1  AUFS 

Sample :  2 0  �1 of  the pooled HPLC purified fractions of 

peptide  202 . Mass of sample = 1 6  �g 
- 1  - 1  

( £
280 

= 5 200 l . mol . cm , M .Wt . = 2034 ) . 
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The co llected fract ions for each of the 4 HPLC runs were pooled and 

diluted 1 : 4 wi th 0 . 1 M ammonium bicarbonate to give a final volume of  
* 

3 7  ml . The purity of the pept ide was checked by analytical HPLC , 
** 

f igure 3-9B . An extremely high purity was observed . For further 

criteria of  the purity of this peptide see sect ion 3 . 8 .  This pool of 

HPLC purified peptide 202 was used for the HPLC studies of this peptide 

in Chapter  5 ,  however a fur ther s tep was necessary for peptide which 

was to be used in the phospho lipid binding s tudies (Chapter 6 ) . 

3 . 3 . 9  Semi-Preparative Revers ed-Phas e HPLC - S t ep 9 

The peptide samples to b e  used in the phospholipid binding studies 

should have exactly th e same organic solvent content . This cont ent was 

defined as 5% isopropanol .  For this reason the purified peptide 202  was 

again subj ected to reversed-phase HPLC , figure 3-1 0 .  The dilut ed samp le 

of pept ide 202 from Step 8 was fi ltered through a sample clarifica tion 

kit fit ted with a HAWP 0 1 300 Millipore filter and loaded onto the Radial­

PAK C 1 8  column through pump A .  The collect ed fraction ( 5 . 2  ml) containing 

99% of the UV absorbance of the sample was immediately dilut ed to 46 ml 
*** 

with 0 . 1  M ammonium bicarbonate . This s olution , containing 5% 2 -

propanol , was further diluted with 2-propanol : 0 . 1  M ammonium bicarbona t e  

( 5 : 95)  until  the ab sorbance of  the s olution a t  2 80 nm was 0 . 2  ab sorbance 

units . This solution was used direc t ly in the phospholipid binding s t udy . 
**** 

The overall yield of purif ied material was 1 0 . 3% .  

* No additional peaks were found when the absorbance at  2 30 nm 

was monitored . 

** This dilution is  necessary as some peptide precipi tates on 

s t anding the concentrated eluent overnigh t  a t  4°C .  

*** Peptide 202 was eluted a t  approx . 64 . 5% s olvent B ,  but the actual 

concent rat ion of s olvent � in the eluent is approx . 54 . 5% due to 

the 6 ml volume b etween the s olvent mixing manifold and the 

detector outlet . Thus a dilution to 46 ml with solvent A is 

required to bring the concentration of  2-propanol to 5% . 

**** - 1  - 1  
Based on UV absorbance ( £280 

= 5 200 l .mol . cm , M .Wt . = 2034)  

and the init ial sub s titution o f  the amino acid - Merrifield resin . 
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Figure 3- 10  The Semi-Preparative Reversed-Phas e HPLC Purification 

o f  Peptide 202 on a Radial-PAK C 1 8  Column . 

Conditions of Elution : -

Column : Radial-PAK C 1 8  

Guard Column : Bondapak C 1 8/Porasil B 

Solvent A :  -0 . 1  M ammonium bicarbonate ,  pH 7 . 8  

Solvent B :  2-propanol : Solvent A ,  80 : 20 (v : v) 
Detection : 2 80 nm ,  2 . 0  AUFS 

Samp le :  1 7 . 2  mg peptide 202 in 30 ml of diluted 

solvent B from figure 3-9A 

Flow Rate : 1 . 0 ml /min 

Gradient : Linear 0-100% solvent B over 60 min 

Recovery : 99%  

3 . 4  The Purification of  Pept ide 203  

An  evaluation of the influence o f  various guard column packings on 

the separation of  this pep t id e  by reversed-phase HPLC is shown in the 

Appendix , sec tion A . 1 .  

A scheme of  the sequence of chromatographic techniques and 

depro tection reac tions used in the purification of peptide 203 is 

shown in figure 3-1 1 .  
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Prot ect ed-Peptide-Resin 

c � Step I HF cleavage 

Trp ( CHO) -Peptide 20 3 

35%a t Step 2 

106%
a , b  t Step 3 

Peptide 203 

9 4%
b t Step 4 

28%
b t Step 5 

90%b - Step 6 

30%b - Step 7 

G- 10  Sephadex gel filt ration 
( 38% formic acid) 

Deformylat ion 

G- 1 0  Sephadex gel filtration 

SP-C25 Sephadex ion-exchange 

G-1 0  Sephadex gel fi lt ration 

DEAE ion-exchange 

( 6  M urea) 

(6 M urea) 

5 1 %
b ' Step 8 Semi-preparative RP-HPLC (Radial-PAK C 1 8 )  

Pure Peptide 203
d 

t Step 9 Semi-preparative RP-HPLC (Radial-PAK C 1 8) 

Pure Peptide 203e 

Figure 3-1 1 The sequence of Chromatographic Techniques and 

Deprot ection Reactions Used in the Purification 

of Peptide  203 . 

a) 

b) 

c) 

d) 

e) 

Yield based on weight . 

-1 - 1  
Yield based on UV ab sorbance , s

280 = 5200 l .mol . . cm , 

M . Wt . Trp (CHO) -peptide 203  = 2 1 29 ,  M .Wt . peptide 203 = 2 10 1 . 

Yield included in Step 2 yield . 

Used in reversed-phase HPLC s t udies ( Chapt er 5) . 

Used in phospholipid binding s tudies (Chapter 6) . 

3 . 4 . 1  Hydrogen Fluoride Cleavage - Step 1 

4 . 9  g of pept ide 203  - resin was treated in exact ly the same way as 

peptide 202 - resin in section 3 . 3 . 1 .  The crude Trp ( CHO) -peptide 203  

was also  s eparated from the resin in exact ly the same way . 
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3 . 4 . 2  G- 10  Sephadex Gel Filtrat ion - Step 2 

The crude Trp (CHO) -peptide 203 was subj ected to gel filtration on 

a G- 10  Sephadex column of similar dimens ions to the column used in 

section 3 . 3 . 2  for the purification of  Trp (CHO) -peptide 202 . The peptide 
* 

was purified in several batches us ing 38% formic acid as eluent . The 

eluent fractions containing the bulk of the 280 nm absorb ing material 

were pooled , dilut ed approximately 4 fold with water and freeze-dried . 

After freeze-drying 498 mg of light purple coloured gum was obtained 

which corresponds to a yie ld of 35% based on the original subs titut ion 

of alanine on the resin . 

3 . 4 . 3  Deformyla tion - Step 3 

260 mg of Trp (CHO) -peptide 203 was dissolved in 108 ml of water to 

which 6 1 . 9  g of guanidine hydrochloride had been added . The solut ion was 

coo led to 4°C and 1 5 . 1 5 ml of ethanolamine added to give a total volume 

of 1 50 ml (4 . 3  M in guanidine hydrochloride) . The solution was s t irred 
** 

for 5 min then titra ted to pH 6 . 2  wi th glac ial acetic acid . Yiel d = 1 06% . 

3 . 4 . 4 G-1 0  Sephadex Gel Fil tration - Step 4 

The peptide 203 prepared in Step 3 ( s ection 3 . 4 . 4 ) was loaded onto 

a G- 10 Sephadex column (32  cm x 5 . 5  cm dia . )  equilibrated wi th 6 M urea , 

0 . 0 2 M ammonium acetate , pH 6 . 5 ,  to remove the peptide from the 

deformyla tion mixture .  The fract ions corresponding to the 280 nm UV 

absorbing material were pooled . Recovery = 94% . 

3 . 4 . 5  SP-C25 Sephadex Ion-Exchange - Step 5 

The peptide 203 from Step 4 (sec tion 3 . 4 . 4 ) was purified by cation­

exchange chromatography as described below .  

*** A solut ion of 1 30 mg of peptide  203  in 1 27 ml of 6 M urea , 

0 . 02 M ammonium acetate , pH 6 . 5  was titrated to pH 4 . 5  with acetic  acid 

and sorbed onto an SP-C25- 1 20 Sephadex ion-exchange column ( 1 8 cm x 1 . 6 cm 

* Due to the low solubility of Trp ( CHO) -pept ide 203 in acetic acid 

solutions , an acetic acid solution c ould not be used as the eluent 

for these columns . 

** 

*** 

- 1  - 1  
Based on UV absorbance o f  deformylat e d  sample ( £2 80 

= 5200 l .mol  . cm , 

M .Wt . = 2 1 0 1 )  and weight of  the Trp ( CHO) -peptide sample . 

- 1  - 1  Based o n  UV absorbance ( £
2 80 = 5 200 l . mol . cm , M . Wt . = 2 10 1 )  



dia . )  which had been equilib rated with 6 M urea , 0 . 02 M ammonium acetate 

at pH 4 . 5 .  The sample was elut ed with a 0-0 . 5  M NaCl gradient and the 

two p eaks collected as shown in figure 3- 1 2 .  The fract ions correspond­

ing to the peak labelled "b" in figure 3- 1 2  cont ained peptide 203 ( 28% 

of the load ed absorbanc e at 280 nm ,  peak "a" contained 1 3% of the 

loaded absorbance at 2 80 nm) . 

E c 
0 
CO 
N 
� 2 
c 

�E- 40 loading 
� started 

- - - - - - - - - - - - - - - - - - - - - - -

£ � 6o I 
� l 80r---__., 

10 20 
Fraction Number 

30 40 

0 . 

0 � E 
20 c · :;; 

4= 40 �� 
"'D I 

O �l 

Figure 3 . 1 2 The Ion-Exchange Puri fication of 

Peptide 203 on SP-C25  Sephadex . 

Condit ions o f  Elution : -

Ion-Exchanger : SP-C25-1 20 Sephadex . 

Column Dimensions : 18  cm x 1 . 6 cm dia . 

Eluent : 6 M urea , 0 . 02 M ammonium acetate , pH 4 . 5 ,  

each fraction was approx . 9 . 5 ml in volume . 

Gradient : 0-0 . 5  M NaCl . 

Sample : 1 30 mg peptide 203 in 1 2 7  ml of eluent buffer 

(6 M urea , 0 . 02 M ammonium acetate)  titra ted 

to pH 4 . 5 with acetic acid . After loading , the 

column was washed with 1 20 ml of e luent b efore 

the gradient was started . 

Recovery : Peak b represents 2 8% of the loaded 

UV abs orbance ( 280 nm) . 

3 . 4 . 6  G-1 0  Sephadex Gel Fil tration - Step 6 

The collected fractions corresponding to the peak lab el led "b " 

in  figure 3- 1 2  were rechromatographed through s tep 4 ( s ec tion 3 . 4 . 4 ) . 
* 

The d esalted s olutions were then pooled . Recovery 90% . 

* -1  - 1  
Ob tained by UV absorbance (£

2 80 = 5200 l . mol . cm , M . Wt . 2 1 0 1 ) . 
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3 . 4 . 7  D EAE Ion-Exchange - Step 7 

A s olut ion of 2 8 . 5  mg of SP Sephadex puri fied and desalted pept id e 

203 in 1 30 ml of 6 M urea , 0 . 02 M ammonium acetate was t itrated to  pH 

8 . 0  wi th potass ium hydroxide and loaded onto a column of  Wha tman DE32 

ion-exchanger (30 cm x 1 . 5 cm d ia . ) .  The column was washed wi th 80 ml 

of 6 M urea ,50 .mM in pot assium dihydrogen phosphate ,  ti trated to pH 8 . 0  

with potass ium hydroxide and the sample eluted wi th a 5 mM to 500 mM 

gradient of po tass ium dihydrogen phospha� e .  Only one peak was eluted as 

shown in fi gure 3- 1 3  and this represented a 30% recovery of  the loaded 
* peptide . 

a l i i  a l ii) 
_ _ _ _ _ _ _ _ _ _  t _ _  t - - -

5 10 1 

- - -

Fraction NLJT1ber 

- - - - - - - - - - - -

0 0 :r: 5 :L E 
10 >-.  -
15 � u 

::J --o I c ,  8 ..!.-

Figure 3 - 1 3  The Ion-Exchange Purification of 

Peptide  203 on a D EAE Ion-Exchanger . 

Conditions of Elut ion : -

Ion Exchanger : Whatman DE32 

Column Dimensions : 30 cm x 1 . 5 cm dia . 

Eluent : 6 M urea , gradient from 5 mM to 200 mM potass ium 

dihydrogen phosphate titrated to pH 8 . 0  with 

potassium hydroxide . Gradient started at fraction 0 .  

Each fraction contained 5 . 5  ml of  eluent . 

Sample : 28 . 5  mg of peptide 203 in 1 30 ml o f  6 M urea , 

0 . 02 M ammonium acetate t itrated to pH 8 . 0  

with potassium hydroxide . 

The marked positions a ( i) and a (ii)  indicate the points  o f  e lut ion of 

two poorly resolved peaks eluted when a sampl e  from peak "a" , figure 3-1 2 

is chromatographed under the same conditions described here . 

* Based on absorbance at 280 nm .  
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The frac tions corresponding to  this peak were pooled . A reversed-phas e 

HPLC analysis o f  this pool clearly showed that the two ion-exchange 

steps had failed to completely remove several impurities , figure 3-14 , 

trace (b ) .  Trace (a)  of figure 3- 14  shows the reversed-phas e HPLC 

analys is o f  the pooled peak "a" fractions from the SP-Sephadex ion-
* 

exchange s t ep ( section 3 . 4 . 5 ,  figure 3-1 2) . A comparison of  traces (a) 

and (b) of  figure 3-14  shows tha t many eluted peaks are common to both 

HPLC absorbance traces indicating that only a partial s eparat ion of  

the components  can be  achieved by ion-exchange chromatography . This 

is another example where reversed-phas e HPLC has the poten tial to 

achieve a b e t t er purification of a pep tide based on the pept ide ' s hydro­

phobicity , than ion-exchange chr omatography can achieve based on the 

peptide ' s \charge . 
', 

3 . 4 . 8  Semi-preparat ive RP-HPLC - Step 8 

The pooled fractions from the DEAE ion-exchange s tep containing 
** 

1 1 . 5  mg o f  p ep t ide 203 in 1 8  ml of e luent from Step 7 ( s ection 3 . 4 . 7 ) , 

were loaded directly ont o the reversed-phase HPLC sys tem . The separation 

achieved is described in figure 3-lSA .  The collected f ract ion ( indicated 

in the figure) was diluted 4 fold wi th solvent A, and rechromatographed 

in the s ame solvent sys tem,  figure 3- lSB . The s olution was diluted to 
*** 22 ml with s olvent A. This solution was used direct ly in the HPLC 

studies o f  Chapter 5 .  The purity o f  the peptide in this solut ion is 

shown in figure 3- 1 5C . The t o tal  yield of  purified mat erial for this 

step was 51 % ,  however ,  a recovery of 9 7% for the second chromatograph , 
** 

figure 3- 1 5B ,  was recorded . 

* The pooled peak "a" fractions were subj ected to DEAE ion-exchange 

chromatography b efore the HPLC analysis . The pep t id e  eluted under 

the s ame conditions as in Figure 3-1 3  as two poorly s eparated peaks 

indicated by a ( i )  and a ( ii ) . The sample analys ed in figure 3 . 14A 

came from the peak eluted at a (ii )  in figure 3- 1 3 .  Analysis of  

** 

*** 

the a ( i )  peak is not shown because  i t  was very s imilar to  the 

a ( ii )  peak analysis . 

-1  - 1  
Based on UV absorbance ( £280 = 5 200 l .mol . cm , M . Wt . = 2 1 0 1 ) . 

At  a concentration of 0 . 4  mg/ml in a concentration o f  approx . 9% 

solvent B and a temperature o f  4°C peptide 20 3 precipitates in 

qui te large amounts . The precipitate  is however readily solubilised 

by the addition of  more than 9% solvent B s olution . 
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Figure 3- 1 4  The Reversed-Phase HPLC Analys is of Frac tions from 

the DEAE Ion-Exchange Purifica tion of Pept ide 20 3 .  

Conditions o f  Elution : 

Column : Radial-pak C 1 8  

Guard Column : None 

Solvent A :  0 . 1 M ammonium bicarbona t e  

Solvent B :  2-propanol : acetonitril e : solvent A ,  

( 3 : 3 : 4 , v : v : v) 

Detect ion : 2 30 nm, 0 . 1  AUFS 

Samp l es : a a )  1 3  �g of peptide from the (aii) p eak of 

The DEAE ion-exchange purificat ion of peak "a" 

from the SP- ion-exchange purification 

( figure 3-1 2 ) . 

b )  1 1  �g of peptide 203
a 

from the DEAE 

ion-exchange purification .  

c )  A blank run showing peak a t  46% 

solvent B .  

Flow Rate :  1 . 0 ml/min . 

Gradien t : Linear , 0-100% solvent B over 60 min . 

a )  Based on UV absorbance (£
280 = 5 200 , M . Wt . 2 1 01 ) . 
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Figure 3- 1 5  A&B The Semi-Preparative Reversed-Phas e HPLC 

Purificat ion of Pept ide 203 . 

A .  Shows the RP-HPLC purification o f  DEAE 

ion-exchange purified peptide 203 . 

B .  Shows the rechromatography of the fraction 

collected in A .  

Condit ions of  Elut ion : -

Column : Radial-pak C 1 8  

Guard Column : Bondapak C 1 8 /Poras il  B 

Solvent A :  0 . 1  M ammonium bicarbonate ,  pH 7 . 9  
\ 

Solven� B :  2-propanol : acet oni trile : solven t A 

3 : 3 : 4 ,  (v : v : v) 

Detection : A 240 nm , 2 . 0  AUFS 

B 290 nm ,  2 . 0  AUFS 

Sample : A - 1 1 . 5  mg of peptide 203 in 1 8  ml o f  eluent 

from the D EAE ion-exchange column . 

B - 6 . 1  mg o f  peptide 203 in 2 ml of eluent 

from B diluted to 8 ml with s olvent  A .  

Flow Rat e : 1 . 0 ml /min . 

Gradien t : Linear , 0-1 00 %  solvent B over 60  min . 

Recovery A :  5 3% of . 280 nm absorbance 

B :  9 7 %  of 280 nm abos rbance 

Figure 3 -15C The Reversed-Phas e  HPLC Analys is of  HPLC 

Puri fied Peptide 203 . 

Conditions o f  Elution : - as for figure 3-1 5A&B with the 

following modifications . 

Detection : 2 30 nm ,  0 . 2  AUFS 

Sample : 1 5  �1  of the p ooled , diluted , HPLC purified 

fractions containing 5 . 6)£-& of peptide 203 (by 
- 1  -1 

UV absorbance £
280 = 5200 l . mol . cm , M . Wt . = 2 1 01 ) . 
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3 . 4 . 9  Semi-preparative RP-HPLC - Step 9 

To s tandardise the amoun t of organic solvents  present in the samples 

of peptide  203 used in the phospholipid binding s tudies it was ne cessary 

to subj e c t  the HPLC purified peptide 203 to one more HPLC purification . 

For this purification the same sys tem was used a s  in section 3 . 3 . 9  for 

the equivalent  s tep of the purification of pep tide 202 . This sys t em 

contains only 2-propanol as the organic solvent and thus acetoni trile 

is removed from the solution . The peptide was eluted from the radial-PAK 

C 1 8  column at  58% so lvent B ( c f . 64% solvent B for pep tide 202) . The 

peptide 20 3 containing fractions were pooled and diluted wi th 2-propanol : 

0 . 1 M ammonium bicarbonate (5 : 9 5 )  until  the optical density of the 

solution a t  2 80 nrn was 0 . 2 .  This solution was then used in the lipid­

binding s tudies . The overall yield of puri fied peptide was 1 . 3% .  

3 . 5  The Purif ication o f  Peptide 208 

A s cheme of the sequence o f  chromatographic techniques and de­

protec t ion reactions used in the purification of Pept ide 208 is shown in 

figure 3- 1 6 . 

a 

Protected-Peptide-Res in t Step 1 HF cleavage 

Trp (CHO) -Peptide 208 

I Step 2 G-1 0  Sephadex gel filtration f (50% acetic acid ) t Step 3 Deformylat ion 

Peptide 208 t Step 4 Semi-preparative RP-HPLC 
(Radial-PAK Cl8 )  

Pure Peptide 20 8 

Figure 3- 16  The Sequence of Chromatographic Techniques and 
Deprotection Reactions used in the Puri fication 
of Pep tide 208 .  

a)  Yield  in Step 1 included in S t ep 2 .  

b )  By weigh t , M .Wt , Trp (CHO) -p�p ti�e 208 = 2 306 . 

) b b 5 200  l . mol
- 1

. cm
- 1  

c By UV a sor ance , £2 80 = 

d )  Assuming £280 
Trp = £

300 Trp (CHO ) . 

5 2. 



3 . 5 . 1 Hyd rogen Fluor ide Cleavage - Step 1 

A sample of 3 . 7  g of Trp (CHO) -peptide 2 08-res in was t reated in 

exactly the same way as Trp (CHO) -pep tide 202-resin in sec tion 3 . 3 . 1 .  

The crude  Trp (CHO) -peptide 208 was also separated from the resin in 

exac tly the same way except tha t a solution of trifluoroace tic acid : 

dichlorome thane , 1 : 1  (v : v) was used to extrac t the pep tide  from the 

resin . 

3 . 5 . 2  G- 10 Sephadex Gel Filt rat ion - Step 2 

The total amount of freeze-dried product from Step 1 above was 

dis solved in 60 ml of  50% acetic acid and s eparated by gel filtration in 

2 batches . The conditions of  the separation were identical to thos e used 

for the separation o f  Trp (CHO) -peptide 202 in a G- 10 Sephadex gel 

filtration , sec tion 3 . 3 . 2 ,  except tha t 50% acetic acid was used as eluent . 
* 

The total  yie ld of p eptide at this s tage was 856 mg ( 75%) . 

3 . 5 . 3  Deformylation - Step 3 

A sample of 79 . 1  mg of Trp (CHO) -peptide 208 was diss olved in lOO ml 

of wa ter and 5 7 . 3  g of guanidine hydrochloride . This so lution was cooled 

to 4°C and 14 ml of ethanolamine was added . The solution was s tirred for 

5 min while the pH was moni tored (apparent pH 1 1 . 8- 1 1 . 9 ) . After this 

time the solution was titrated to pH 7 . 8  with 6 N hydroch loric acid . 

UV spe c t ra before and after the deformylation showed that  the deformyl­

ation had been comp leted . 

3 . 5 . 4  Semi-prepara tive RP-HPLC - Step 4 

A 60  ml por tion of the neutralised deformylation mix ture containing 

approx . 26 mg of p eptide 208 was diluted 3 fold wi th 0 . 1  M ammonium 

bicarbonate and loaded direc t ly onto a Radia l-PAK Cl8 column via Pump A 

o f  the HPLC sys tem . The sample was eluted and ' the eluted pept ide 208 

collected as shown by the bar in figure 3- 1 7A .  

The col lected fractions f rom the 3 b atches were pooled and dilut ed 

to 20 ml wi th 0 . 1  M ammonium bicarb onate , pH 7 . 8 .  The recovery of  
* *  

pep tide from S tep 4 was 1 7 % , however ,  the  recovery o f  a sample  of the 

* Based on 

** Based on 

purified 

the initia l  subs titution of  serine on 

weight of 

208 (E
280 

Trp ( CHO) -pept ide 208 

= 5200 
- 1  - 1  

l . mol  . cm ' 

and uv 
M .Wt .  

the resin . 

spec t rum of  

= 2 2 7 8 ) . 
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Figure 3-1 7A The Semi-Preparative Reversed-Phas e HPLC of Pept ide 208 . 

Conditions of Elut ion : -

Column : Radial-pak C 1 8  

Guard Column : Bondapak C18 /Porasil  B 

Solvent A :  0 . 1  M ammonium bicarb onate 

Solvent B :  2-propanol : solvent A, 80 : 20 (v :v) 

Detection : 305 nm , 2 . 0  AUFS 

Sampl e :  26 mg of  peptide 208 in deformylation mix : 

solvent A ,  1 : 2  (v :v) , loaded through pump A .  

Volume = 1 80 ml 

Flow Rat e : 1 . 0 ml /min . 

Gradien t : Linear , 0-80% so lvent B over 60 min . 

Figure 3-1 7B The Reversed-Phase HPLC Analys is of HPLC 

Puri fied Peptide 208 . 

Conditions of Elution : - as for figure 3-1 8B wi th 

the following changes . 

Detection : 280 nm ,  0 . 1  AUFS 

Sample : 4 8  �g of HPLC purified  pep tide 208 

Gradient :  Linear , 0-80% solven t  B over 1 20 min . 
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purified peptide rechromatographed by Step 4 was 96% . The overall yield 

of pep t i de by this method was 1 3% .  The purified pept ide was analysed by 
* 

reversed-phase HPLC and shown to b e  very pure , figure 3- 1 7B .  Fur ther 

criteria of the purity of this pept ide are given in sect ion 3 . 8 .  

A s ample of the peptide solution was dilut ed with 0 . 1  M ammonium 

bicarbonate until the concentration of 2-propanol was 5% and then further 

diluted wi th 2-propanol : 0 . 1  M ammonium bicarbona te (5 : 9 5) until the 

absorb ance of the s olut ion at 280 nm was 0 . 2  absorbance uni ts (as for 

peptide 202 in section 3 . 3 . 9 ) . This  solut ion was used directly in the 

phospho lipid binding s tudies . 

3 . 6  The Purification of Peptide 209 

A s cheme of the sequence of chromatographic techniques and de­

protec t ion react ions used in the purification of peptide 209 is shown 

in figure  3- 1 8 .  

c 

d 

Figure 3- 1 8  

Protected-Peptide-Resin � Step 1 HF cleavage 

Trp (CHO) -Peptide 209 

I Step 2 G-10  Sephadex gel filtrat ion f (66% acetic acid) t Step 3 Deformylation 

Pep tide 209 + Step 4 Semi-preparative RP-HPLC (Radial-PAK C18) 

Pure Peptide 209 

The Sequence of Chromatographic Techniques and 
Deprotection Reactions Used in the Purification 
of Pept ide 209 . 

a) Yield based on weight (M .Wt . Trp (CHO) -peptide 209 = 206 2 ) . 

b )  Recovery based on UV spectrum (£280 = 5200 1M .Wt . pept ide 209 

c )  Yield of pept ide in Step 1 inc luded in Step 2 .  

d )  Yield  of  peptide in  Step 3 included in S tep 4 .  

2034) . 

* Not e  that the shallower gradient used in thi s  analy tical separat ion 

compared with the p reparat ive separat ion causes e lution at  

a l ower concent ration of solvent B as is usually found ( 80 ) . 
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3 . 6 . 1  Hydrogen Fluoride Cl eavage - Step 1 

The liquid HF cleavage was performed on 3 . 8  g of pept ide-resin and 

the c rude p roduc t extrac ted in exac tly the same way as for pept ide 202 , 

sec tion 3 . 3 . 1 .  

3 . 6 . 2  G-1 0  Sephadex Gel Filtration - S t ep 2 

The freeze-dried crude product extrac ted above was separated on 

a G-1 0  Sephadex gel filtration column and f reeze-dried exactly as for 

Trp (CHO) -peptide 202 (section 3 . 3 . 2 ) excep t that 66% acetic acid was 

used as eluent . Yield = 1 . 10 g .  This represents an 8 1 %  yield based on 

the o riginal sub s t i tution of alanine on the resin . 

3 . 6 . 3  Deformylation - Step 3 

A s ample of  2 3 . 7  mg of  Trp (CHO) -pep tide 209 from S t ep 2 above was 

added t o  a solution of 20  ml 6 M guanidine hydrochloride in 2-propanol : 
* 0 0 . 1  M ammonium bicarbonate , 1 : 4 (v :v) . The so lution was cooled to 4 C 

and 2 . 8  ml of  e thano lamine was added . The solution was s tirred for 

5 min during which time the apparent pH was 10 . 90-10 . 9 8 .  The s olution 

was then titrated to pH 7 . 5  with 6 N hydrochloric  acid . 

3 . 6 . 4  Semi-preparative Reversed-Phase HPLC - Step 4 

The neutralised solut ion from Step 3 above was diluted to 1 00 ml 

with 0 . 1  M ammonium bicarbonat e ,  pH 8 . 0  ( Solvent A) and load ed onto 

a radial-PAK C 1 8  column as described in figure 1 9A.  It  was necessary 

to use an 8 h gradient and include only the back of the main peak in 

the col lected fraction due to a contaminant which was eluted immediately 
* *  

before the main peak . The yield of purified peptide 209 was 1 6 % ,  

however , the recovery of a r einj ected sample was 8 1 % .  The purified 

peptide was analysed by reversed-phas e HPLC and shown to  be very pure 

and completely free of the contaminant mentioned above , figure 1 9B . 

The peptide  is e luted slightly earlier in the gradient when large 

quanti ties are loaded , i . e .  76%  solvent B for the preparative run compared 

* The pept ide was not appreciably s oluble in 6 M guanidine hydrochloride 

at  neut ral pH  which necessitated the addi tion of  organic solvent to 

e ffect s olub ility . 

* *  Lowered by the need to collect only the back ha lf  o f  the peptide 209 

peak . N . B .  It is p referable t o  col lect the front and back o f  a peak 

s eparately when contaminat ing products are eluted very close to  the 

peak . 
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Figure 3 . 1 9A The Semi-Preparative Reversed-Phase HPLC 

Purificat ion of  Pept ide 209 . 

Conditions of  Elut ion : -

Col umn : Radial-pak C1 8 

Guard Column : Bondapak C 1 8/Porasil B 

Solvent A :  0 . 1  M ammonium bicarb onate ,  pH 7 . 9  

Solvent B :  2-propanol : solvent A ,  80 : 20 (v : v) 

Det ect ion : 280 nm ,  2 . 0  AUFS 

Sample : 23 . 7  mg of peptide  209 in 20 ml of deformylat ion 

reaction mixture d i lu ted to 1 00 ml wi th solvent A 

and loaded through pump A at 3 . 0  ml /min . 

Flow Rat e : 1 . 0  ml/min . 

Gradien t : Linear , 0-100% s olvent B over 8 h .  

Yield o f  pure peptide = 1 6 %  (based on weight o f  Trp (CHO) ­

peptide 209 and UV absorbance o f  purified pep tide , 
- 1  -1  £

280 = 5 200 l . mol . cm , M . Wt . = Trp (CHO) �pep tide 209 

M .Wt . peptide 209 = 2034 ) . 

Figure 3-1 9B The Reversed-Phase HPLC Analysis of HPLC 

Puri fied Peptide 209 . 

Condi tions of  Elution : - as  for figure 3-19A with 

the following modifications . 

Guard Column : None 

Detect ion : 2 80 nm ,  0 . 1  AUFS 

Sample : 7 4  �g of purified  peptide 209a 

-1 -1 
a) Based on UV spectrum (£

2 80 
= 2500 l .mol . cm , M . Wt .  

2062 , 

2034 ) 



5 7  

100 A - 2 ·0 I 
I 

I 
I 

I 
I 

80 
I l 6  -

I 
I 

E I c 

1 6 I l2 I 0 
CO 

I I 
N 

I I -
I 

I QJ 
en u 

I c 

� 4  I 0 ·8 ro 
I ...0 

QJ 
I 

'--
> 0 --..1 I V') 0 
V') I ...0 

I <! 0 I 

� 20 I 0·4 I 

I 
I 

I 

I 
I 

0 I 0 
8 0·7 

0 ·6 

E 
/ ·4 � 

/ 
en / CO -

/ -3 � 1  4- 6 / 
c / 
QJ / 
> / 

/ c -....:...../ - 0·2 E 0 / 
l/) / '--

� / 0 
/ l/) 

0 / ..0 
/ <! / 

0 2 4 6 8 
Time ( h ) 



wi th 85% solvent B for the analyt ical run , which is a general loading 

phenomenon of reversed-phase HPLC (8 1 ) . Further criteria of purity 

have been given in sect ion 3 . 8 .  

3 . 7 The Purification of Pept ide 1 99 

A s ch eme of  the sequence of  chromatographic techniques and de­

prot ect ion reactions used in the purificat ion of Peptide 199 is shown 

in figure 3-20 . 

c 

Protected-Pep tide-Resin � Step 1 HF Cl eavage 

Trp (CHO) -Peptide 1 99 

I Step 2 G-1 0  Sephadex gel filtration t (65% acet ic acid) ' Step 3 Deformylat ion 

f Step 4 Semi-preparative RP-HPLC (Radial-PAK Cl8) 

Pure Peptide 1 99 

Figure 3-20 The Sequence of Chromatographic Techniques and 
Deprotection React ions Used in the Purification 
of Peptide 199 . 

Where applicable  the yields or recovery of the 
various s t eps are given as percentages . 

a )  By weight  (M.Wt . of Trp (CHO) -peptide 1 99 = 2 163) . 

b )  -1 -1  . By UV spectrum (c
280 = 5200 l . mol . cm , M . Wt . pept�de 199  

c )  Yie l d  of Step 1 included in S t ep 2 .  

3 . 7 . 1  Hydrogen Fluoride Cleavage - Step 1 

The to tal sample of 5 . 3  g of  p eptid e-resin was treated in the 

ident ical manner to the p eptide-resin in s ection 3 . 3 . 1  except tha t  

t rifluoracetic acid : dich lorome thane , 1 : 1  (v : v) was u s e d  to extract 

the p ep tide from the resin . 

3 . 7 . 2  G- 10  Sephadex Gel Filtration - S t ep 2 

2 1 35)  . 

The t o tal  of  the extracted , freeze-dried mat erial f rom S t ep 1 above 

was treated exactly as c rude Trp (CHO) -pept id e  202 in section 3 . 3 . 2 ,  

yield = 9 40 mg . This represents a 58% yield based  on the original 

substitution of serine on the r esin . 
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3 . 7 . 3  Deformylation of Trp(CHO) -Pept ide 1 9 9  

A sampl e  o f  37 . 7  mg o f  Trp ( CHO) -peptide 199  ( freeze-dried powder 

from the gel filtration on G- 10  Sephadex in 65% acetic acid) was added 

to a solution of 14 . 3  g guanidine hyd rochloride in 25 ml of wat er . 

A small amount of  material was insolub le and this was r emoved by 

filt ration through a Millipore HAWP 0 . 45 membrane filt er  fitted to 

a mil lipore sample clarificat ion kit . The temperature of the solut ion 

was b rough t to 4°C and 3 . 5  ml o f  ethanolamine was added caus ing the pH 
* t o  rise f rom 4 . 0 to . 1 1 . 3 .  The solut ion was s t irred for 5 mins at 4°C 

(during which time the pH decreased slowly to 1 1 . 1 )  then the solut ion 

was neutralised to pH 6 . 3  by the addi tion of 6 N HCL . 

3 . 7 . 4 Semi-preparative Reversed-Phas e  HPLC - Step 4 

Peptide 199 behaved very different ly compared to the other peptides 

wi th respect to retention on a reversed-phase HPLC sys t em at neutral pH . 

This  wil l  b e  discussed further in section 5 . 3 . 5 .  In the 0 . 1 M ammonium 

bicarbonate system used for puri fying the other peptides a very broad 

peak was observed upon elution of peptide 1 99 from a Radial-PAR CN 

column . Wi th the s ame solvent sys t em and a Radial-PAR C 1 8  column no 

p eak was eluted . It was reasoned that the anomalous behaviour of this 

peptide was caused by the interaction of ionis ed silanol groups with 

the basic  groups of the p eptide . It was also reasoned that an increased 

concentration of ammonium ions would reduce this interact ion and therefore 

0 . 5  M ammonium bicarbonate was . t ried as the aqueous component of the 

mobile phas e .  This solvent proved very di fficult to work with , however , 

due to format ion of carbon dioxide bubb les in the detect or and therefore 

the l es s  volatile salt , ammonium formate was tried . Peptide 1 99 was 

retaine d  l ess and eluted wi th greater efficiency wi th inc reas ing 

concen t rat ions o f  ammonium forma t e  in the mob ile phase . Figure 3-2 1 

shows the effect of increasing concentration of ammonium formate in 

59 . 

solvent A upon the elut ion pro f i le o f  Trp (CHO) -peptide 1 9 9 . The neutralised  

solu tion from the deformylation reaction (section 3 . 8 . 1 )  was divided into 

4 approximately equal port ions and purified by 4 separate runs in the 

HPLC sys t em detailed in figure 3-22A . The collected peaks ( see bar in 

* pH meter was standardis ed at approximately 23°C and no attempt to 

adjus t the s e  pH values for the decrease in t emperature has b een made . 



Figure 3-2 1 The Effect of Increas ing the Concentration of Ammonium 

Fo rmate in Solvent A on the Retention of Trp (CHO) -Peptide 1 99 

in Reversed-Phase HPLC . 

Condi tions of Elut ion : -

Column : Radial-PAK C18  

Guard Column : Bondapak Cl8/Porasil B 

Solvent A :  Concent ration ammonium formate as shown for 

each trace , pH 6 . 3  

Solvent B :  2-propanol : solvent A ,  80 : 20 (v :v)  

Detection : 280 nm ,  0 . 1  AUFS  

Sample : 1 20 �g Trp (CHO) -pept ide 1 99 in 250  pl  

6 M guanidine hydroch loride 

Flow Ra t e : 1 . 0  ml /min . 

Gradien t : Linear , 0-80% solvent B over 60 min . 
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Figure 3-22A The Semi-Preparative Reversed-Phase HPLC Puri ficat ion of  Peptide 199  

Conditions of  Elution : -

Column : Radial-PAK C18 

Guard Col umn : Bondapak C l 8/Porasi l  B 

Solvent A :  0 . 5  M ammonium formate , pH 6 . 3  

Solvent B :  2-propano l : solvent A ,  4 : 1  ( v :v)  

Detec tion : 305 nm ,  2 . 0 AUFS 

Sample : 9 . 4 mg peptide 199
a 

in 1 2 . 5  ml of the neutralised 

deformyla tion mixture , diluted to  40 ml with 

solvent A, filtered ,
b 

and loaded through pump A at  

2 . 0 ml /min . 

Flow Rat e :  1 . 0 ml/min . 

Gradient : Linear , 0-80% solvent B over 60  min . 

Recovery : the collected peak repres ents a 2 7 %  recoveryc 

o f  purified peptide . Rechromatography o f  this 

sample results in a 9 5 %  recovery �
c 

Figure 3-22B The Reversed-Phase HPLC Analys is of HPLC 

Purified Peptide 1 99 . 

Condi tions of  Elution : -

Column : Radia l-PAK C18  

Guard Column : Bondapak C1 8/Poras i l  B 

Solvent A :  1 . 0 M ammonium forma t e , pH 6 . 3  

Solvent B :  2-propanol : solvent A ,  4 : 1  (v :v)  

Detect i on : 2 80 nm ,  0 . 2  AUFS 
c 

Samp le : 60 �g  of HPLC pur ified peptide 1 9 9  in 800 � 1  

6 M guanidine hydrochloride 

Flow Rat e :  1 . 0 ml/min . 

Gradient : L inear , 0-100% so lvent B over 2 h 

a )  Based on weigh t  of Trp (CHO) -peptide 1 99 

used in deformylat ion . 

b )  Millipore HAWP 0 . 45 membrane filter . 

- 1  -1 c) By UV spectra ( E
2 2 0  

= 5 200 l .mo l . cm , M .Wt . 2 1 35)  
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* 
figure 3-22A) were pooled and diluted to 22  ml with 78  mM ammonium 

bicarbonate  to bring the concentration of  ammonium ions to 0 . 1  M and 

the concent ration of 2-propanol to 5% . A sample o f  th is solution was 

diluted wi th 5% 2-propanol in 0 . 1  M ammonium bicarb onate unt il the 

absorbance of the solut ion at  280 nm was 0 . 2  absorbance units . This 

s olution was used in th e phospholipid binding s tudy . The purity of  the 

p ept ide can be j udged by the reversed-phase HPLC analys is of a samp le of 
I 

the HPLC pur ified peptide  1 9 9 , figure 3-22B . Furt her c riteria of purity 

are given in s ect ion 3 . 8 .  The yield of recovered pep tide was 27%  however 

a rechroma tographed sample  of the purified pept ide was eluted with a 9 5% 
* *  

recovery . 

3 . 8  Demons t ration of  Purity 

Each of the HPLC purified peptides has b een analysed by a reversed­

phase HPLC sys tem at neutral pH and shown to be homogeneous , figure 3-2 3 . 

The use of  2 reversed-phase HPLC sys tems at  different pHs has b een shown 

to  be an extremely power ful analytical method o f  s eparat ing c losely 

r ela t e d  peptides ( 165 , l a st.** Therefore the puri fied p ep tides were also 

analysed in a 1%  t riethylammonium phosphate  sys t em at  pH 3 . 2 .  The 

results  o f  this analysis are shown in figure 3-2 4 .  Al l of the pep t ides 

show good purity , however , peptide 199  contains a low level of impuri ties 

( t race f ) . Trace (a)  shows the charac teristic  bas eline found in a b lank 

gradient with the TEAP sys t em .  

The amino acid analysis of the hydrolysates o f  each of the purified 

peptide s  is given in t ab le 3-1 . These  analyse s  are in excellent agree­

ment wi th the theoretical number of  amino acids in each peptid e . 

* I t  is important t o  dilut e the collec ted f raction b ecause the 

concentration of p eptide on elution is high enough to  cause 

precipitation o f  the peptide . 

* *  - 1  ,- 1  
B y  UV spectrum ( E 280 = 

520 0 l . mo l .  c m  , M . Wt = 2 1 35)  

** * References (82 )  and (83 )  also give examp les of the s eparation 

of very c losely related p ep tides by r eversed-phas e HPLC . 
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Figure 3 -2 3  The Reversed-Phase HPLC Analysis of  

Synthetic Peptides at Neutral pH . 

This figure describes the analys is of  each of the 

synthetic peptides on different reversed-phase HPLC 

systems as described in the noted figure l egends . 

A :  � pept ide 202 (s ee figure 3-9B ) 

B :  - pept i de 208 (see figure 3-1 7B) 

C :  - peptide 209 (see figure 3-1 9B)  

D :  - peptide  203 (see figure 3 - 1 5C)  

E :  - peptide 199 ( see figure 3-2 2B)  
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Figure 3-24 The Reversed-Phase HPLC Analysis of 

Synthet ic Pept ides at Acid pH . 

Condit ions o f  Elution : -

Column : �ondapak a lkylphenyl 

Guard Co lumn : None 

Solvent A :  1 %  t riethylammonium phosphate , pH 3 . 2 

Solvent B :  2-propanol ; s olvent A ,  4 : 1  (v : v) 

Detection : 280 nm ;  a , b , c , &d 0 . 2  AUFS ; e 1 . 0 AUFS , f 0 . 1 AUFS 

Samples :  a)  Blank run (no sample)  

b )  1 3  ]..g of pep tide 202 -

c )  1 6  � o f  peptide  208  

d )  32  � of peptid e  203 

e) 7 2  � o f  peptide 209 

f )  1 8  J_.lg of  peptide 1 99 

Pep tides 208 and 203 were inj ected in 

3 M guanidine hydrochloride 

Flow Rat e : 1 . 0 ml/min . 

Gradien t : Linear 0-100%B over 60 min . 
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Table 3-1  The Amino Acid Analys es of  the Purified Pep tides . 

Ra t io of Amino Acids in Peptide Hydrolysate  
a , e  

Amino Acid 

Thr
b 

Ser b 

Glu+Gln 

Ala 

Val 

Leu 

Tyr 
b 

Phe 

Lys 

Arg 

Trp 
d 

a)  Conditions 

Pep tide 

202 

2 . 5 ( 3 ) 

3 .  0 ( 2+1 ) 

3 . 1 ( 3 )  

5 . 0 (5 )  

1 . 1 ( 1 )  

1 . 1 ( 1 )  

2 . 0 (2 )  

N . D . ( 1 )  

Peptide 

203 

0 . 8 ( 1 )  

2 .  3 ( 3 )  

2 . 8 ( 3) 

1 . 9 (2 )  

0 . 9 ( 1 ) 

3 . 0 (3 ) 

1 . 0 ( 1 )  

1 . 0 ( 1 )  

1 . 8 ( 2 )  

N . D . ( l )  

Pep tide 

208 

5 . 6 ( 8) 

2 . 0 ( 2 ) 

0 . 9 ( 1 ) 

4 . 0 (4 )  

1 . 2 ( 1 )  

1 . 2 ( 1 )  

1 .  9 (2 )  

N . D . (l )  

o f  hydrolysis : 6N HCl ,  2 2  h ,  

Peptide 

209 

2 . 2 ( 3) 

3.  0 ( 2+1 )  

3 . 1  ( 3) 

5 . 0 ( 5)  

1 . 1 ( 1 )  

1 . 1 ( 1 ) 

2 .  0 ( 2 )  

N . D . ( l )  

Pep tide 

199  

5 . 9
c

(6 )  

2 . 0 ( 2 )  

1 . 9 ( 2 )  

3 . 0 (3 )  

1 . 0 ( 1 )  

1 . 0 ( 1 )  

2 .  0 ( 2 )  

1 . 0 ( 1 )  

N . D . ( l )  

1 1 0°C in evacuated tubes . 

b) Values not corrected for oxidation excep t  where s tipulated 

by footnote ( c ) . 

c)  Values corrected for oxidation by quanti tation of  a series o f  

timed hydrolys es and extrapolation back to zero time . 

d) N . D .  = not determined . Analys is o f  the UV spec trum o f  each peptide 

shows that each p eptide contains approximately 1 residue o f  t ryp tophan 
-1 - 1  

( £ 280 
= 5 200 l . mo l  . cm ) .  

e)  Values in parenthesis are the theoretical ratios of  amino 

acids in the pept ides . 

The UV spectra of  the purified peptides are well defined as shown 

in figure 3-25 . The shoulder at 2 7 5  nm is not apparent in p ep t i des 20 3 ,  

208 and 199  due t o  the p resence o f  tyrosine in these peptides which 

has a small absorbance at  this wavelength . 
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Figure 3-25  The UV Absorbance Spectra of the Purified Peptides , 

UV spec tra of  the HPLC purified pept ides at variab le 

concent ration before dilution to  an equal concentration,  

a } Peptide 203 (---- ) 
b ) Pep tide 202 ( } 
c ) Peptide 209 (- · - · -) 
d ) Pep t ide 199  ( . . . . . ) 
e ) Peptid e  208 (- · · - · · - ) 

3 .  9 Conc lus ion 

The purification of  l ipophilic  pep t ides has been shown to b e  

difficul t b y  s ome low yields o f  purified pep tides which have b een 

observed ( 84 ,  85) , This is partially due to the low solubility o f  

these peptides in aqueous s olvents  and their tendency t o  aggregat e . 

Semi-preparative reversed-phas e HPLC , e . g .  figures 3-5A , 3-9A , 3-1 5A ,  

3-1 7A, 3-19A and 3-2 2A, would appear t o  b e  a n  exc ellent alterna t ive to 

the time consuming and s ometimes low yielding convent ional chroma tography 

o f  these  peptides . Not only is it fas t and convenient but the homo­

geneity of the isolated produc t is excel l ent , 
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PART C 

CHAPTER 4 BACKGROUND FOR THE HYDROPHOB IC EFFECT 

4 . 1  Int roduction 

The following chapter is a discussion o f  the pres ent understanding 

of the hydrophobic effect and its relationship to the various proces ses 

which are apparently driven by this effec t . This discussion will 

provide a basis for t�e unders tanding of the role of the hydrophobic 

effect  in the associat ion of  peptides wi th reversed phase bonded 

silicas (HPLC) and wi th phospholipids and hence enhance the continuity 

of  the remainder of  the text . 

The hydrophob ic effect is evident as the obs erved unwillingness of  

nonpolar sub s tances to  interact  wi th aqueous environments ( 86-90 , 95 ) . 

The term hydrophobic implies a hatred for water , however ,  this is not 

the c as e . To quote Hartley : "The antipathy of the paraffin-chain for 

water , is however , frequently misunders tood . There is no question of 

actual repulsion be tween individual water mo lecules and paraffin chains , 

nor is there any very s trong a t trac tion of paraffin chains for one 

another . There is , however ,  a very s trong a ttraction o f  water mo lecules 

for one another in comparison with which the paraffin-paraffin or 

paraffin-wa ter attractions are very s light , as is well known from the 

work o f  Harkins on cohesion of liquids . I t  is this water-water 

at trac tion which satisfies itself by the ext rusion of paraffin chains 

. . . • . •  " (89 ) . Cons idering the relatively simple concept of the hydro­

phobi c  effect outlined above , i t  is surprising to find the large degree 

of controversy and confus ion which exis ts in this field (88 , 9 3 , 9 9) . 

A common misconcept ion is that the observed affini ty of  hydrophobic 

groups for each other in the presence of wa ter is  the result of van der 

Waals ' bonding between the hydrophob ic groups ( 7 , 9 1 ,9 2 ) .  This improper 

consideration has no doub t  arisen from the use of the express ion 
"hydrophobic bonding" which imp lies a direct form o f  b onding between 

hydrophobic groups (93 ) . It has been reas oned that van der Waals ' 

forces would not be  influenced by temperature ( as the hydrophobic effect 

is) . Furthermore these non-covalent interactions are a lso found between 

water and hydrocarb ons (88 , 9 3 , 94 , 9 6 ) . A comparison of the s trengths of  

bonding has revealed that van der  Waals ' forces are an order of 

magnitude smaller than hydrophob ic interactions ( 1 52 ) . 
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From the outset we mus t cons ider two types of process driven by 

the hydrophobic effect which are o f ten not separated and thus j oint ly 

referred to  as " the hydrophob ic effect " . Thes e are defined by Ben-Naim 

(94) . 

(a) Hydrophobic Hydration refers to the relative preference of 

a s olute for two solvents when one of  thes e solvents is water .  

This p ro cess is described b y  s tandard thermodynamics of t rans fer . 

It should be noted that only so lute-solvent and solvent-solvent 

interac tions are cons idered . 

(b ) Hydrophobic Int eract ion refers to the interac tion b etween two 

or more nonpolar or amphipathic solute molecules in water . 
* 

This  term replaces the hydrophobic bond us ed previous ly . 

In the l imi t of very large aggregates formed by hydrophob ic interac tions , 

the process o f  hydrophobic interaction becomes hydrophobic hydra tion .  

This is  b ec ause each added solut e molecule i s  accommoda ted in the 

interior of the aggregate , completely separat e from the aqueous 

environment ,  and therefore is effectively partitioning into another 

solvent ( 9 4 ) . 

Hydrophob ic interact ions have b een pos tulat ed to b e  an integral 

part of the p rocess es of conformational changes of biopolymers , b inding 

of subs trate to enzyme , the association of subuni ts to form a mul ti­

subunit enzyme and processes invo lving high levels of aggregation such 

as formation of biological membranes and the organisati on o f  biological 

mo lecules to form a functional uni t  in a living sys tem ( 88 , 9 4 , 95 ) . 

Considering the importance o f  these processes it is surpris ing to find 

that our p resent knowl edge and unders tanding of hydrophobic int eractions 

is only in its  very elementary s tages (94) . 

I t  should be not ed that in the following discussion the processes 

of hydrophob ic hydration and hydrophobic interaction wil l  always b e  

expressed i n  the direction of  decreas ing interaction with water , e . g .  

water to hexanol partitioning , nonpolar solute association and the 

transfer of nonpolar gases from water into the gas phase (degassing) . 

* The term apolar bond is a more general definition not requiring 

aqueous solution and thus this term is better replaced by solvophobic 

interactions or apolar interact ions . 
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The most s tudied sys temS inves tigating the hydrophobic effect 

involve relatively simple water to  gas or water to organic s olvent 

transfers . Such s tudies will be summaris ed in the opening part o f  this 

chapter , sections 4 . 3 . 1 and 4 . 3 . 2 .  Later sections wi ll be dedicated to 

mor e complex sys tems involving many sorts o f  int erac tions , sections 4 . 4 . 1  

and 4 . 4 . 2 .  The results of  studies on simple sys tems are often quot ed to 

support various experimental observations , however ,  it should be  

recognised tha t  in  some ways the simple processes are quite different 

from the complex proces ses . Therefore the direct utilization of results 

from the simple systems to explain more  c omplex processes should be 

conducted wi th caution . A summary of the contrasts between the thermo­

dynamic s of  the processes is given in section 4 . 5 .  

4 . 2  The Theory of  the Hydrophob ic Effect 

According to Ben-Naim there is no complet ely satis factory theoretical 

treatment of hydrophobic hydration whi ch al lows the calculation of the 

standard free energy of hydration (9 7 ) . Semi-theoret ical methods  have 

therefore been employed all of which involve serious approximations 

especia lly when applied to such a complex fluid as wat er . Nevertheless 

the theory of hydrophobic interac tions has been dealt with in detail by 

Ben-Naim (90 ) . This author has severe reservations about the predictions 

of pairwise hydrophobic interactions s ince knowledge o f  the full pair 

correlat ion functions which are used to calculat e  the free energy change 

on dimerisat ion is far from satis fac tory ( 98) . In addit ion to the 

ext reme technical difficulties involved in calculating the full pair 

correla t ion functions , the lack of appropriate experimental data means 

that the success or fai lure of a particular treatment cannot even be  

qualitatively assessed . For this reason Ben-Naim sugges ts that the  maj o r  

effort in the field o f  hydrophobic intera c tions should be  focused o n  the 

experimental rather than the theoretical s ide  of the problem ,  In view 

o f  these uncertainties current theoretical models for hydrophobic int er­

actions will no t be dis cussed here and the reader is referred to Ben-Naim 

(90)  for  details o f  these models . Hall  has said that superficially the 

arguments may look impress ive but on closer examination it  turns out 

that  o ften they are essentially s t erile ( 14 3 ) . 
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4 . 3  Hydrophob ic Hyd rat ion and Simple Model Sys tems 

* 4 . 3 . 1  The Solubility of Nonpolar Gases in Wa ter 

There has been int ense s tudy in the area o f  solubility o f  nonpolar 

gases in wat er as dis cussed in a recent review ( 103 ) . It is import ant 

to real is e that s t udies of the thermodynamics of these simple sys t ems 

require some assumptions as to the ideal b ehaviour of the gas and the 

resulting s olution . As a consequence , the act ivi ty coefficients of the 

gas and solution may be  incorrect resulting in the cal culat ion of  

incorrect entropy values . The degree of influence these as sumptions 

have on thermodynamic quant ities is uncertain at present (99) . 

A cons tant feature of the solubi lity of  nonpolar gases in wat er 

appears to  b e  the large positive entropy of  degassing (negative ent ropy 

o f  solution) which is the maj or term in the free energy calculation over 

a wide range of t emperature . It has b een proposed that the caus e of this 

large pos it ive e�t ropy change is the increased mobility of  wat er molecules 

released from propos ed regions of high order ( "ice-like" s t ructure) at  

the nonpolar so lute-wat er interface ( 100 , 1 0 1 ) . An alternative theory has 

b een propos ed by Wert z  ( 1 02)  who claims that the large pos itive ent ropy 

change observed on the degassing of a large number of gaseous solutes 

can be explained simply by the gain in entropy o f  the so lut e  mo lecule 

. lf  * *  1tse • 

Another observat ion is apparent ly common t o  all the gas solub il i ty 

systems s tud ied . This is the large value o f  the change in heat capacity 

(6C ) for  the wat er to  gas trans ition which is exhib ited by the non-linear 
p 

Van ' t Ho ff  plots (6G v ' s  1 /T) . Such a nonlinear dependence of the 

enthalpy change on temp erature has b een viewed by Tanford as b eing c aused 

by the varying s t ructure of water as t emperature is changed ( 10 0 ,  s ee 

also sect ion 4 . 3 . 2 ) . 

* In terms of  the defined direction of react i on being the hydrated to 

the nonhydrated s t at e  the process might be  better described as the 

degass ing o f  nonpo lar gas es from water . 

** Ben-Naim and Tanford have claimed that such an �n tropy change would 

not be large enough to explain the overall change in ent ropy . 
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4 . 3 . 2  Water - Organic Solvent Partit ioning 

The process of water-organic solvent part itioning is another easily 

studied area o f  hydrophob ic hydration . This process has much in common 

wi th · the previous ly dis cuss ed solubility of  nonpolar gases in water . 

Many s tudies have shown the decreasing tendency of nonpo lar and 

amphiphilic solutes to partition into water with the increasing non­

polar character o f  the so lute ( 1 05- 107 ) . The dominant term in the free 

energy equation is again the large positive ent ropy· change for the 

hydrated to nonhydrated t rans fer ( 87 , 100 , 1 06 ) . In addition non- linear 

van ' t  Hoff  plots are found implying that the heat capacity change (6 C ) 
p 

is large for the partit ion t rans fer ( 87 , 100 ) . It is worthwhile no ting 

that the ent ropies and enthalpies of trans fer are mos t  often calculated 

near the minima for the s olubility of  the solutes in water at  different 
0 

temperatures ( e . g .  25 C) . At higher temperatures the 6H cont ribution 

may well be much more important . Tanford has noted anomalous entropy 

and heat capacity effec ts in the solubility of  alkanes in aqueous 

solut ion ( 100 ) . The heat capacity of the solubilization of the alkane 

is no t constant but is itself  a function of t emperature , as evidenced 

by non-linear van ' t  Hoff  p lots . Tanford attribut es the observed change 

in heat capacity to the change in state of water molecules brough t ab out 

by the presence of the dissolved hydrocarbon ( 100 ) . Furthermore Tanford 

notes that , whereas the free energy of  the t rans fer increases l inearly 

with increas ing hydrocarbon chain length and seems to d epend upon hyd ro­

carbon-water int erfacial area , the corresponding enthalpy and entropy 

functions show no corresponding regularity ( 100 ) . This indicated to  

Tanford tha t the water mol ecules of the hydrocarbon-wat er int erface do  

not  have a unique way of  arranging themselves , but  tha t different 

arrangements are possible d epending on the precise spac ial requirement s .  

He concluded that these different arrangements must differ in enthalpy 

and ent ropy , but mus t do so in a mutually compensating fashion so that 

no irregularity in free energy can be detected . Tanford postulates 

the existence o f  two s tates o f  water molecules at  the hydrocarbon wat er 

int erface,  one with a high enthalpy and entropy s tate (s trong hydrogen 

bonding at interface) and one wi th a lower entha lpy and entropy state , 

which d iffer very little in free energy ( 1 00 ) . An increase in 

tempera ture would shift the equilib rium to the higher enthalpy state  -

result ing in the anomalous heat capacities observed . 
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4 . 4 Hyd rophobic Int eract ions and More Complex Sys tems 

4 . 4 . 1 The Hydrophobic Effect and Reversed Phas e HPLC 

* I t  is  generally accepted that the hyd rophobic effect is respons ib le 

for the retention of nonpolar or  amphipathic so lut es on nonpolar supports 

when the mob ile phase is aqueous ( 1 08-1 10 ) . The mobile phas es used in 

reversed phase chromatography often contain mixtures of water and polar 

organic s o lvents e . g .  methanol and acetonitrile .  There is a difficulty 

here since the hydrophobic effect is applied only to completely aqueous 

solutions . To circumvent this difficulty the Solvophob ic Theory ( 1 1 1 ) 

has been applied to reversed-phase chromatography by Melander and Horvath 

( 109 , 1 4 6 ) . Sinanoglu originally used the theory in order to explain 

the co il  to helix trans ition of  DNA in different solvents ( 1 1 1 ) . He 

correlated the observed high stability of  coiled DNA in aqueous solution 

with the high cohesiveness of water and the decrease in solvent cavity 

surface area caused by stacking of the bas�s in the coiled conformation . 

Furthermore an analysis of the thermodynamic contributions expected 

revealed that the mos t  important c ontribut ion to the coil to helix 

trans i t ion  was a negative enthalpy caused by the decrease in solvent 

cavity area ( 1 1 1 ) . This is compatible  with the ob served decrease in 

s tability o f  helical DNA with increased t emperature .  

There is a conceptual point to  be  made her e .  The s olvophobic theory 

encomp as s es solvents which do not contain water at all , whereas , hydro­

phobic ef fects are presumed to be caused by the special properties of 

water . Therefore inherent in the s o lvophob ic theory is the notion that 

the special cohesiveness of water is merely an extreme in a cont inuum 

of solvent cohes iveness ( 1 1 1 ) . This concept is supported by the 

approxima te  obedience of many liquids including water to a linear 

* The mo re general term "hydrophob ic effect" is used here since it is 

unclear whether the solute is completely partitioned into the nonpolar 

support and its adsorbed layers of nonpolar mobile phase components 

or whether the bound solute maintains some interaction with the mobile 

phase . Thes e two mechanisms of  interaction, partition and ads orption 

respectively , are currently under eval uation thus i t  is uncertain 

which o f  the respect ive terms hyd rophobi c  hydration and hydrophobic 

int eract ion applies to reversed phase chromatography . 
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relat ionship b etween surface tension of solvent and the st andard free 

energy of solut ion of argon in the solvent ( 1 1 2 ) . 

The solvophobic theory is expressed in t erms of the free enersy 

change calculated for the disso lution of a �olut e from a hypo thet ical 

gas phase at atmospheric pressure int o a particular solvent . This 

calculation may be split up int o  two components being the formation of 

a cavity in the s olvent for the solute molecule and the interact ions 

of the solute with solvent caused by van der Waals ' int erac t ions , 

electrostat ic int eract ions and entropy change associat ed wi th the 

restric ted volume of the solute relative to the gas phas e .  A general 

prediction of this theory is that the ret ent ion fac tor k ' should decrease 

with decreas ing surface tension of the s olvent . This is  not a simple  

relat ipnship however because microscopic surface tension is not  directly 

related to bulk s urface t ension and in fact mic roscopic surface t ension 

cannot be determined for solvent mixtures without various assumptions . 

By this theory the free energy of  the int eraction of  a s o lute  ,with the 

reversed  phase is a function of the interfacial surface t ension , the 

s tatic dipole moment of  the solute , the contact surface area of the 

associated sp ecie s ,  the polarizability of  the solute ,  the mol ecular 

surface area and volume of the solut e ,  the static dielectric c onst ant 

of  the so lven t ,  the phase volume , the mol e  volume of solute and the 

t emperature ( 1 10 ) . 

As with the other phenomena of the hydrophobic effect  many 

reversed phase  HPLC studies are available to  demons trate that 

increas ingly nonpolar solutes have decreas ing affinity for the aqueous 

mobile pha s e .  Linear plo ts of ln k ' v ' s alkyl carbon number have been 

obtained for many solut es and systems ( 1 1 3- 1 1 6 ) . 

Several s t udies have also been made at different t emperatures 

thus a llowing the calculation of  enthalpies of retention . Van ' t Hoff 

plots ( ln k ' v ' s 1 /T°K) are charact eris t ical ly linear for the s tudies 

completed so far ( 1 1 6- 1 1 8 , 14 1 , 1 4 5 , 1 4 6 ) . This implies there is no change 

in the heat c apacity for the transfer of so lute  from mobile phase t o  

the stationary phase at  l east in the t emperature range a t  which thes e 

studies were carried out . If  Tanford ' s  hypothes is of  the dual  nature 

of  the thermodynamic states of  wat er (i . e .  high temperature and low 

temperature s ta t es ) ( 103)  is correc t  we might expect to  f ind curved 

van ' t Hoff plo ts for all  processes involving the hydrophobic effec t . 
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The occurrence of  l inear van ' t Ho ff  plots in reversed phase HPLC 

therefore implies that  either Tanford ' s  hypothesis is incorrect  or 

some other contribution to the enthalpy of association exactly balances 

the effect of the changing enthalpy s tate of  water with temperature in 

the HPLC sys tems . I t  could be  said tha t the presence of organic 

solvents dis turbs the thermodynamics of the pure water system and tha t  

therefo re the the rmodynamic quantities calculated in HPLC sys tems are 

no t relevant to the hydrophob ic effec t .  Such a s tatement may be. refuted 

by cons ideration of  linear lnk ' v ' s  organic so lv�nt composition plots 

which show that no sudden change in the mechanism of retention occurs 

on the addit ion of organic solvent to pure wa ter ( 14 8 , 149) . Secondly 

it is a fact tha t  even in reversed-phas e sys tems containing no organic 

solvents , an inc rease in temperature decreases retention showing tha t 

�H is negative ( 1 4 1 , 1 4 5 , 146) . 

Mos t impor tantly the nega tive enthalpies of  association exhib i t ed 

in the reversed-phase HPLC sys tems .are a very important contribution to 

the retention and appear to d ominate the free energy term ( 1 16- 1 1 8 ,  1 4 7 ) . 

The calculat ion of  entropy values for the associa tion of  solutes 

with reversed-phase b onded silicas (HPLC) requires the estimation of  

the phase ratio , � .  which refle c ts the amounts of  mobile and s tationary 
* 

phases . No rigorous calculation of the value for � has been demons trated . 

However , to within a l arge margin for error in the � value , the values 

ob tained fo r entropy changes in the HPLC sys t ems indicate that  the 

enthalpy of associa tion is the predominant term in the calculation o f  

free energy o f  association o f  the solute . Contrary to the role o f  

entropy change in the s imple  sys tems , the entropy o f  association appears 

to be a negative quantity in reversed-phase HPLC , i . e .  the entropy change 

does not favour association of the solute wi th the reversed phas e bonded 

silica . 

* The mechanism o f  binding t o  reversed phases is uncertain at  pres ent . 

Due t o  this uncertainty , calculation of the phase ratio is sub j e c t  

t o  error (see s ection 5 . 1 . 3 ) . 
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4 . 4 . 2  Hydrophob ic Interact ions and Amphiphile Association 

4 . 4 . 2 . 1 Micelle Formation 

Hydrophobic interac tions play an important  role in the aggregation 

of  amphiphiles such as phospholipids to form the s tab le s tructures of 

memb ranes and lipoproteins . According to Tanford the aggregation of 

amphiphiles to form micelles in aqueous solut ion involves the in fluence 

of  two opposing forces ( 1 20) . The at tractive force arises from hydro-
* 

phobic interactions concerned wi th the nonpolar moiety . The �epul sive 

force a rises from the po lar moiety and prevents grow th of the micelles 

to large size . (Even in sys tems where very large micel les are formed 

a repul sive force mus t be present in order to prevent the amphiphile 

s eparating into an entirely dis tinct phase) . The growth of  the micelle 

is arres ted when the free energy changes caused by the two forces acting 

on an amphiphile molecule aggregating wi th a formed micel le are exact ly 

equal and oppos ite . In the case of ionic amphiphiles electros ta tic 

repuls ion b e tween l ike charges is a maj or fact or in the repulsive force . 

The amphiphile ' s polar groups on the outside o f  the micel le are forced 

closer together by an increas e in micelle size . In the case of  non-ionic 

amphiphiles the repulsive force is due to the preference of polar groups 

for hyd ration rather than self associa tion wi th the polar groups 

becoming closer together (and hence less hydra ted)  with increasing 

micelle size . In the cases where the amphiphile is a lipid with 2 acyl 

chains as with phosphatidylcholines , bilayers are formed to decrease 

the surface area covered by the polar head groups ( 1 20 ) . Tanford 

predicts a 60% greater negative free energy of assoc iation of  these 

amphiphiles ( compared to monoacyl lipids ) caus ed by hydrophobic inter­

actions . This greater at tractive force mus t be balanced by a greater 

repuls ive force between polar head groups in s i ze s table vesicles . 

Thus the potential associated wi th charge repulsions are higher in 

diacyl lipid  aggregates compared to monoacyl l ipid  aggregates . 

Cons idering the importance o f  the repulsive forces between head groups 

* An important factor in micelle formation is tha t  a minimum number of 

amphiphi les mus t become associated wi th each o ther before the hydro­

carbon-wat er interface can be effec tively eliminated . This gives 

rise to the phenomenon o f  critical micel le  concentration ( i . e .  

a minimum concentration o f  amphiphile mus t b e  present before any 

micelles are formed) . 
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of diacyl phospholipids , any attempt to explain the binding (or · 

partitioning) o f  o the r amphiphi les , e . g .  peptides , t o  phospholipids 

must entail an analys is of  the effect of the added amphiphile on the 

repuls ive forces . This is particularly relevant when the amphiphile 

is charged as in the case of  peptide-phospho lipid interactions . 

I t  is worthwhile to note that  the area per phosphol ipid head group 

increases moving from the gel to liquid crys talline s tate . This process 

has a direct analogy with mel t ing of so lids in 3 dimens ions . The high 

co-operat ivity of the pure phospholipid trans i tion can b e  exp lained by 

the freedom of thermal energy transfer between hydrocarbon chains and 

the similarity of all amphiphile environments . Lit tle is known about 

the thermodynamics of micelle formation ( 1 43) . 

4 .4 . 2 . 2  Phospho lipid - Simple Solut e Int eract ions 

Very lit tle data is available for parti tioning of o rganic molecules 

between aqueous solution and phospholipids or  membranes . One system 

which has been inves tigated is the partitioning o f  n-alcohols into 

various membranes and phosphatidylcholine dispersions . Free energies 

per methylene group of  the n-alcohols calculat ed from the partit ion 

equilib rium concentration were in good agreement as shown in Tab le 4- 1 .  

Table 4 - 1  The Free Energies o f  Partitioning Per Methylene Group 

for n-Alcohols in Aqueous-Phospholipid Syst ems 

Partitioning Sys tem 

Aqueous /e rythrocyte ghos ts 

Aqueous / t oad bladder membranes 

Aqueous /DMPC liposomesb 

Aqueous /DPPC liposomesb 

Aqueous / egg yolk P . C .  liposomes 

Aqueous /o ctanol 

-0 . 695 

-0 . 780 

-0 . 540 

-0 . 745 

-0 . 630 

-0 . 705 

Re£ 

( 1 2 3 )  

( 1 24 ) 

(9 1 )  

( 1 2 5 )  

( 1 2 5 )  

( 1 25 )  

a)  The incremental free energy per methylene group for partitioning 

from the aqueous component to the phospholipid component in kcal 

per mol e  of methylene groups . 

b )  DMPC 

DPPC 

dimyris t oyl phosphatidylcholine , 

dipalmit oyl phosphatidylcho line . 
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Thus for the n-alcohols a t  leas t the free energy per methylene 

group of the t ransition from water to various phospho lipids varied 

litt le and was approx imately equal to  the value of -0 . 690 kcal /mol 

calculat ed for  the octano l/water partition system .  This is good . 

evidence that the same driving force is responsible for both effects , 

i . e . that the hydrophob ic effect influences the part i tioning through 

a high free energy of the hydrated hydrocarbon moiety . The contribution 

o f  the alcoho l g roup itself varied cons iderab ly depending upon the 

phosphol ipid , wi th values of  b etween +0 . 790 and +3 . 0  kca l/mol for the 

free energy o f  t rans fer , probab ly depend ent upon the environment of  

the alcohol moiety . 

A novel partitioning sys t em has recent ly been s tudied ( 1 26 ) . It  

consis ted o f  various amphiphiles ( including phospho lipids )  adsorbed to 

a reversed-phase HPLC packing ( Corasil-C l 8) . The free energy o f  

partitioning p e r  methylene group f o r  n-alcohols in this sys t em had 

an average value of -70 1 cal /mol . This compares very favourably with 

the aqueous-phospholipid parti t ioning sys t ems above . The use of micro­

particulate packings in this sys t em promises to provide an excit ing 

model for aqueous-phospho lipid partitioning sys tems . 

The enthalpies and entropies of  partitioning of n-alcohols in 

an aqueous-DMPC sys tem have been determined by Katz and Dimond ( 9 1 ) . 

They found that above the phase t rans i t ion t emperature o f  DMPC the 

trans fer of n-alcohols from aqueous s olut ion to  DMPC was exothermic 

i . e .  �H was negative . Furthermore the entropy change �S was also 

negative . Thus it appears that the thermodynamics o f  alcohol partition­

ing between aqueous solution and phos pholipids has more in common with 

reversed-phase HPLC sys tems than with wat er-o rganic solvent part itioning 

systems . This  point has been used by Wis e as an argument for using 

HPLC sys tems as models for aqueous solvent-membrane part i tioning ( 1 26 ) . 

Below the phase transition temperature of  DMPC the partitioning o f  

n-alcohols in the water-DMPC syst em has pos itive values for b o th �H 

and �S (9 1 ) . This has been interpreted as being due to  the dis ruption 

of the crys tallinity of the "frozen" acyl chain groups of the DMPC 

which d ominat es any other contributions . 
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4 . 4 . 2 . 3  Phospho lipid-Protein and 

Phospholipid-Peptide Interac tions 

The amphipathi c  helix model proposed by Segrest  and others to  

explain phospholipid-apolipoprotein association presents strong 

a priori evidence for  the importance o f  hydrophobic interactions in 

this process . Indeed there is cons iderable  evidence that hydrophobic 

interac tions contribute to phospholipid-apolipoprotein association 

(32 , 1 19 , 1 2 1 , 144 ) . Assman � al .  have interpreted their NMR resul ts as 

indicating that hyd rophobic interac � ions b e tween phospholipid acyl chains 

and nonpolar amino acid residues are more important than hydrophilic 

interactions ( 1 1 9 ) . S imilar conc lus ions were drawn by S toffel � al .  

based on their resu lts ( 1 2 1 ) . In these s tudies it appeared tha t only 

the regions of the acyl chains furthes t from the phospho lipid head group 

exhibited significant decreases in relaxation times (T1 ) consistent  with 

the tighter packing of these regions on binding to protein . However , 

it was recognis ed that the regions of  the acyl chains closer to the 

phospholipid head group were already tightly packed in the abs ence of 

apolipoprotein .  Andrews et al . have obs erved a reduction in the 

cooperativity of the acyl chain motion upon addit ion o f  apoHDL to  DMPC 

( 1 2 1 ) . This results  in an increase in the temperature range o f  the gel 

to liquid-crystalline ( fluid) phase trans ition temperature . Many o ther 

studies have shown similar increases in the range of the phas e t ransition 

temperature upon additi on of  protein (52 ) . Furthermore these authors 

interpreted the lack of specificity of the asso ciation as being due to  

the lack of  specif icity and direction which hydrophobic interac tions 

exhib i t . Perhaps one o f  the most  signif icant indications that the 

hydrophob ic effect is important in phospho lipid- apolipoprotein inter­

actions comes from work by Chen et al . ( 144 ) . In thes e s tudies ApoC-I 

was labelled with nit roxide or 1 3c enriched at methionine-38 . EPR 

spectra o f  the nitroxide labelled ApoC-1 had correlation times of  

0 . 22 ns and 0 . 35 ns in the absence and pres ence of DMPC respec tively . 

This indicated that the methionine res idue was res tric ted in motion in 

the DMPC complex . NMR spectra of the 
1 3c enriched ApoC- 1 in a dis­

aggregat ed form ( 1 . 6  M Gdn . HCl) had a line width and spin-lattice 

relaxation time of 2 . 6  Hz and 970  ms respect ively . These values 

subs tantially changed if  the protein was allowed to interac t with DMPC 

( 4 . 7  Hz and 380 ms ) or al lowed to attain its  native conformation ( 6 . 0  Hz 

and 320  ms ) . These results are consistent with the hypo thesis that  
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hydrophobic residues are signi ficantly more tight ly packed in the DMPC 

complex or in the nat ive s tate compared to  the denatured s tate . The 

large changes obs erved in the EPR and NMR spec tra of the methionine 

analogue mus t be compared wi th the much smaller changes ob served in 

the spectra of phosphol ipids upon ass ociation with apolipoproteins 

( 1 19 , 1 2 1 ) . Therefore this s tudy is evidence tha t the t rans fer of 

hydrophobic residues from an aqueous to a more nonpo lar environment is 

a very important contribution to bo th phospholipid-pro t ein association 

and to native protein conformation . Further evidence for the change , 

in environment of the nonpolar residues o f  apo lipoproteins upon 

association wi th phospho lipid comes from fluorescence s tudies ( 3 2 ) . 

The trans fer of  tryptophan and tyros ine residues from an aqueous 

environment to a more nonpolar environment results  in a change in the 

fluores cence emis sion maximum of these res idues . Such changes have 

been obs erved in many s tud ies of apolipopro tein-phospholipid associat ion 

(32 ) . In summary it  appears tha t hydrophobic interactions may wel l be 

one of  the maj or contribu tions to  phospholipid-protein association . It 

should be noted , however , that the high average hydrophobicity of 

a pro tein is not suffic ient to ensure complex format ion with phospho­

lipid ( 1 50) . In this regard it  appears that the s econdary and t ertiary 

s t ruc ture of the protein in relation to its  hydrophob icity are 

ext remely important facets  of the interaction (section 6 . 1 . 1 ) .  

The thermodynamics of  phospholipid-pro tein and phospholipid-pept ide 

associat ions are extremely complicated and are only b eginning t o  be 

s tudied . The problem is that the overall thermodynamics reflect the 

combined result of a numb er of processes which include :  phospholipid 

phase changes , bilayer to micellar phospholipid s t ructural changes , 

conformational changes and self associat ion o f  the protein ( comp lex 

enough by themse lves ) ,  interact ion of  the polar amino acid residues with 

the phospholipid head groups , t rans fer of hydrophobic amino acid res idues 

to the interior of the hydrocarbon region of the phospho lipid aggrega t e ,  

and t h e  p er turbation o f  the phospholipid environment caused b y  the las t 

two p rocess es . At present it  is not possib le t o  separat e  the different 

contributions to the overall thermodynamics . 

We know that in many protein-phosphol ipid ass ociation reactions , 

hydrophobi c  amino acids are transferred from a more or  less aqueous 

environment to the more  nonpolar environment of the phospholipid acyl 

chain region . The free energy change of this process would appear to 
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be one o f  the maj or contribut ions to the d r iving force o f  prot ein­

phospho lipid associat ion from a priori considerations ( 1 2 7 , 1 28) . 

However ,  in view of the complete lack of data availab le quant itating 

the hydrophobic interact ions in lipid-protein sys tems we mus t be very 

caut ious in selecting a model sys t em to describe thes e hydrophob ic 

int eract ions . For example the assignment of  hydrophobicities to amino 

acid side  chains from experiments on amino acids need no t be a good 

model for the same side chains in a protein . In addit ion we should not 

ass ign an enthalpy or entropy to  the process until it  can be proved 

that the model used mimics the the rmodynamics of the hyd rophobic int er­

actions in the protein-phospho lipid sys t em .  The authors of some recent 

s tudies have s imply assumed that the hydrophob ic int eract ions influence 

the f ree energy of association of protein and lipids  only through 

a pos itive change in entropy ( 1 2 7 , 1 28 ) . Fur thermore these authors not ed 

that when the enthalpies o f  association of apolipoproteins wi th phospho­

lipid and the enthalpies of conformational change for apolipoproteins 

under varying conditions are plo t ted agains t the % a-helix change a fairly 

good correlation is observed ( 1 2 7 , 1 28) . This was used as evidence that 

the enthalpy of  association ob served in protein-phospholipid associa t ion 

was a d irect result of the change in a-helix structure . However ,  the 

degree of a-helix change is not independent of the degree of assoc iation 

with phospho lipid or  with the overall conformation of  the protein . In 

addition , hydrophob ic interact ions are extremely important in protein­

phospho lipid association and in determining protein s t ructure (section 

4 . 4 . 2 . 4 ) . Therefore we could wi th s ome justification suggest that the 

similarity of the enthalpies of the two processes might arise from the 

hydrophob ic interactions which are common to both proces ses . 

A more detail ed account o f  some aspects of lipid-protein association 

will be given in chapt er 6 .  

4 . 4 . 2 . 4  Protein-Protein Int eractions 

Hydrophobic interactions have b een c ited as a maj or cont ribution 

to the s tability of proteins as shown in Table  4-2 . 
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Tab le 4-2 An Estimation o f  the Free Energy Terms Involved in 

a Disordered to Native-Transi tion of a 100 Res idue 

Protein at 37°C ,  from reference ( 1 30) . 

Source o f  free energy change 

Confo rmational ent ropy 

Confo rma tional enthalpy 

Hyd rophobi c  interactions
a 

Hyd rogen bonds 

Ionic bonds 

TOTAL 

�G (kcal/mo l)  

+340 

- 1 00 

- 1 30 

- 10 

- 1 0  

�0 

a)  The authors admit that the calculated free energy from hydrophobic 

interactions may be  too high due to the assumption that 6 5  of  the 

1 00 residues are apolar and all are  transferred from an aqueous 

environment to one resembling 1 00 %  ethano l in the random coil to 

native s tructure transition . Nevertheless the hydrophobic inter­

actions s ti ll dominate the o ther bonding cons iderations . 

The total of the contributions to protein s tability in Table 4-2  is 

posi tive indicating that the native c on fo rmation would no t be favoured . 

Of course p roteins do have na tive conformations and therefore we would 

expect the total of the contributions to be a negative free energy . 

This suggest s  that the stabi lity of  the native struc ture of  p roteins 

might be small  and indeed the free energy of denatura tion of proteins 

is commonly between 1 0  and 50 kcal /mol ( 1 3 1 ) . Thus the forces s tabi lising 

the native s t ructure of  a mas sive protein molecule are much smaller 

than the s t reng th of one covalent b ond e . g . 458 kJ/mol ( 109 kcal /mol ) 

for the H-H bond in H2 ( 1 32 ) . The predic ted influence o f  temperature 

on s tability of  the proteins is to decreas e stability by decreasing 

the hydrophobic interactions and the hydrogen bonding ( 1 33 ) . This is 

d isputed by Ben-Naim using a semi-theoretical approach based on the 

methane-water system ( 1 34) . Other authors also belong to  this s chool 

o f  thought (86 , 95) . Ben-Naim asserts  that an increas e in t emperature 

will result  in increased stabi lity o f  the protein due to  both hydro­

phobic hydration and hydrophobic interactions . The fact that proteins 

decrease in s tability with increase in temperature is clearly a t  
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variance to this assertion . Ben-Naim was therefore "forced" to 

conc lude that the hydrophobic effect was relatively unimportant to 

the s t ructure of  proteins ( 1 34 ) . It should be noted that in this 

treatment the pro tein was assumed to be a number of methane molecules 

linked togethe r  by a mass less backbone . No attempt was made to correct 

for the loss of entropy experienced by a methane mo lecule on "b ecoming" 

for example the very restric ted methyl group of an alanine r esidue of  

a protein . Such cons iderations have b een emphasised by Wert z  ( 1 0 2 ) . 

Furthermore the assertion is at variance to the effect of  t emperature 

on hydrophobic int eractions in. other complex sys tems (section 4 . 5 ) . 

We mus t  therefore suspect that the thermodynamics o f  the methane-wa ter 

system may not be  directly applicable to  the mo re complex syst ems . 

A recent study o f  the effect o f  different denaturant c oncentrations 

on the thermal s tabi lity of several proteins has indicated tha t approx­

imat ely 80% of the negative enthalpy of  protein fo lding is due to  

hydrophobic int eractions ( 135) . Thus there is evidence to  sugges t that , 

far f rom being ins ignificant , hydrophobic int eractions are a maj or 

factor in stab ilising native protein s truc tur e . It should be  no ted  

that this s tudy indicated that the enthalpy of  the hydrophob ic effect  

was the driving force of  protein s tability and not the entropy as is  

usua lly considered based on the simple methane-water model .  

Furthermore , i t  has b een noted for some time that hydrophob ic 

residues t end to be  found only on one side of a-helical regions of 

proteins ( 1 36-1 38) . A recent method of predic ting s econdary st ruc ture 

of  p roteins which uti lised only the hydrophob icities of the residues 
* 

and their  s equence achieves a very high success rate (80% o f  res idues 

are correct ly assigned to a-helix and B-sheet regions ) ( 1 39) . This 

success rate is at least comparable with thos e  of  o ther secondary 

structure prediction methods which have qui t e  low success rates 

(between 50 and 60% for the three s tates ; helix , sheet and loop) ( 1 40 ) . 

Let us  c onsider this s tart ling evidence .  Why should a simplis tic  

consi derat ion of the positions of hydrophobic residues in the primary 

sequence of proteins yield such an accurate prediction of s econdary 

* In this prediction method s equences with a l ternating polar and 

nonpolar residues are ident ified as B-shee t  regions . Sequences 

in which the distribution of polar and nonpolar residues is such 

that an an amphipathic helix may for� are identified as b eing 

a-helical . 
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structure?  It is difficult to  arrive at any other conclus ion than tha t 

the hydrophobic effect is a primary stabilising force for protein 

secondary s t ructure . 
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4 . 5  Conclus ion 

A s ummary of the thermodynamics of the various p rocesses driven by 

the hyd rophobic effect is shown in Table 4-3 . 

Table 4 - 3  A Summary o f  the Thermodynamics of  Various 

Pro cesses Driven by the Hydrophobic Effect  

Process
e Dominant Sign of 6H

a 
Sign of 6S Reference 

Solubil ity of 
d 

nonpolar gases 

Water-organic 

solvent partit ioning 

term in 6G 

6S 

6S 

variable +ve (86 ' 103)  

variable +ve (86 , 106)  
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Reversed-phase HPLC 6H -ve -ve ( 1 16-1 18 , 1 4 7 )  

Water-Phospholipid 

. . . b 
part1t1on1ng 

Phospholipid-protein 

association 

Pro tein refold ing 

DNA helix t o  coil 

transitionc 

6H 

? 

? 

6H 

-ve -ve 

? ? 

-ve ? 

-ve ? 

a) "Variab l e" denotes a temperature dependent change of  s i gn .  

b )  Above the phase  transition temperature . 

(9 1 )  

( 1 35)  

( 1 1 1 ) 

c)  Ob tained by a theoret ical treatment o f  the so lvophob ic theory . 

d )  In water . 

e)  Defined in the direction of  most  aqueous to leas t aqueous 

environment o f  the nonpolar groups . 



Although all of  these process es require much more s t udy there seems to 

be a general dichotomy in the thermodynamics· of the various systems . 

The simpl e  syst ems (water solubility o f  nonpolar gases and water-organic 

solvent partitioning) appear to b e  d riven largely by a positive entropy 
0 * change at least at 25  C where the enthalpy changes are sma ll . In these 

sys tems the enthalpy change is temperature dependent . Contrast these 

sys tems with the more complex sys tems of reversed-phase HPLC , phospho­

lipid-protein association and prot ein refolding where the negative 

change in enthalpy is dominant and appears to be independent of  

temperatur e .  Therefore , there may be  a rea l danger in using simp le 

sys tems as models for hydrophobic effects in more comp lex systems . 

One possib le explanation for the difference between these systems 

is that in the simple  sys tems the non-hydrated solute is in a s tate of  

high ent ropy e . g .  as  a gas or dissolved in o rganic solvent while in the 

more complex sys tem the non-hydrated solut e is in a state  of  low entropy 

caused by binding to a hydrophob ic surf�ce . It  is worthwhile noting 

that even though �H is pos itive for the simple systems wi th small 
0 

s olutes at 25  C ,  larger solutes can have negat ive enthalpies o f  

partitioning ( 104) . Furthermore even wi th small solutes the incremental 

enthalpy change per methylene group for a s eries of  alkanes is negative 

at 25°C ( 1 5 1 ) . This is conf irmed by Tanford ' s  data ( 1 00 ) . The 

incremental enthalpy change per methylene group for nonionic surfactant 

association is also negat ive ( 1 4 3 ) . 

If  the various process es driven by the hydrophobic effect are not 

identical in their thermodynamics , what is the unifying factor between 

them? Primarily this is , of course ,  the decreasing tendency to associate 

with an aqueous environment ( expressed by a negative �G for the processes 

described in Table 4-3) found with the increasing nonpolar character o f  

the solute . Another unifying factor i n  these  process es may be  the 

variable nature of their enthalpy and en tropy c ontributions to the free 

energy change . As noted earlier the free energy of trans fer increases 

linearly wi th increasing hydrocarbon chain length (and s eems to depend 

upon hydrocarbon-water interfacial area) , whereas the corresponding 

enthalpy and entropy functions show no corresponding regularity ( 1 00 ) . 

Tanford proposed that the two thermodynamic s t ates of wa ter molecules 

* At higher temperatures the enthalpy change may well  b ecome very 

important , a fact which is neglected in mos t  treatments of the 

hydrophob ic effect in thes e systems . 
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at a hydrocarbon-water int erface (see sec tion 4 . 3 . 1 ) must  differ in 

enthalpy and entropy in a mutually compensat ing way . This unusua l 

interdependence o f  entropy and enthalpy has been noted in several o ther 

hydrophob ically driven processes and has been termed enthalpy-ent ropy 
* 

compensation . Each of the processes of  alkane so lubi lity ( 1 00 , 1 0 4 ) , 

reversed phase HPLC retention ( 1 14 , 1 4 1 , 1 4 2 ) , prot ein denaturation ( 1 35)  

and phospho lipid /water partitioning (9 1 )  demonstrate enthalpy-entropy 

compensation . If  this phenomenon can be rela ted to the s t ructure o f  

water a t  the hydrocarb on-water interface then entha lpy-entropy 

compensat ion may b e  a uni fying factor for all processes driven by the 

hydrophob ic effect . Such a concept might eas ily be generalised to  all 

solvents and solvent mixtures by considering their degree of  cohes iveness 

and its influence upon solvent structure at the solute-s olvent interfac e .  

* Enthalpy-entropy c ompensation i s  the linear dependence o f  the free 

energy of reaction with the enthalpy of  the reac tion and h�nce is 

also the linear dependence of  the enthalpy of  reac tion with the 

entropy of reac t ion at cons tant t emperature ( 1 4 1 ) . 
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CHAPTER 5 ANALYTICAL REVERSED-PHASE HPLC 

5 . 1 Introduc tion 

This introduction is not intended as a comprehens ive description 

of  reversed-phase HPLC . Nei ther is it intended as a complete review 

of the literature of various aspects of this chromatographic technique . 

For detailed works on these topics the reader is referred to the 

following au thors : Snyder and Kirkland ( 1 08) , Melander and Horvath ( 1 09) , 

Hearn ( 1 10 )  and Hancock and Sparrow ( 1 53) . The latter two works are 

concerned mainly wi th reversed phase HPLC of peptides and proteins . 

The function of this introduc tion is to familiarise the reader wi th the 

terminology and theory which will be used to discuss the results . 

A dis cussion of  hydrophob ic and solvophobic effects and their signi ficance 

to reversed-phase HPLC has been given in section 4 . 4 . 1 .  

5 . 1 . 1  Defini tions 

REVERSED-PHASE : A hydrophob ic layer bonded to .a par ticulate ma trix 

(usually silica) . This is termed a "reversed-phase" because the mobile 

phase is more polar than the s tationary phase which is oppos ite to the 

situation in (so called) normal phase or adsorp tion chroma tography . 

HIGH P ERFORMANCE LIQUID CHROMATOGRAPHY * (HPLC ) : The use of a very small 

and uniform partic le size ( typical ly 5 or 1 0  microns ) and a highly 

uniform packing for s tationary phases in liquid chroma t ographic 

applications . Th ese factors limi t eddy diffusion , and minimis e pore 

volume al lowing a more rapid exchange of solute between the mob ile 

phase inside the pores and mobile phase outside the pores . Both of 

these effects result in decreased band spreading and therefore an 

increase in performance . The maj or advances in this technique have 

involved the use of a silica ma trix to which has been chemically b onded 

various nonpolar moieties . Pyr ocarbon reversed-phases on silica ma trices 

and organic resins are also b eing inves tigated for the purposes of 

HPLC ( 109 ) . 

* HPLC formerly s tood for "high pressure liquid chroma tography" due to 

the high p ressures invo lved in forcing s olvent between the very small 

particles which cons titute the stationary phase . It is now generally 

accepted that the high performance of the technique is its dis tinguish­

ing feature . 

8 7  



5 . 1 .  2 Equa tions 

The basic equa tion linking the observed phenomena of retention 

vo lume or retention time of  a sample solute wi th a useful chroma tographic 

parame ter is equation 5-1 . 

k ' 
t -t r o 

t 0 

v -v 
r o 
V 0 

Equation 5-1  

In  this equation k '  is  the capacity factor reflecting the proportions 

o f  sample assoc iated wi th the s tationary and mobile phases , t and v 0 0 
are the retention time and vo lume of  an unre tained sample respectively , 

and t and v are the retention time and volume of the solute under r r 
chroma tographic cons ideration ( 1 54) . 

The capac ity ra tio (k ' ) is related to the thermodynamic equilibrium 

cons tant (K) by Equation 5-2 ( 1 49 ) , 

k ' = K<j> Equation 5-2 

where <P is th e phase-ratio reflec ting the ratio of the amounts of 

stationary phase and mobile phase . 

The phase-rat io , <P can be calculated by Equa tion 5-3 

volume of s tationary phase  
volume of  mobile phase 

weight of s tationary phase 
volume of mobile phase 

Since �G0 = -RTlnK 

then b y  Equations 5-2 and 5-4 

lnk ' 

thus by Equations 5-5 and 5 -6 

Equation 5-3 

Equat ion 5 -4 

Equation 5-5 

Equation 5-6 

Equation 5-7  
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Equation 5-7 shows that the temperature dependence o f  k ' is completely 

determined by the standard enthalpy o f  binding � H
0 ) . This ho lds true 

0 
if  � S is  c ons tant wi th changing temperature as evidenced by linear 

van ' t  Hoff  plo ts . We should contras t the temperature dependence of  k '  
with the tempe rature dependence o f  � G

0 , which is completely determined 
0 

by �S (Equa tion 5-6 ) . Thus the effect o f  temperature change on chromato-

graphic equi libria is media ted through the enthalpy and not the entropy 

o f  the interac tion ( 1 4 1 ) . 

5 . 1 . 3  The Cont roversy Over Mechanisms of Re tent ion 

The re is cons iderable controversy over the mechanism of solute 

retention in reversed-phase HPLC . Although initial ly a partition 

mechanism was assumed , wi th the solute dissolving in the pseudo-l iquid 

of the reversed-phase ,  there is now mounting evidence tha t the partition 

mechanism does no t apply ( 1 4 7 , 1 54 ) . Recent studies are compatib le 

wi th an adsorp t ion or mixed adsorpt ion-partition mechanism ( 1 4 7 , 1 54 ) . 

When we consider the retention mechanism in relation to cal culation 

of the phase ratio , � · it becomes apparent that the equa tion used for the 

calculation of � (section 5 . 1 . 2 ) may not be entirely ac curate . I f  the 

sample is bound to the reverse phas e only at the interface be tween mobile 

and s tationa ry phases , i . e . by the adsorpt ion mode , then the volume of 

the stationary phase could be  said to be irrelevant . The sample would 

not interact with the entire volume of the reversed-phas e .  Equation 5-3 

is bas ed on a p artition mechanism ( 1 4 7 ) . 

A similar problem in relating the capacity factor to the thermo­

dynamic equilibrium cons tant is found in normal phase chromatography 

(adsorption chromatography) . In this ins tance the mechanism o f  

retention can only be  adsorption .  Thus in these sys tems the value of  

� (called v ) reflects the surface area o f  the stationary phase  per 
a 

weight unit of  adsorbent ( 1 8 3 ) . However ,  in the case o f  adsorpt ion 

chromatography a measurement of surface area can be made by the BET 

method ( 1 83 ) . This method es timates the sur face area of adsorb ent 

(e . g .  si lica ) by the weight of nitrogen gas which will adhere to it . 

No comparable technique has b een developed for es timating reversed-phase 

surface area . 

Furthermore the availab l e  surface o f  r eversed-phase decreases with 

increasing size  of solute due to the exclusion of solut e  from small pores . 
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This is especially relevant to the reversed-phase HPLC of  proteins . 

We can say , there fore , that the value of � for solutes which are 

re tained by an adsorption mechanism wi ll be  affected by the par ticular 

si lica used , the length of alkyl chain bonded (since the surface area 

inside a pore wi l l  decreas e wi th increas ing alkyl chain length and the 

size of the solute ) .  Some recent s tudies have also shown that the voi d 

vo lume varies sub s tantially with the percentage of organic solvent in 

the mobile phase ( 1 7 4 ) . If this is possible then � may also vary wi th 

the percen tage of  organic solvent . The unavai lability o f  accurate values 
. 0 for � necessarily prohibits  the calculat ion -of accurate values for � G  

0 0 and �S from equations 5-5 and 5-7 . However accurate values of � G  
0 and � S can be  found relative to another solute in the same sys tem .  

5 . 1 . 4 Pept ides and Reversed-Phase HPLC 

The use of reversed-phas e HPLC to charac terise and purify peptides 

and p roteins is now an intensive area of s tudy (80 , 1 53-168) . These 

studies d emons trate the power of this technique in the analytical and 

preparative chromatography of sens itive b iological molecules . A number 

of s tudies have attemp ted to correlate the hydrophobicities of the 

cons tituent amino acids of peptides wi th the retention of the pept ides 

on a reversed-phase HPLC sys tem (80 , 1 55 , 1 5 7 , 1 58 , 163 ) . On the whole 

these s tudies show some correlation between total  hydrophobicity of  

the cons tituent amino acids and the retent ion of peptides on  RP-HPLC . 

However retention o f  larger peptides were o f t en incorrec tly predi cted 

and this was at tributed to the secondary s tructure of the peptides 

(80 , 1 5 8) . Thus the most  important parame ter for RP-HPLC retention has 

been proposed as the molecular hydrophobic ity reflecting the hyd ro­

phobic residues ac tually expos ed to the reversed-phase  ( 80 ) . The 

concept of secondary s truc ture of peptides has been used as an 

explanation for pept ides which depart from predicted v ' s actual 

elution t ime plots , however , lit tle cons truct ive evidence for this  

exis ts . This thesis  directly supports the hypothes is that peptid es 

retain or adopt a cons iderab le degree of s tructure when b ound to the 

stationary phase o f  a RP-HPLC sys tem .  Fur the rmore it points to the 

amphipathic helical c onformat ion as an important determinant of b inding 
* in peptides predisposed to this c onformation . The s tudy indicates 

tha t it  is the nonpolar part of  this t truc ture- �hat · is responsibl e  f or 

the highly specific separations o f  peptides achieved . 

* See section 6 . 1 . 1 .  
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5 . 2  Experimen tal 

5 . 2 . 1  Equipment and Chemicals 

The HPLC sys tem c ons is ted of two M6000A solvent pumps , con tro lled 

by a M660 solvent programmer and attached to a U6K universal liquid 

chromatograph inj ector (Wat ers As soc . ,  Milford , }� , USA) . Detec tion 

was accomplished wi th an M450 variable-wavelength UV spect rophotometer 

(Waters Assoc . )  coupled to an Omniscribe two-channel recorder ( Hous ton 

Ins truments , Austin , TX , USA) . Samples were int roduced into the 

inj ector wi th a microlitre 825 syringe (Hami lton , Reno , NV ,  USA) . 

Where a Radial-PAK column was used , as detailed in the resul ts sec tion , 

a Waters RCM- 100 radial compression modul e was at tached to the above 

sys tem . Studies which utilised the Radial-PAK co lumns were conducted 

at ambient temperature . 

Where temp erature was controlled , as indicated in the text , a Pye 

series 104  chromatograph oven was used . In these s tudies a length o f  

3 5  cm of 0 . 5 1  mm internal diame ter stainless s teel tubing was 

incorporated into the sys tem between the column and inj ector . This 

length of tubing was completely enc los ed inside the oven to pre­

equilibrate the temperature of the solvent before it entered the 
* 

9 1  

column . The heat exchanger was not removed from the Waters 4 5 0  variable  

wavelength detector as a s tab le baseline could not  be ob tained without 

it . The absorbance was therefore monitored at room temperatur e .  

The revers ed-phase b onded silica columns used were a Radial-PAK Cl8 

( 1 0  micron , 8 mm x 1 00 mm) , a Radial-PAK CN ( 1 0  micron ,  8 mm x 100  mm) 

and a �Bondapak alkylphenyl column ( 10 micron , 3 . 9  mm x 300 mm) . The 

isopropanol used was BDH laboratory reagent grade . It  was purified for 

4 h followed by disti llation under the same conditions using a 1 1 0 cm 

frac tionation c olumn equipped with a vacuum mantle  and filled wi th 6 mm 

glass rings . The puri fication was performed on 1 0 1  ba tches and the 

firs t  2 1  was not used for chroma tographic separations . The purified 

alcohol was s tored under oxygen free ni trogen in sealed bottles and 

kept in the dark . The acetonitrile used was laboratory reagent grade 

* It is essential when running a liquid chromatographic sys tem at other 

than room temperature to ensure that the solvent enters the column at  

the same temperature as the column . This can  be achieved by  including 

a length of tubing b efore the column within the temperature cont rolled 

environment .  Failure to ob serve this rule results in a radial t emp­

erature gradient at  the top of the column wi th cons equent loss of  

resolution and change o f  k ' values . 



purchased from Aj ax and was purified in a 4 s t ep process as recorded in 

the appendix (sect ion A . 5 ) . Ammonium bicarb onate was "R" grade purchas ed 

from May & Baker Ltd . Orthophosphoric acid 88-90% w/w ,  1 . 750 specific 

gravi ty was purchased from May & Baker Ltd . Triethy lamine was lab oratory 

reagent g rade purchased from Aj ax Chemicals . It was purified by reflux 

over c alcium hyd ride for 4 h followed by distillat ion from calcium 

hydrid e .  

5 . 2 . 2  Solven t Sys tems 

The aqueous solvents ( called so lvent A since they were introduced 

to the sys tem through pump A) were made up from glass distilled water 

which h ad been degassed by stirring under vacuum for 30 min . Solvents 

were filt ered and degassed using a Millipore membrane fil tration system .  

The aqueous solvents ( solvent A )  were fil tered through a HAWP04700 membrane 

filter . 2-Propanol was filt ered through a FHLP04 700 membrane filter and 

acetoni trile through a Sartorius SM 0 . 45 �m memb rane filter . 

(a) The 1 %  TEAP Sys tem : 

- Solvent A was a 1 %  (v/v)  solution of orthopbosphoric acid titrated 

to  pH3 . 2  wi th purified triethylamine ( approx . 20  mls) . 

- Solvent B was 2-propanol (isopropanol ) :  so lvent A ,  80 : 20 formed 

by adding 200 ml of solvent A to 800 ml of filtered 2-propanol . 

The solvents were finally degas sed by s tirring under vacuum for 30 sec . 

Solven t A was prepared fresh each day while s olvent B was made up as 

required (never longer than 3 days)  and was degassed daily by the final 

degass ing pr ocedure . 

(b ) The 0 . 1  M Ammonium Bicarb onate Sys tem :  

Solvent A was a 0 . 1  M solution o f  ammonium bicarbona te made up 

f reshly each day . Tbe pH o f  this  buffer varied between 7 . 8  and 

8 . 0 .  

- Solvent B was acetonitrile : solvent A (80 : 20 )  formed by adding 

200 ml of solvent A to 800 ml of filt ered acetonitrile . 

Solvent A bad to b e  prepared daily as its  pH b ecame more 

a lkaline with the passage o f  time . Solvent B was made up as 

required (never longer than 48 hr)  and was degassed daily as 

for the 1% TEAP system .  

9 2  



5 . 2 . 3  Methods 

5 . 2 . 3 . 1 Gradient Elut ion of Pept ides in 1% TEAP 

Pep tides were eluted by linear gradients from 1 00 %  s olvent A to 

100% solvent B .  The durat ion of the gradient was always 1 h and was 

started immediately after the sample had been inj ected onto the column . 

The flow rate of  solvent was always 1 . 0 ml /min . Dif fering quanti ties of 

each peptide were �nj ected . For pept ides 202 and 208 , 28 �g and 1 6  �g 

o( peptide were inj ected respec tively , with the excep tion o f  the study 

with the alkylphenyl column at 40°C where half these quanti ties were used . 

For peptid e 209 , 1 2 5  � g and 56 � g  of  peptide were inj ected in the Radia l­

PAK eN* and 40°C �ondapak alkylphenyl studies respectively . For peptides 
** 

203 and 1 99 18 �g and 19  �g of peptide was used respectively . All 

9 3  

samples were loaded in 3 M guanidine hydrochloride . Thi s  was accomplis-hed 

by adding equa l volumes of a stock so lution of the pept ide and a buffer 

cons is ting o f  6 M guanidine hydrochlorid e ,  1 %  TEAP and 0 . 1 % orthophosphoric 

acid at pH 1 . 7 .  The detect ion o f  peptides was accomplished at 280 nm 

at a sens i t ivity of  0 . 2  absorbance units  full scale (AUFS) .  

All columns were placed in series with a precolumn filter (Wat ers 

Assoc . )  and the Radial-PAK C 1 8  column was also in series with a guard 

column fil led with Porasil-B Cl8 packing . The use of a guard column did 

not affect the retent ion time of peptide 202 and the agreement between 

retention of p eptides on this sys tem and the other columns sugges t that 

all 4 peptides were unaffected . The t ime of  elut ion was interpreted as 

a % of so lvent B measured directly from the chart paper by assuming tha t 

there was no t ime lag between solvent leaving the pump mixing mani fold 

and entering the detector . Where this t ime lag has been allowed for , by 

sub tracting 1 0% solvent B from the obs erved value , the e lut i on condi tions 
*** 

found are referred to as adjus ted % solvent B .  

* Peptide  209 used in the gradient elution from the Radial-PAK CN column 

was not deformylated , however only very small changes in retent ion 

have been not iced between formylated and deformylated peptide 202 . 

** These weights are bas ed upon the concentration o f  peptide  determined 

from its  UV absorbance at 280 nm assuming the tryp tophan ab sorbance 
- 1  -1  

-
results in a value of £ =5 200 l . mo l  . cm . The weight is ob tained 

from the c oncentration by multiplying by the volume and the calculated 

molecular weight of pep t ide . 
A Weight  = 280 x vol x M .Wt . 
5200 

*** For a d is cussion of  this problem of  delayed solvent appearance 

see reference ( 1 70 ) . 



5 . 2 . 3 . 2  Isocratic Elut ion of  Pept ides in 1% TEAP 

The isocra tic elution of pept ides was studied on a �ondapak 

alkylphenyl column . The various solvent compos itions were ob tained by 

using the two pumps used in gradient formation with their different 

solvent s  (see section 5 . 2 . 2 ) . The gradient mixer was set at ini tial 
* 

conditions and the % so lvent B flowing into the sys tem regulated by 

adj us ting the init ial conditions thumb-wheel ( thus only 1 %  increments  

are pos sible in  this sys tem) . Af ter changing the isocratic condi tions , 

the sample was not inj ected un til a s tab le bas e-line was ob tained 

(usually 20-30 min . ) .  The sample loadings differed for the different 

peptides . These were : 202 , 1 . 4 �g ;  208 , 1 . 7 �g ;  209 , 28 �g ; 1 99 , 1 . 9 �g ;  
** 

203 , 0 . 9  �g . The detec tion of  peptides was accomplished at 220  nm at 
*** 

a sens itivi ty o f  0 . 04 AUFS . Values of k ' were calculated using 

a cons tant void volume o f  2 . 5  ml . 

5 . 3  Results and Discussion 

5 . 3 . 1 Gradient Elution of Pept ides in 1% TEAP 

The retention of each of  the 5 synthetic peptid es in this work in 

the TEAP system on 3 different HPLC columns is shown in tab le 5-l . 

* The final conditions mode works j us t  as well however a mixture o f  

the two modes should not b e  used s ince smal l  dif ferences i n  the 

response of the pumps in these two modes resul ts in quite  

subs tantial differences in retention time . 

** See footnote  in the preceding section , for method of ob taining 

weight of  samp le .  

*** For detect ion of peptide 209 absorbance was monitor ed at 230  nm 

which necessitated the use of a larger sample compared t o  the 

other pep tides . The k ' of peptide 209 was quite insensitive 

to the larger loading . 
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Table 5-1 Posit ions o f  Elut ion from Different Reversed-Phase 

HPLC Columns with Linear Gradi
.
ents . 

Elution of  Peptide in 

( %  Solvent B)
c 

Column Temperature 202 208 209 

CN-Radial PAK amb ient 54 . 75  5 1 . 5  49 

]..rBondapak 40°C 63 55 . 5 • 5 1 . 5  
alkyl phenyl 

v-Bondapak amb ient 67 . 5  60 ND
b 

alkylphenyl 

C 1 8-Radia l -PAKa 
amb ient 69 6 1  ND

b 

95 

Gradient 

203  199 

48 44 

5 1 . 5  4 8 . 5  

54  53  

58  56 

a)  A prob lem encountered wi th the Cl 8-Radial-PAK column was the appearance 

of  "memory peaks " which presumab ly aros e from tightly bound peptide 202 . 

The peptide could only be removed wi th repeated blank gradients or  

isocratic elution at the percentage of  solvent B at  which the peak 

was eluted . 

b )  N .D .  = no t determined . 

c )  The solvent sys tem used is the 1 %  TEAP system ,  pH 3 . 2  described in 

section 5 . 2 . 2 .  

Solvent A :  - 1 %  TEAP , pH 3 . 2  

Solvent B :  2-propanol : Solvent A (80 : 20 ,  v : v)  

Gradien t : - 0-100% Solven t B over 60 min . 

It should be noted that for each of  the peptides the retention increases 

with increasing nonpolar character of the b onded phase ,  i . e .  Radial-PAK 

CN < �Bondapak alkylphenyl < Radial-PAK C 1 8 .  This relationship has been 

observed els ewhere ( 16 2 ) . It should also be  no ted that the order o f  

e lution o f  the peptide s eries is ident ical for all  three columns , i . e .  

202 < 208 < 209 � 203 < 199 . 

This ob s erved retent ion order is difficul t  t o  explain in terms of  

the to tal hydrophobicities of the cons ti tuent amino acids of  each peptide . 

To illus trate this figure 5-1A shows the total hydrophobicities ( calculated 

from Meek 3 hydrophob icity scale - see appendix , section A . 2 )  v ' s the 

retention of the peptides . The o rder o f  retention is clearly not 



Figure 5-lA a Plots o f  the To tal Hydrophobicity of  Each Pept ide 

Calculated on the Meek 3 Scaleb v ' s  Point of Elut ion of 
c Peptide in an Acidic Revers ed-Phase HPLC System . This 

figure shows tha t the re tention o rder of the peptides 

canno t be  directly related to their total hydrophobic ity . 

In part icular the total hydrophobicity of  peptides 202 

and 209 which c on tain exactly the same amino acids canno t 

be related to the di fferent reten tions of  these pep iides . 

Figure 5-lB Plot s  o f  the Total Nonpolar Side Hydrophobicityd o f  Each 

Peptide Calculated on the Meek 3 Scale
b 

v ' s  Point of  

Elut ion in  an Acidic Reversed-Phase HPLC Sys tem . c This 

figure shows a good cor relation between hydrophobicity o f  

the nonpolar side of the peptide and i t s  ret ention i n  the 

HPLC sys t em .  

a )  Tot al hydrophobicity o f  a peptide i s  defined a s  the sum o f  

the hydrophobicities o f  its  consti tuent amino acids . 

b )  The Meek 3 scale i s  defined i n  the appendix , s ect ion A . 2 .  

c )  The solvent sys tem used has been described in  Tab le 5 -l . 

Each curve represents the retention of the peptides on 

a different c olumn : 

o----o 
G-- ---El 

�· · · · · · · · · ·�  

Radial-PAK CN ( ambient temp . )  

�Bondapak a lkylphenyl (40°C )  

�Bondapak alkylphenyl (ambient temp . )  

Radial-PAK Cl8 (amb ient temp . )  

d )  Total nonpolar side  hydropbobicity i s  the maximum hydro­

phob icity of a peptide when in th� a-helical configuration 
0 

considering only 1 80 o f  the face of  the hel ix . These  

values were calculated us ing the computer program shown 

in the appendix , section A . 3 .  



predicted by th is me thod . In par ticular this appraisal of hydrophobicity 

cannot explain the difference in ret ention between peptides 202 and 209 

which contain the same amino acids , with only a Lys for Leu interchange 

making them non-identical . When plot s of actual ret ention v ' s total 

hydrophob icity of each peptide are made for each of the availab le hydro­

phobic i ty scales (see appendix , section A . 2 )  none of these scales 

predict the actual order of  retention o f  the peptides ( s ee appendix , 

section A . 4 ) . 
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Cont rast this inability to  pred ict the correct order of  elut ion of 

the p eptide  series with the relat ionship found if we assume that the 

peptides are bound to the reversed-phase columns by only the mos t 

hyd rophob i c  hal f of their a-helical s tructure as detailed in the amphi­

pathic helix model (section 6 . 1 . 1 ) .  To illus trate this figure 5-1B 

correla tes the total nonpo lar side hydrophobicity of the peptide series 

calcula ted using the Meek 3 scale (see appendix , section A . 2 )  with the 

actual retention of the peptides on the 4 different reversed-phas e 

sys tems . These so called "total nonpolar side hydrophob icit ies " were 

calculated by the computer program found in the appendix , section A . 3 ,  

and represent the hydrophobicity of 1 80° of the mos t nonpolar side of 

the pep tide in an a-helical conformation . As can be seen from figure 

5-lB c onsideration of the amphipathic helical properties of the peptides 

results  in  a dramatic improvement in the prediction of  retention order 

of the peptide series . Thi s  improvement is also seen in other hydro­

phob ic i ty scales as shown in s ec t ion A . 4 of the appendix . In par ticular 

the reversed-phase HPLC scales d etermined at acid pH (Meek 2 , Meek 3 ,  

Meek 4 and Sasagawa 2 ) , the tlc  s cales (Pliska 1 and Pliska 2 )  and 

a hydropathy scale (Kyte & Doolit tle 1 )  demons trate abi lity t o  predict 

the correct elut ion order . Since pept ide 1 99 contains an extra cationic  

96 



res idue we may expect it to  show some anoma lous retent ion caus ed by 

charge repuls ion or at traction contributions which are peculiar to the 

TEAP , reversed-phase HPLC sys tem used in this study . The observed 

decreas e in retention of pept ide 199 with respect to its  nonpo lar side  

hydrophob icity calculated wi th a numb er of the hydrophobic ity scales is 

compatib le with a small charge repuls ion between cat ionic res idues (Arg & 

Lys ) and triethylammonium ions adsorbed to the reversed  phase column . 

9 7  

A decrease in retention of pos itively charged peptides upon add ition of  

alkylarnmonium ions to the mobile phas e has been noted in  other s tudies 

0 84 , 185) . This effect has been explained recently by the "ion-int erac tion 

model" which relates the adsorb t ion of ion-interaction reagents onto the 

reversed-phase column with changes in retention of  charged solutes ( 1 88) . 

Becaus e of  this  effect the effectiveness of the different hydrophobicity 

scales in p redicting the elution order of the peptide s eries was based 

mainly on the peptides which p os sessed equal charge at the pH of the 

s tudy (i . e .  peptide 199 was largely excluded from the cons ideration) . 

The ab ove study presents very interes ting evidenc e  for the hypothesis 

tha t the amphipathic helix is an important determinant of the reversed­

phase HPLC ret ention of pept ides predisposed to this c onformation . lmny 

more pep tides mus t be chromatographed in thi s  system before it is known 

how widely applicable is the observed correlation . It  may wel l  be tha t 

s ome of the dis crepancies b etween observed retention times of  peptides 

and their p redicted retention t imes is due to various s econdary s truc tures 

which the particular peptide adopts on the reversed-phas e surface ( 1 6 3 ,  

1 58 , 80) . Indeed some degree o f  s truc ture has been implied by other 

s tudies ( 1 6 3 , 1 58 , 80) . 

There are some implications here which should be considered . Firstly 

the mechanism for solute binding in reversed-phase HPLC is currently 

controversial with partition , adsorption and mixed-mode mechanisms 

being propos ed (section 5 . 1 . 3 ) . This s tudy suppor ts an adsorpt ion 

mechanism s ince some amino acids apparent ly do not contribute to the 

retention . Second ly since peptides apparently bind to  phospholipids 

and to the r eversed-phase in this HPLC sys t em via an amphipathic helix , 

RP-HPLC utilising the 1 %  TEAP , 2-propanol solvent sys t em may be an 

excellent way of quantitating the hydrophob ic int erac tions between 

pept ides and phospholipids . The similarity of the thermodynamics of  

the two p roces s es (section 4 . 5 )  is a further argument for this . This 

concept wil l  be further treated in Chapter 7 .  



5 . 3 . 2  Isocrat ic Elution of Pept ides in 1% TEAP 

An extensive s tudy of the isocratic e lution of the peptide series 

in the TEAP sys tem with a �Bondapak alkylphenyl c olumn was made . An 

examp le of  the variat ion in retent ion t ime obs erved with changing 

concentration of organic solvent is shown in figure 5-2 for peptide 

208 . The full results of  this s tudy are shown in figure 5-3 . This 

figure c learly shows that the order of retention observed in the 

gradient elut ion of the peptides is duplicated in the isocratic s tudy . 

Indeed an excel lent correlation between the extrapolated l nk ' at  37% 

solvent B and the point o f  elut ion in the gradient was found . This is  

expected since increases in ret ention on gradient elut ion sys tems has 

been related to increases in retention on is ocratic systems by 

a formula ( 1 69 ) . 

42% 

T ime  {m i n ) 
40 so 

Figure 5-2 The Isocratic Elution of  Peptide 208 at Different 
Concentrations of Organic Solvent . 
The percentages shown describ e  the percentage of 
solvent B used in the chromato graph as shown . 
As is expected a decrease in the concentration o f  
o rganic solvent causes a n  increase in retention of  
the  peptides . The conditions used were : 

Column : �Bondapak alkylph enyl 
Solvent A: 1% TEAP , pH 3 . 2  
Solvent B :  2-propanol :  Solvent A ( 80 : 20 ,  v : v) 0 
Temp erature : 40 . 0  C 
Samp le :  1 . 7  �g  peptide 208 in 3 M guanidine hydrochloride 
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Figure 5-3 Plots of k '  v ' s % Solvent B for the Is ocra tic Elut ion of 

the Synthetic Peptide Series . ·------· , peptide 199 ; 

o . • • . . . . .  o ,  pep tide 209 ; ·--------· , peptide 203 ; 

0- · - · - · -0 , peptide 208 ; e-----e, peptide 202 . The 

chroma tographic conditions have been given in figure 5-2 . 

Mass  o f  sample in each study was : peptide 199 , 1 . 9  � g ;  

pep t i de 209 , 28 � g ;  pept ide 203 ,  0 . 9  � g ; pep tide 208 , 

1 . ·7 ll g ;  peptide 202 , 1 . 4 � g .  All samples were inj ected 

in 3 M guanidine hydrochloride . 
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Figure 5-4 Plots  of  lnk ' v ' s % Solvent B for the Isocratic Elut ion 

of the Synthe t ic Peptide Series . ·------� , peptide 199 ; 

o . . . . . . .  o ,  peptide 209 ; •-------8 , peptide 203 ; 

o- · - · - · -0 , peptide 208 ; · -----. , peptid e 202 . The 

chromatographic conditions have been given in Figures 

5-2 and 5-3 . The large symbols at the base of the 

figure represent  the composition of mob ile phase at the 

point of elut ion of the respective peptides under conditions 

of gradient elut ion (adj us ted % Solvent B ) . These symbols 

are enlargements of the smaller symbo ls port raying the 

isocra t ic elution of the same peptide . 
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The peptide s eries therefore appears to behave normally in their elu tion 

properties . The results of  the isocratic s tudy have been further 

analysed to produc e plots of lnk ' v ' s  composi tion of  mobile phase 

(figure 5-4 ) . The slopes of the 5 lines shown �n figure 5-4 are very 

similar wi th the dif ference between each line approxima ting a displace­

ment along the "% Solvent B" axis . 

A small i rregularity in the pept ide 208 curve is not icable at 40-4 1%  

Solvent B .  The retention of this peptide at  these concentrations of  

organic solvent vari ed somewhat as  shown in  the figure . A smal ler 

irregularity in the peptide 202 curve can be no ticed at 40%  Solvent B .  

Such an irregularity appears consistent with a small change in the 

reversed-phase surface at this conc ent ration of o rganic solvent . 

The shape of lnk ' v ' s  composi tion of mobile phase plots  has b een the 

subj ect of some controversy ( 1 72 ) . Two schoo ls of though t  exis t being : -

(a) That the p lot should be linear and that any devia tion from 

linearity is caused by an inappropriate choice of  the void 

volumn of the column , insuf ficient  control. on equi lib ration 

time , so lute concentrat ion or temperature , or  a mixed mode 

separation perhaps incorpora ting normal phas e interac tion 

with residual si lanol groups ( 1 71 , 1 7 2 ) . 

(b) That such plots obey a quadratic equation and hence will always 

be s li gh t ly curved ( 1 69 , 1 7 3 ) . 

1 0 1  

Whatever the reason , the plots in figure 5-4 are c ertainly curved at lower 

elution t imes b ut become more linear as retent ion is increas ed (i . e .  as 

% solvent B is decreased) . Parallel plots of lnk ' v ' s %  organic solvent 

have been ob served for simple solutes when the organic modi fier is 

acetoni trile ( 1 73) and methanol (189 ) . Parallel plot s  of lnk ' v ' s  

% organic so lvent have also b een observed for peptides and proteins o f  

similar size  ( 1 60 , 1 6 4 ) . The fact that the lnk ' v ' s %  Solvent B plots 

for each pep tide are approximately linear , parallel lines has an 

important consequence .  This shows that the relat ive reten tion of the 

peptides is not greatly affected by the change in concentration o f  

o rganic solvent . Thus the r elative retentions o f  peptides at  a particular 

concentration o f  organic solvent may be an accurate meas ure o f  the 

relative hydrophobicities of  each peptide in a pure aqueous mob i le phase . 

If this is true we should expect to find that differences in retent ion 
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of peptides in reversed-phase HPLC at some concent rat ion o f  organic 

so lvent accurately reflects the difference in the hydrophobicities of 

the pept ides measured in a ful ly aqueous sys tem .  This hypothes is wi ll 

be tes ted below for peptide 202 and its Leu-Lys reversal analogue 

peptide 209 assuming that both peptides ads orb to the revers ed-phase 

column wi th an amphipathic helical structure . 

Stric t ly speaking it is possib le to ob tain values of the free 

energy of the interact ion of  peptide wi th the reversed-phase from 

equation 5-8 . 

-RTlnK =-RTln (k ' /�) Equat ion 5-8 

* 
The quantity o f  the phas e ratio , � , is elus ive however . When the 

retention of two s olutes is being compared under the same conditions 

the difference in the free energy of  association for the two solutes 

can be  ob tained without evaluating � by Equation 5-9 . 

�G
0

-�G
0 

= -RT (lnk ' - lnk ' ) 
1 2 1 2 Equation 5 -9 

Using this  equation the difference between the free energy of  as sociation 

of peptides 202 and 209 at 40°C and 3 7 %  Solvent B was calculated to b e  

-2 . 1 1  kcal /mol (-8 . 82 kJ/mol ) . A comparison between this difference in 

free energies and the differences between the free energies o f  trans fer 

of  l euc ine and lys ine in various processes is shown in Table 5-2 . 

* The phase ratio ,  � , reflects the ratio o f  the quantities of 

s tationary and mobile  phase available to the solute . In a part ition­

ing mechanism this represents the rat io of the volumes of each phase ,  

while in an adsorption mechanism .the � i s  a measure o f  the surface 

area o f  stationary phase to volume of mobile phase . Since the 

mechanism of retention in RP-HPLC sys t ems is currently under debate 

it is perhaps p remature to calculate free energies o f  interac tion 

using assumed values of � ,  see section  5 . 1 . 3 .  



Table 5-2  The Calculated Free Energy Di fference Between Aqueous­

Hydroc�rbon Trans fers for Leucine and Lys ine . 

Scale 

Knight on 

Rekker 

Bull & Breese 

Pliskab 

Pliskac 

Manavalan 

Method 

RP-HPLC 

octanol/H
2

0 

partitioning 

surface tension 

tlc 

tlc 

stat is tical 
"surrounding 

hydrophob ici ty" 

MG0 
L-K Temp . Ref . 

-2 . 1 1  40°C this study 

-2 . 1 1  ( 1 58 , 1 7 5 )  

-2 . 1 1 30°C ( 1 29 )  

- 3 . 75
d 

( 1 76 )  

-2 . 52d 
( 1 76 )  

-3 . 54 25°C ( 1 7 7 )  

a )  0 66GL-K is the difference in free energy of  trans fer (from 

an aqueous to a nonpolar environment ) b etween leucine and 

lys ine residues . MG�-K = 6G�-6G� (kcal/mol ) . 

b )  Charged lysine . 

c )  Uncharged lys ine . 

d )  Calculated from 6G0 =-RT 2 . 303 log P .  

The calculated values o f  6f.. G0 for the scales o f  Rekker ( 1 58 , 1 75 ) , Bul l 

& Breese ( 1 29 )  and Pliska ( 1 76 )  agree very favourably wi th the measured 

value in the HPLC sys tem .  Such agreement i s  good evidence tha t only 
0 those residues on the mos t non-polar 1 80 o f  face of the amphipathic 

helix are exposed to the non-polar s tationary phase .  Furthermore 

the good agreement between the hydrophobicity s cales supports the role 

o f  the hydrophob ic effect in the processes f rom which these hydro­

phobicity scales were deduced including the HPLC sys t em used here . 

This is an important obs ervation which suppor t s  the c oncept that the 

relative hydrophobicities of the amino acids are not changed by the 

p resence of organic solvent in the aqueous s olution . Such a s i tuation 

was implied by the linear and parallel lnk ' v ' s % solvent B plots for 

the series of  p eptides . These facts are imp or tant j us ti fication for 

the use o f  reversed-phase  HPLC derived hydrophobicity data (measured 
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in the presence of  organic solvent ) in explanations o f  the hydrophobic 

effect in fully aqueous biological sys tems . 

It  i s  interes ting to compare the values of  66G�-K found in 

tab le 5-2 with those found with two other hydrophobicity scales . 
0 When the scale of Jones is used �GL-K is -0 . 53 kcal /mol which is much 

lower than the values calculated  in tab le 5-2 ( 1 7 7 , 1 78 ) . This scale 

is based on the solubi lity of amino acids in aqueous dioxane and e thanol 

solutions ( 1 80- 182) . It is notab le that the hydrophobicity of  lys ine 

in this s cale was calculated from a considerat ion of the side chain of  

norleucine with no contribution from the amino group . Another scale 

measures the so called "hydropathy" of the amino acid s ide chains ( 1 79 ) . 
0 When �GL-K is calculated us ing this scale a value o f  - 1 1 . 80 kcal /mol 

is ob tained . This value is much larger than the values calculated in 

table  5-2 . The reason for this is  that the hydropathy scale inc ludes 

the free energy of hydration of the E-amino group estimated from the 

gas to aqueous trans fer of n-butylamine .  The fact that poor agreement 

is found b etween 66G�-K values found wi th these  scales and thos e o f  

tab le 5 - 2  shows that the hydrophobic ity o f  lysine has been wrongly 

estimat ed in Jones ' scale ( 1 80 ) and tha t the hydropathy scale of  

Wolfenden ( 1 79 )  b ears lit tle relevance to the  hydrophobic  effect . 

5 . 3 . 3  The Effect of Temperature upon the Ret ent ion o f  Pept ide 202 

Some apprecia tion of the effect of  temperature on retention is 

shown in the comparison of the gradient elution of the p eptide s eries 

at 40°C and at room temperature (22-23°C)  ( tab le 5-1 ) . The changes in 
* 

reten tion caused by temperature are similar in  all cases , which 

reflect s  s imilar values for the enthalpy of  association of each of  

the peptides as  i llus trated in  equation 5-7 . 

lnk ' 
0 0 

-6H + � + ln ,�.. 
RT R 'I' Equation 5-7  

We have in this treatment assumed that the s imilar changes in retention 

in the gradient sys tem would a lso  be reflect ed in similar changes in 

ln k ' i n  the isocratic system .  *
* 

* The re tent ion of peptide 209 was not evaluated at  r oom temperature 

and therefore no inference on the t emperature dependence of its  

retention can b e  made . 

104  

** An excel lent correlation b e tween the gradient elution of  the peptides 

and their retention in an isocratic sys tem has b een found . Data 

not shown . 



The tempe rature dependence of ret ent ion in the isocratic sys tem 

was inves tigated for peptide 202 . The results of this s tudy are 

summaris ed in f igure 5-5 . The plot of  lnk ' v ' s  solvent composition 

appears merely to be trans la ted to lower % Solvent B by an increase 

in temperature . 

4·0 
I n k" 

3·0 

2·0 

1-0 

� 

r-

-

-

I I I I 

so•c 40°[ H25°[ 
\ \ \ \ \ \ \ \ \ ... 'ti \ 

60°[ \ \ \ � \ \ \ 
\ ... \ \ \ (\ \ 

., \ \ \ \ \ • �\ \ \ \ \ 
\ \ ' 'ti ... • � ' 

\ \ \ "' \ \ \ ' \ -- \ \ \ \ \ \ � \ \ \ ... •, 
' \ ' ' ' ' ' • ' '� ' ' ' ' ' ' " ' ' ' .. , ' '\ ', '\ ' 

� •,,, 
'Q ' ' ' '\ ' ' 

.... , '\ ' ' ' D, 
'\ ' '\ '\ 'Q '\ ' ', '\ '\ ' ', '1sl... '\ ,, it.. ' '\ '\ ',, '' .............. 

' '\ '\ ' '� '\ 
b., 

35 

' � '\ ', ', ' 

I I 
4 0  45 50 

',, 

olo S o l vent B 

...... ...... 

• 

-

-

-

-..... "'0._ 
--

I 
5 5  

Figure 5-5 Plots  o f  lnk ' v ' s % Solvent B for the Isocrat ic 

Elution of Peptid e 202 at Dif ferent Temperatures . 

The chromatographic conditions have been given in 

figures 5-2 and 5-3 , Temperatures of sys tem :  • - ----• , 

60°C ; ·----11, 50°C ;  o-----o , 40°C ;  0-----0, amb ient 

temperature 25+0 . 5°C .  
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It is not able that th e small irregularity in the curve at ambient 

temperature and 44%  Solvent B pers ists in the 40°C curve at 40% 

Solvent B but not at the two higher temperatures . The origin of this 

irregularity is probably some temperature dependent transition or 

struc tural change of the peptide , mobile phase or stat ionary phase . 

The data from figure 5-5 may be  graphed in the form of  a van ' t  

Ho ff plot for evaluation of the enthalpies of  association o f  the solute 

at  �i fferent solvent compositions , figure 5-6 . As shown in this figure 

a decrease in % solvent B causes an increase in retention (at a 

particular temperature) and a concurrent increas e in -�H0 /R .  The 

linearity of each plo t  indicat es that when conditions of elut ion are 

held cons tant , apart from tempera tur e ,  the enthalpy of the association 

is cons tant at leas t over the temperature range used here . 

I n k� 

I I I _j_ 

3·0 3·1 3·2 3·3 
1000/ T 

Figure 5-6 Plots  o f  lnk ' v ' s  l /T°K for the Isocratic Elution of  

Pep t id e  202 at Different Concentrations of  Organic Solven t . 

The chromatographic condi tions have been given in f igures 

5-2 and 5-3 . Isocratic condi tions : •------ 37%  Solvent B ;  

•-----• , 39 % Solvent B ;  0----43, 4 1 %  Solvent B ;  

o-----o , 4 3% Solvent B .  
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An estimation of the errors involved in the compos it ion of solvent 

shows that  the lines drawn in figure 5-6 are wi thin experimental error 

of the points . 

The enthalpies of associat ion calculated from figure 5-6 are 

summarised in figure 5-7 . 

3·0 
In k' 

2·0 

1 -0 

0 

-lO 

� H  ( kca l / m o l ) 

Figu re 5-7 Plots of lnk ' v ' s Enthalpy of Association for Isocratic 

Elution of Peptide 202 at Different Temperatures and 

Concentrations of Organic Solven t . 

The compositions o f  the mob ile phases corresponding to 

particular enthalpies are shown as % B (% Solvent B ) . 

The lnk ' values are plot ted for the two temperatures 

40°C �0 O )  and 60°C < 0  0 ) .  
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This fi gure clearly shows the linear relationship between the 

enthalpy o f  associat ion and lnk ' and hence between 6H0 and 6G0 (see  

equation 5-5 ) . Such relationships have b een found in other studies 

although not as c onclusively as in this work ( 1 4 1 ) . In these s tudies 

the linear relationship was cited as evidence the enthalpy-entropy 

compensat ion was occurring,  in other words , that b oth enthalpy and 

entropy change in a mutually compensating way s o  tha t the nett effect 

on the free energy change is linear with the enthalpy change . Linear 
0 0 

6H v ' s LS plots at cons tant temperature (Barcl ay-Butler plots ) are 

alt ernat ive displays of the same phenomenon but since 6S
0 

is often not 

direct ly measurable  the former me thod of  displaying enthalpy-entropy 

compensation is favoured ( 14 1 ) . Such a plot of the data c an be found 
0 0 

in figur e 5-8 . This figure clearly shows how 6S and La for the 

associa tion of  the peptide with the reversed-phase packing are linearly 

related . 0 
Values o f  6S were calculated us ing equation 5-7 . The phase 

rat io was calculated by equation 5-3  assuming that the volume of mobile 

phase was 2 . 5  ml , the weight of  reversed-phase packing was 2 . 1  g and 

the fract ion by weight of organic ligands on the packing was 10% 

( � = 0 . 084 , ln � � 2 . 48 ) . The use of any other value for the phas€ ratio 

would no t effect the linearity of this line but woul d change the 

intercept s . It is worthwhile stressing that the points shown represent 

the tP0 and �0 values for either 4 0°C or 60°C .  Thus the effect of  

temperature on the free  energy change for  the associat ion is  not mediated 

through changes in @
0 

or tP
0

• It has b een shown that r easonably linear 

plots of lnk ' v ' s @0 have b een obt ained by varying the hydrophobic 

surface area of the solute (i . e .  varying the solut e)  and varying the 

concentration of organic solvent ( 1 41 ) . This has b een used as evidence 

that the mechanism o f  interaction of  the solut es with the reversed-phase 

is not changed by changing the s olute ( 1 4 1 ) . Similarly the results 
0 

present ed here show linear lnk ' v ' s  6H plots ob tained by keeping the 

solute cons tant (pep tide 202) and varying the concent ration of organic 

solvent . This is evidence that the mechanism o f  int eraction of peptide 

202 with the reversed-phase column does not change with changing 

concent ration of organic so lvent , at least over the limi t ed concentration 

of  organi c  solvent applicab le to  this s tudy .  The above t emperature 

108 . 

study ther efore confirms the current mod el of solute reversed-phase 

interaction and is compatib le wi th the general criteria of  the s olvophob ic 

theory (see section 4 . 4 . 1 ) . The a ccurat e calculation o f  values for 

HPLC sys tems wi ll enab le the calculation of the LG
0 

and LS
0 

of  assoc­

iation and thus enable a fuller understanding of  the thermodynamics 
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Figure 5-8 Plot of �H
0 

v ' s �S
0 

for the Isocratic Elut ion o f  Peptide 

202 at  Different Concentrations of Organic Solvent . 

The values of  �S
0 

were calculated using Equat ion 5-7  

us ing a calculated value for  � of  0 . 084 . Chromatographic 

conditions have been given in figures 5-2 and 5-3 . The 
0 

values o f  �S are not dependent on temperatur e .  
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of  the hydrophobic effect as i t  app lies to RP-HPLC and possib ly to other 

phenomena of the hydrophobic effec t . 

Le t us concentrate  for a moment upon the value o f  the enthalpy o f  

association for peptide 202 . The value i s  nega tive and quite large 

( 1 3 . 6  kcal /mol at 37% Solvent B ) . In fac t the en thalpy term domina tes 

the free energy of the interac tion even when � is much smaller or 

larger than its proposed value , Table 5-3 . Fur thermore the entropy 

change has the same sign as the en tha lpy change and thus works against 

the entha lpy to reduce the overall negative free energy of  interac tion . 

Tab le 5 . 3  Variation in the Calculated Value of  �G
0 

wi th Different Values of  the Phase Ratio ( �) .  

b c a 
�G

o 
T�S0 

� 

0 . 84 -1 . 94 ( -8 . 1 ) - 1 0 . 1 1 (-4 2 . 30)  

0 . 084 -3 . 38 (-1 4 . 1 ) -8 . 6 7  (-36 . 28)  

0 . 0084  -4 . 81 ( 20 . 1 )  -7 . 24 (-30 . 29 )  

a )  Repr esented are values o f  � ,  1 0  times larger and 1 0  times smaller 

than the value calculated for � based on equation 5 . 3 .  

b)  The s tandard free energy of  associat ion o f  peptide 202  to the 

reversed-phase at 39% Solvent B and 40°C calculated from 

�G
0 = -RT (lnk ' -ln�) where k ' = 1 9 . 1 .  

c)  The T�S
0 

contribution to the free  energy o f  association of 

pept id e  202 to the reverse d-phase at 39% Solvent B and 40°C 

calculated from T�S
0 = �H

0
-�G

0 
where � H0 is - 1 2 . 05 kca1 /mol 

(50 . 42 kJ/mol) . Uni ts are in kcal/mol (kJ/mol in parentheses) . 

The negative sign of the enthalpy is in agreement wi th o ther HPLC 

s tudies o f  simple molecules as was discussed  in s ec tion 4 . 4 . 1 .  

5 . 3 . 4  The Gradient Elution o f  Pept ides in 0 . 1  M Ammonium Bicarbonat e .  

The retention o f  the pep tide s eries o n  a Radia l-PAK CN column in 

a gradi ent from 0 . 1  M ammonium bicarbonate  to 80% acetonitri le : 20%  

0 . 1 M ammonium bicarbonate is shown in Tab le 5-4 . 
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Table 5-4 A Comparison of the Retent ion of the Pep tide Series on 

a Radial-PAR CN Column wi th Neutral and Acidic  Solvent Sys tems . 

Peptide 

202 

208 

209 

203 

199 

% Solvent B
a , c  

0 . 1  M ammonium bicarb onate 

(neutral ) 

4 5 . 5  

46 . 5  

4 1  

33 

5 4 . 5
d 

a) Wi thout guard co lumn . 

b )  From Tab le 5-1 . 

1 %  TEAPb 

( ac idic) 

54 . 75 

5 1 . 5  

49 

48 

44 

c) Temperature ambient , note the difference in the organic 

solvents in these s olvent systems ; acetonitrile in the 

neutral solven t ,  2-propanol in the acidic sys tem .  

d )  Eluted a s  a very b road peak . 

As can be seen the o rder of  elution in the sys tem at  neut ral pH 

is quite different c ompared to the sys tem at acid pH . Note in 

part icular that the order of elution of pep tides 202  and 208 has been 

reversed and that  pep tide 1 9 9  is retained much later in the grad ient 

than all of  the other p eptides . Fortuna tely Meek has determined a set  

of  hydrophobicity parame ters for amino acids at neutral pH ( 1 55 ) . 

A plot of retent ion on the above sys tem v ' s  non-polar s i de hydrophobicity 

d e termined on the Meek s cale is depic ted in Figure 5-9B . Figure 5-9A 

shows the same retent ions correlated wi th the total hydrophobicity of 

the peptides . The greatest  change in retention -on going to the 

bicarb onate sys t em is that of peptide 199 . This peptide is the only 

one to  contain an arginine residue and at this pH , where ionisation 

o f  the non-capped Radial-PAK CN silanol groups occurs , i t  is p robab le 

that the p eptide is b eing retained by s t rong chemisorption as described 

by Snyder ( 1 83)  and o th ers ( 1 84 , 1 85) . The elution order of  the  

remainder of the pep t id es is predic ted by figure 5-9B however peptide 

203 appears to be eluted some time b efore it  would be  predicted from 

this graph . 
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Figure 5-9A a Plot o f  the Total Hydrophob icity of  Each Pep tide 

Calculated on the Meek 1b Scale v ' s  Point of Elution 
c 

of Peptide in a Neutral pH Reversed-Phase HPLC Sys tem .  

This figure shows little correlation between ret ent ion 

and total hydrophobicity .  See text for a more detailed 

exp lana tion . 

Figure 5-9B Plot of  the Total Nonpo lar Side Hydrophobic ity
d 

of Each 

Peptide  Calculated on the Meek 1 Scale
b 

v ' s Point o f  

Elut ion of Peptide in a Neutral p H  Reversed-Phase HPLC 
c 

Sys t em .  This figure shows good correla tion between 

retent ion and th e total hydrophobicity of the nonpolar 

face of peptides 209 , 202 and 208 whi ch do not differ in 

charged amino acid content . See text for a more detailed 

exp lanat ion . 

a)  Total hydrophobicity of a peptide is defined as  the 

sum of the hydrophobici ties of its c ons tituent amino 

acids . 

b )  The Meek 1 Scale i s  defined in the appendix s ection A . 2 .  

c )  The chromatographic sys tem used in this experiment was 

as  follows : - column , Radial-PAK CN ; Solven t A : - 0 . 1  M 

ammonium bicarbonate ; Solvent B :  - acetonitril e :  

d )  

Solvent A (80 : 20 ,  v : v) , Gradient : l inear , 0-100% 

Solvent B over 60 min . 

Total nonpo lar s ide  hydrophobicity is the maximum 

hydrophobicity of the peptide when in the a�helical 

conformation c onsidering only 1 80° of the face of  the 

a-helix . These  values were calculat ed using the computer 

program shown in the appendix , s ection A . 3 .  
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It is pertinent to recap at this s tage . In the TEAP sys tem at pH 

3 . 2  the s id e  chain of glutamic acid is uncharged while the side chain 

of arginine is pos itively charged . In this sys tem pep tide 199 (which 

is the only one which contains arginine ) has a lower than predicted 

retention ( figure 5 . 1 8) .  This c ould be explained by an ion-exchange 

effect with adsorbed triethylammonium ions repelling posi tive charges 

which approach the reversed-phas e .  Since the extra glu tamic acid 

residue in p eptide 203 is uncharged at this pH , its retent ion relative 

to the othe r peptides will  be unaffected by such an ion-exchange effect . 

In the pH 7 . 9  sys tem both arginine and glutamic acids are  charged . 

However ,  in this case the stationary phase is s lightly negative ly 
* 

charged due to ionisation of some s i1anol groups ( 1 86) . This would 

cause a rel ative decrease in retention of a pep tide containing more 

glutamic acid res idues than others (pep tide 203) and an increase in 

retention o f  peptides containing more cationic residues than others 

(peptide 1 9 9 ) . Such changes in retention can be  seen in figure 5-9B . 

5 . 3 . 5  The S ilanophi lic Retention of Pept ide 202 

The retention o f  peptide  202  on a Radial-PAK CN column in a 

1 %  TEAP sys t em is shown in figure 5-10 . This figure 

describe s  the decrease in retent ion caused by increasing organic 

solvent in the mobi le phase followed by increas ing retention with 

further increases of organic so lvent . 

* This charge has resulted in ionic exclusion of negatively 

charged peptides in gel permeation chromatography ( 18 7 ) . 
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1% TEAP 

40 50 60 70 80 
% i - PrOH 

Figure 5-1 0 Plot of k ' v ' s % Isopropanol for the Retent ion of 

Peptide 202 at Neutral pH . The chromatographic 

conditions were : 

Column :  Rad ial-PAK CN 

Solvent A :  1%  TcAP 

Solvent B :  isopropanol 

Isocratic elution 

Sample : 5-6 �g peptide 202 in 3 M 

guanidine hydrochloride 

It  has b een es tablished that the polar solutes , particularly amines , 

may bind to siliconaceous s tationary phases via a normal phase mode when 

the mobile phase is sufficient ly nonpolar (1 84 , 1 85 ) . One s triking 

property of this two sided relationship is the similarity of the s lopes 

for the normal phas e and reversed-phase modes . 

5 . 4  Conc lusions 

( 1 ) The pep t ides  in the series retain o r  adopt structure 

on binding to reversed-phase bonded silicas . 

( 2 )  Thes e  results are compatib le wi th a n  adsorption mode 

of  binding of the peptide series  onto  reversed-phase 

bonded s ilica . 

(3 )  The order  o f  elution of the peptides in  both acidic and 

neutral reversed-phase HPLC sys t ems can b e  explained in 

terms of an amphipathic helix theory utilising reversed­

phase HPLC derived hydrophobic ity values . Only the 
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res idues on the mos t nonpolar ha lf of  the helix 

contribute to  the hydrophobic  ret ention . 

(4)  The 6H0 of  association is an important determinant of 

and probab ly dominates the binding process . 

(5 )  This s tudy supports a theory of  multisite  cooperative 

binding of pept ides . 
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CHAPTER 6 PHOSPHATIDYLCHOLINE BINDING 

INTRODUCTION 

The complex field o f  phospholipid-protein (and phospholipid-pept ide)  

as sociation is not wel l unders tood . A vas t amount of data about thes e  

ass ociations has been produc ed , but progress towards a cohes ive theory 

explaining the data has been very s low. A significant s tep forward in 

this p rogress was the recogni tion of  the amphipathic helix as the 

predominant s t ructure in the phospholipid-prot ein interact ions . 

6 . 1 . 1  The Amphipathic Helix Model 

The Amphipathic Helix Model was proposed by Segrest  � al . ( 190)  in 

or der to  explain the unus ual dis tribution of amino acids found in the 

primary sequences of the apolipoproteins and to exp lain increases in 

the a-helical contents of  the apolipoprot eins upon their association with 

phosphatidylcholines . An amphipa thic helix was define d  to be  a specific 

region of an apolipoprotein (called a lipid binding region) which was 

able t o  at tain an �helical conformation and expose a nonpolar face 

and a polar face when in this conformation .  The charge d residues o f  

the amphipathic helix were defined to �e disposed s o  tha t negatively 

charged res idues occupied a thin s t rip in the c entre of the polar fac e  

while pos itively charged residues occupied the lateral edges o f  the 

polar face . This dis tribution was envisaged to permit clos e  contac t 

b etween charged amino acid s id e  chains and the oppositely charged groups 

o f  the phosphatidylcholine . It was als o envisaged that upon association 

with phosphatidylcholine the nonpolar fac e  of  the amphipathic helix 

would b e  buried in the hydrocarbon millieu of the mi celle while the 

polar face would be exposed to the polar environment of the hydrated 

phosphatidylcholine head groups . - Thus the association was envisaged to 

be the result of both hydrophob ic and electrostatic interactions . 

A detai led account of the evidence supporting the role o f  hydrophobic 

interactions in phospholipid-apolipoprotein associa tion has been 

pres ented in s ection 4 . 4 . 2 . 3 . 

This model was subsequently challenged because s t rong elec tros tatic 

interactions b etween charged amino acids and the charged groups
_ 
of  the 

phosphatidylcholine could not be subs tantiated by a d ecrease in the 

mob ility of  the phospha tidylcholine charged head groups ( 1 1 9 , 1 2 2 ) . 
Segres t responded to this challenge by conceding that  the likelihood 
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of a tigh t  elec tros tatic interac tion was small due to the high degree 

of solvation which the charged groups would possess and sugges ted that 

electros tatic int eractions migh t assist  in the initiation of apolipo­

protein-phospha tidy lcholine association ( 1 9 1 ) . The Amphipathic Helix 

Model is l argely unchanged to this day , however certain refinements 

have been made to the model (see section 6 . 1 . 2 ) .  

A . s earch o f  all avai lable protein sequences reveale d 65  s equences 

compa tib le with the amphipathic helix model which contained at leas t 

two oppos it ely charged 1 -2 or 1-4 ioB-pairs ( 19 2 ) . Twenty- two o f  these 

sequences were from lipid-binding proteins and since this clas s 

represented only 2% of  the s equenc es searched , these prot eins appeared 

to be enriched with amphipathic s equenc es by approxima tely twenty times 

more than non-lipid-binding proteins . In another s tudy the incidence 

of 1-2 and 1-4 ion-pairs is shown to be much hi gher in apolipoproteins 

than in globular proteins (32 ) . Clearly some role for the charged amino 

acids in these  s equences is implicated however no satisfacto ry mechanism 

for this role has b een found . The suggestion that the ion-pairs are 

involved in s tab ilis ing the lipid-protein complexes has been refuted on 

the grounds tha t hydration of the charged groups would weaken any 

electros tatic interaction ( 1 28 ) . 

6 . 1 . 2  Refinement o f  the Amphipathic Helix Model 

The s t udy of  a large numb er of synthetic  peptides ( 33 , 1 9 3 )  has 

al lowed the determination of certain criteria to distinguish b etween 

lipid associating and non-lipid-associating peptides . These  cri teria 

at tempt to quantify the rather qualitative Amphipathic Helix Model . 

The det ermination of  the criteria has b een handicapped by a lack o f  

knowledge dis criminating between the polar and nonpolar interactions 

of the various peptide-phosphatidylcholine associations . Cons equently 

these criteria have changed several times to accommodate  the lipid­

associating properties of newly synthesised fragments (33 , 1 9 3- 195 ) . 

These changes have centred on the hydrophobicity required for binding 

and have changed chronologically from a general s tatement of the 

involvement of the hydrophobicity ( 1 9 4 ) , to a minimum average value of  
* 

-900 cal /residue for the total number of amino acids in the s equence 

( 194 , 1 9 5 ) , to a general statement of the involvement o f  the hydro-

* Using hydrophob icity scale of Bull & Breese ( 1 29) . 
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phobicity only o f  the non-polar fac e  ( 1 9 3 )  and final ly to  a minimum 
* 

hydrophob icity o f  the non-polar face o f  -850 cal/res idue (33) . 

Therefore at  present the mos t informed approach t o  prot ein-lipid 

int erac tions is a modification of the amphipathic helix theory proposed 

by Sparrow and Gotto (33) . Thes e  authors state that three c rit eria 

mus t be met before a peptide will bind to phosphol ipid . The pept ide 

mus t pos s ess : 

(a)  The abi lity to form �n amphipathic he lix , 

(b)  A mean residue hydrophobicity of  the non-polar 

face o f  greater than -850 cal/ res idue , and 

(c )  A crit ical length of 20 amino acids or more for s tab le 

phospholipid-peptide interaction.  The accuracy o f  these 

crit eria in determining whether or  not a peptide is able  

to  b ind phospha tidylcho line is discussed in  the following 

chapter ( figure 7-3) . 

6 . 1 . 3  The Influence o f  Charged Residues on the As sociation o f  

Phosphatidylcho line wi th Apol ipoprot eins and their Fragments 

As has already been mentioned in section 6 . 1 . 1  the dist ribution 

of  charged res idues found in apolipoprot eins indicates that  some role 

exists for this dis tribution . Indeed there is much evidence t o  

1 1  7 

indicate tha t charged residues are impor tant det erminants of phospho­

lipid association .  The s tate of ionisat ion of some peptides and 

proteins has a large effect on their association wi th phosphatidyl­

choline (PC ) ( 196 , 19 7 ) . Upon bind ing to PC , approxima tely half of  the 

Glu , Asp and Lys residues of ApoA-I undergo a change in pKa favouring 

the charged form (19 7 ) . Using synthetic peptides Sparrow � al . have 

shown that the replacement of two lysine res idues with glut amic acid 

results in a s evere decrease in PC affinity (193) . Acylat ion of the 

lys ine side  chains of ApoA-II  with maleic anhydride removes  the ability 

o f  the apolipoprotein to bind egg yolk PC ( 198) . Another s tudy revealed 

the large enthalpies of  association of ApoA-I wi th DMPC of -90 kcal/mol 

ApoA-I and -1 70 kcal /mol ApoA-I at  pH 7 . 4  and 3 . 1  respectively ( 2 33) . 

This demons t rates the importance o f  charge interactions in the assoc­

iation . 

* Using hydrophobicity scale o f  Bul l & Breese (1 29) . 



In a s tudy by Hauser et al . ( 199)  the chemi cal shif ts o f  selected 

protons of  sonically i rradiated dispersions o f  egg yolk phosphatidyl­

choline were compared with those of porcine HDL
3

• Signifi cant differences 

in the chemical shi fts  were found at the 2 and 3 carbon posi tions of 

the fatty acyl chains , at the methylene groups of  the glycerol moiety 

and at the POCH
2 moiety of the choline group . No chemical shift  

differences were observed for CH2
N or N ( CH3) 3 • Thes e resul ts were 

int erpreted to mean that the polar head groups and the carboxyl end of  

the acyl chains o f  the phosphatidylcholine are situated in different 

magnetic environments in these two sys tems . Fur thermore , the int er­

ac tion of the apolipoprot eins of porcine HDL
3 

with the polar head groups 

of the phospholipid is implicated although not through specific ionic 

interactions wi th the choline methyl groups . 

It has been shown that the phospholipid polar head groups and the 

apolipopro teins are present on the surface of the HDL particle ( 200 , 20 1 ) . 

In agreement wi th this it has been snown that all choline methyl groups 

of HDL are accessib le to ferricyanide (202 ) . However ,  3 1P-NMR s tudies 

with HDL revealed that 20% of the 3 1
P resonance is unaffected by 

addition o f  Mn
2+ 

( 20 3 ) . This was int erpreted to mean tha t 20% of  the 

phospholipid head groups int erac t s trongly with the apolipoprotein 
2+ components of HDL and are the refore unavai lable to the Mn • I t  should 

1 1 8  

be  noted that only the phospha te moiety i s  implicated i n  this interaction.  

Simi larly NMR measurements of the phospholipid choline methyl groups 

in porcine LDL showed that ab out 1 / 3  of these  groups did not contribute 

a sharp resonance si gnal below 65°C ( 2 02 ) . This may be evidence that 

these groups are immobilised by the apolipop roteins of LDL . Perhaps 

the best  evidence of the importance of charged residues to the PC 

association of pep tides comes from the inab i lity to accurately predict  

PC assoc iation unless charged residues are t aken into account (see 

sect ion 7 . 2 . 2 . 2 ) . 

Other possib l e  functions for the charged residue patt ern found in 

the amphipathic helix should b e  considered . One of  these is the 

s tabi lisation of a-helical regions by the formation of  ion-pairs . 



6 . 1 . 3 . 1  Evidence that Ion-pair Int erac tions 

may no t Stabi lis e a -Hel ices 

In cons idering the func tion of the distributions of  charged 

residues found in apolipoprot eins , it is informative to invest iga t e  the 

frequency of ion-pairs formed in a theoret ical amphipathic helix .  This 

helix is similar to that used by Segres t ( 19 2 )  in a computer s earch of 

pro t eins for amphipathic helices . However , in this theoret ical amphi­

pathic helix the polar face consists ent irely of  charged residues . 

Furthermore the polar face consists  of an anionic region flanked by 

two c ationic regions (each region consis ts entirely of the one type of 
* 

charged res idue) . In Segres t ' s model the charged res idues are arranged 

in the same manner but are mixed with neutral residues . The frequency 

of cationic and anionic pairs of residues at particular spacings in 

the primary sequence are shown in t able 6-1 . 

Tab l e  6-1 The Frequency of  Cationic and Anionic Pairs of Residues a t  

Part icular Spacings in the Primary Sequence of a Theoret ical 

Amphipathic He1 ix
b

. 

Spacing between the 

cationic and anionic residues 1-2  1-3  1-4 1 -5 

a 
Frequency of oc currence 6 0 6 

a )  For 1 8  res idues of a repeat ing 1 8  residue helix � The pairs 

of residues are no t necessarily non-overlapping , i . e .  a residue 

may be  inc luded in more than one pair . 

b )  As stipulated in the t ext . 

4 

As can b e  s een from the table , if  the charged residues a re confined 

t o  r egions as proposed by the Amphipathic Helix Mod el then 1-3 ion-pairs 

are not possib le .  Instead , a high frequency of  1-2 , 1 -4 and 1-5 ion­

pairs are found .  Thus we  should realise that the high frequency of  

ion-pairs of particular spacings in  apolipopro teins may simply reflect 

* This resulted in the region for the acidic residues b eing 100° of 
0 

the helix and the region for the b asic res idues being 60 to  either 

s ide  of  the acid region . The hydrophobic residues were thus 

c onfined t o  the remaining 1 40° of the helix . 
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the limi t ed regi ons wh ich the charged residues may oc cupy . Therefore , 

the fact that the dis tances between the side chain groups of  pep tldes 

in an a-helical conformation are closest for 1-2 , 1-4 and 1-5 pairs of 

res idues ( 20 4 )  may not be  significant . It is also worth not ing that 

the frequency of the pairs of residues is unaffected by a complete 

exchange of the cationic and anionic residues . The fact tha t such 

reversed amphipathic helices are not found to a large extent in apolipo­

proteins ( 1 9 2 )  and that one pept ide ' s  ab ility to  bind to phospha tidyl­

choline was shown to decreas e after such an exchange ( 20 5 )  is evid ence 

that ion-pairing is not the predominant funct ion of  these paired 
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residues . I t  has been argued that the hydration of the charged res idues 

would not allow s trong e lectrostatic int eractions between them and indeed 

no experimental evidence for such s t rong int eract ions has been found ( 32 ) . 

Thus the function o f  the paired res idues is an enigma . Some innovative 

theori es about their function have b een;  that they produce an ini tial 

orientation of the apoprot ein with respect  to the phospholipid which 

favours the interaction of thes e species during the initial phas e o f  

binding ,  o r  that the ion-pairs resul ting from a 1 -4 sequence rela tionship 

could func t ion to lock a section of  the peptide backb one into an 

a-helix through preferential hydrat ion of the polar side of the he lix 

(32) . 

To unders tand how charged res idues can affect  the association of  

pept ides  and prot eins with PC  we mus t develop a full er unders tanding of  

the comp l ex nature of  the phospholipid interface .  

Cons iderab le information about the influence o f  charged res idues 

on apol ipoprotein-phosphatidylcholine binding may be found in model 

studies involving lysine and polylys ine . 

6 . 1 . 3 . 2  Evidence for Stabilisa tion o f  Negative ly Charged Phospholipid­

Polypeptid e Association via Electrostatic Int eractions 

Phospholipids b earing a net negative charge form a small b ut 

significant  fraction o f  the lipid pool o f  mos t biological membranes . 

These l ipids are phosphatidylserine , phosphat idylglycerol and phospha­

tidylinos itol which b ear a net single negative charge , and phosphatidic 

acid and c ardio lipin which b ear two net negative charges ( 206) . 

The r e  is a t endency for such negatively charged amphiphiles to 

increase the area they occupy at the surface in order to d ecrease 



lateral repuls ion b etween the adj acent amphiphiles . Increasing the pH 

and hence the d egree of ionisation results in an increase in the area 

occupied by ind ividual amphiphiles at the s urface , thus favouring the 

liquid-crystalline s tate of the bilayer where there is a lat eral 

expans ion ( 206 ) . Thus , increases in the pH wi ll depress the lipid phase 

transi tion temperature ,  whereas increas es in ei ther ioni c s trength or 

cation concent ration (both of which will reduce the bilayer surfac e 

charge) elevat e the lipid phase trans ition t emperature by s tabilis ing 

the gel (crys talline ) s tate (206 ) . 

Recent X-ray diffrac tion analys is of charged lipid bi layers has 

demonstrated tha t as surface charge increases and the lat eral packing of  

the head groups decreas es leading to b i layer  expansion , the acyl chains 

only part ly follow their example (206 ) . The authors interpreted this as 

being due to the at tractive van der Waals interact ions b etween the acyl 

chains however the maj or consideration in t his association is mos t  

probably hydrophobic  int eractions which induce a c lose packing o f  acyl 

chains in order to minimis e the aqueous-hydrocarbon interfac e .  Thus to 

maintain the acyl chain packing dis tances (hence s topping the int rusion 

of wat er int o the hydrophobic domain) the acyl chains tilt relative to  

the surface normal . Such tilting results in a decreas e in  the bi layer 

thickness and a decrease in the ef fec tive interacting length of the acyl 

chains . This resu l ts in a decreased s t ability of  the gel (crys talline) 

stat e and henc e a decrease in the phase transition temperature (T ) is c 
caused ( 206) . A s imilar tilting of acyl chains has b een ident ified in 

the gel state of phosphat idylcholines suggest ing that a similar balance 

between charged group repulsions and hydrophobic  "at tract ions " is 

attained in these  phospholipids ( 20 7 ) . 

Poly-L-lysine interacts s trongly with negatively charged phospho­

lipids ( 208- 2 1 3 )  caus ing an increase in the gel to liquid-crys tal line 

transition t emperature and an increas e in the negat ive enthalpy of this 

transition.  Furthermore in mixed phospholipid sys tems the addit ion of 

poly-L-lysine can result in the formation of rigid poly-L-lysine lipid 

domains ( 2 1 1 ) . The maj or contribut ing factor in this association has 

been interpreted as the electrostatic  att raction between the pos itively 

cha rged lysine side  chains and the negatively charged phosphate moiety 

(211 ) . Poly-L-lysine binds to the phospholipid in a part ially a -helical 

conformation so that half of the charged side chains int erac t wi th the 

phosphat e  groups ( 21 1 ) .  
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The se experimental observa tions of  the asso cia tion o f  poly-1-lys ine 

wi th negative ly charged phospho lipids are compa tible  wi th the X-ray 

dif frac tion s tudies dis cussed at the beginning o f  this s ection . Thus in 

a manner ana logous to association of  calcium ions , the cationic lysine 

s ide chains interact wi th the negatively charged head groups of the 

phospho lipid decreasing the electros tatic repulsion between the head 

groups thus al lowing a lateral condensation of  the monolayer . This  

c ond ensation allows a decrease in the til t of  the  acyl chains in the gel  

s tate which in turn causes an increase in the effec tive interac ting l ength 

o f  the acyl chains , e levation of  the phas e transi t ion temperature and 

an increase in the en thalpy of this trans ition . Thus the process of  

binding of  polypeptides to phospho lipid is influenced both by the polar 

head groups and the acyl chains of the phospholipid . 

6 . 1 . 3 . 3  The Interaction o f  Electrolyt es with 

Uncharged Phospho lipids (Phospha tidylchol ines )  

There  i s  c ons iderable  evidence tha t charged amino acid residues 

inf luence the association o f  peptides and prot eins wi th phospha tidyl­

choline ( sec tion 6 . 1 . 3 ) .  As has already been ment ioned the reas on for 

this is  unknown . It may b e  informative to dis cuss the int erac tions in 

the light o f  recent experimental resul ts . 

El ectros tatic repuls ions b e tween like charges on the phospha tidyl­

choline (PC)  head group are important determinant s  of the expanded state  

of  phosphat idylcholine bilayers ( 1 20) . There is evidence for  acyl chain 

ti lting in the gel pha s e  of PC which supports the expanded na ture of the 

bilayer (20 7 ) . In contras t the head groups of phospha tidylethanol amine 

are much c los er packed p resumab ly due to the ab i lity of the primary amine 

group to undergo intermolecular hydrogen bond formation ( 2 1 4 , 21 5) . 

In c omparison to  negatively charged phospholipids the int eraction o f  

poly-1-lysine wi th neutra l ,  zwi t terionic phospholipids is much weaker 

( 209 , 2 1 2 ) . This is s urprising in view of the importance of  the charge 

repulsions to  the expanded s tate  of  phosphatidylcholine . A recent  s tudy 

by Nakagaki and Okamur a  sheds some light on the mat ter ( 2 16 , 2 1 7 ) . The s e  

authors found that uncharged zwit terionic lys ine had a much higher 

affinity for dimyrist oyl phosphatidylcholine (DMPC) monolayers than 

either the mono or dihydrochloride . The uncharged lysine caused a sma ll 

increase in the area o f  the monolayer due to the size  of  the amino acid 

molecules . Despi te the high affini ty o f  uncha rged lysine for DMPC 
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monolayers , evidenc e was produced to show tha t no strong int erac tions 

existed between the two . Such results are cons is tent with a d ecreas e 

in the el ectros tatic repulsions in the mono layer caused by the ins ertion 

of the uncharged lys ine resul ting in an energetically favourab le 

association .  In contras t the charged hydrochlorides o f  lysine caused 

large expans ions of  the monolayer cons is tent wi th increased charge 

repul s i on . Such large expans ions of the monolayer would be energetically 

unfavourable due to decreased hydrophobic interactions as out lined above 

and hence few of the lysine hydrochloride molecules would ass ociate wi th 

the monolayer .  Thus it is now obvious why polylysine wi ll not int eract 

s trongly with PC . The incorporation of a highly posit ively charged 

mo lecule wi ll increase the charge repulsion within the monolayer leading 

to an energetical ly unfavourable lateral expans ion . 

The ab ove s tudy may als o exp lain the impor tance o f  the anionic amino 

acid res idues to the association o f  pept ides and prot eins wi th DMPC . 

Thus Glu and Asp residues may be necessary in o rder to neutralise the 

overall  charge of the peptide so that expansion of  the bi layer due to 

elec tros tatic repulsion is prevented . 

Therefore the high incidence of 1-2 , 1-4 and 1-5 ion pairs found in 

apolipoprot eins may be due s imply to the need for overall neutrali ty and 

the res tricted areas of the amphipathic he lix which the charged residues 

can occupy ( s ect ion 6 . 1 . 3 . 1 ) . It  is interes ting to cons ider which 

charged res idues might be mos t  important t o  the binding o f  peptides and 

proteins to PG.  There is more evidence for the effect o f  cationic 

residues on the phospha te moiety of PC than for an effect of  anionic 

res idues on the choline moiety of PC (sect ion 6 . 1 . 3 ) .  Furthermore 

charged amphiphiles are thought to enrich surrounding areas  adj acent to 

their charged groups wi th oppositely charged ions from solution ( 206 ) . 

The anionic migration of DMPC vesicles in electrophoresis ( 19 6 )  sugges ts 

tha t this occurs more readily for the out er choline groups than for the 

inner phosphate  groups . This  effect could exp lain .why l i t tle change is 

found in the environment of the choline moiety upon binding to peptides 

and proteins . 

It  is also interes ting to consider the rela tive impor tance of the 

cationic residues arginine , lys ine and histidine .  There is  increas ing 

evidence that  arginine residues are essential for the b inding of  

phosphate c ontaining subs trates and cofac tors in  many . enzyme catalysed 

reactions ( 2 1 8) . A specialis t role for arginine has been suggested  
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whereby the maj or b iological func tion o f  this res idue is the binding of 

phosphoryla ted me tabolites . The guanidine group is ideal ly suited to 

such an interac tion due to its planar s truc ture and its abili ty to form 

two hydrogen bonds with the phosphate moiety ( 2 1 9 ) . For this reason 

we might  expec t arginine to be  at leas t twic e  as impor tant as lysine or 

his tidine in the association of  pep tides and proteins wi th PC . 

6 . 1 . 4 Fluid ity and Pro tein-Phospho lipid Ass ociation 

Many conflic ting resu lts have been found concerning the fluidity 

of phospholipid bilayers upon the binding o f  pro teins and pep.tides ( 3 2 ,  

220-222 , 1 30 ) . These differences have been a t tribu ted to the difference 

in time scale b e tween NMR and ESR techniques (220) and the different 

types of o rder which exist i . e .  ori en tational order, conforma tional order 

and rigid-body order ( 222) . A detai l ed discussion of fluidi ty and gel / 

liquid-crystalline phase trans itions is  beyond the scope of  tfiis thesis . 

6 . 1 . 5  The rmodynamic Cons iderations 

The thermodynamics of protein-phospha tidylcholine interac tion is 

complex . No t only does the physical s ta te of the phospholipid ( ge l  or 

liquid-crys talline) dras tically influence the thermodynamics , out the 

size of the r esul ting complexes , the nature of the protein-phospholipid 

interac tion , the conformation of the protein in the bound and unbound 

s tate and the number of protein molecules per complex also influence 

this process . The thermodynamic treatmen t of protein s truc ture is not 

well developed ( 1 35 ) . Therefore it is informative at  this point to 

inves tigate  the current unders tanding o f  the thermodynamics of a-helix 

formation since an increase in a-he l ix cont ent is  usually seen when 

proteins and pep tides bind to phospho lipids . 

6 . 1 . 5 . 1 The Thermodynamics of a-He l ix Formation 

There  i s  subs tantial evidenc e for the fac t tha t a-hel ix forma tion 

is enthalpically driven (223) . However whe ther or  not thi s  enthalpy is 

the direct  result of  peptide hydrogen bond formation remains controvers ial 

(223 , 224 ) . Mos t s tudies which conclude that the enthalpy of a-helix 

formation is  predominant ly the resul t o f  peptide hydrogen bonding assume 

that any hydrophobic effects are predominantly entropic wi th a sma ll 

endo thermic contribution to the enthalpy as has been proposed by 
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Scheraga � �· ( 2 25)  and Tanford ( 100) , This interpreta tion of  the 

hydrophob ic effect has b een treated in Chap ter 4 toge ther wi th its  

possible inapp licability to more comp lex sys t e� .  

At this point it  is relevant to examine the results o f  several 

studies concerning the hydrophobic effect and protein st ructure . The 

amphipathic charac ter of a-helices has long been noted ( 1 36 ) , Recen t ly 

a me thod for predic ting secondary s truc ture of  pro teins was devised 

which consid ered only the hydrophob ic character of the amino acids in 

the s�quence ( 1 39 ) . This me thod appears to  be at least as successful  

as other availab le predic tion methods ( 1 40) , a- Helices are predic ted 

by the n ew me thod  by s earching for alt ernately non-polar and polar 

sections o f  the s equence compa tib le with an amphipa thic he lix . 

Furthermore a recent s tudy reviewing the a-helices of highly res-olved 

protein s tructures has found that mos t of the a-helices in these 

proteins are curved (226 ) . Also the outer hydrogen bonds of the be lix 

exposed to an aqueous environment are longer than the inner hydrogen 

bonds of  the helix expos ed to an aqueous environment . Thus it appears 

that the hydrophobic e ffect may regula te the s econdary s truc ture in 

proteins and also modi fy the secondary s truc ture . 

Several s tudies have a t t empted to determine the enthalpy associated 

with a-helix forma tions as shown in table  6-2 . 
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Tab l e  6-2 Enthalpies of a-helix formation found in different studies 

Pep tide/Prot ein Method 

Poly-L-Lys titrn @ varied temp 

Poly-L-Glu ti trn @ varied t emp 

Poly-L;-Lys KCl shock 

Poly-L-Glu pH j ump 

ApoA-I thermal denaturation 

ApoA-I pH j ump 

ApoA-II b 

ApoA-II  & C-III c 

ApoA-I phospholipid binding 

a)  Units of kcal /mol of a-helical  res idues , 

f�H% helical 
a 

-0 . 885 

- 1 . 1 2 

- 1 . 2  

-2 . 0  

- 1 . 2  

-2 . 0  

-2 . 0  

- 1 . 3  

. -4 . 0  

Reference 

( 22 7 )  

( 22 7 )  

( 1 2 7 )  

( 1 2 7 )  

( 1 28 )  

( 1 28 )  

( 1 2 8 )  

( 1 2 7 )  

( 1 28 )  

b )  Correlation of change in  a-hel ix conforma tion wi th flH  of  

phospho lipid binding wi th different concentrations of  GdnCl . 

c )  Correlation o f  change in a-helix conformation wi th flH o f  

phospholipid binding with different phospho lipids . 

All  experimental values have been e xotbermic but a wide range o f  values 

b etween -0 . 085 and -4 . 0  kcal/mol a-helical res idues have been determined .  

The fai lure to find a single valu e  o f  the enthalpy for a-hel ix formation 

is evidence tha t there is some other inf luence on the obs erved enthalpy 

a lthough the variations in experimental condit ions , e . g . ionic s treng th 

and temperature , may partial ly explain this failure ( 1 28) , This o ther 

influence may be  the hydrophobic effect  which wil l  vary according to 
* 

the amino acid s equence under consideration , This effect is of  

1 26 

particular impor tance in protein d enaturation and phospholipid binding 

where the format ion of a regular hydrophobic face may allow more effec tive 

* Contribut ions to enthalpy of protein-phospholipid interac tions arise 

f rom the difference in the sum o f  the heats of  lipid-lipid and 

protein-protein interac tions in the reac tants and the heat of  

l ipid-pro tein interactions in the products  . ( 1 27 ) , 



exc lusion of water from this area . Such a consideration has not been 

approache d until this s tudy , which has shown that the as s ociation of 

a pep tide with revers ed-phas e si lica is enthalpy driven , because it has 

been accepted tha t the hydrophob ic effect was predominantly an entropic 

process . It would be expected that the change in secondary s tructure 

would reflect the proportion of peptide and protein which changes its 

hydrophob ic environment and hence that the entha lpy contribution from 

the hydr ophob ic effect would be closely correlated with the increase in 

a-helical cont ent o f  the prot ein . 
.
The particular hydrophobicity o f  the 

region of  pr otein and the hydrophobicity of its surrounding environment 

would result in some s catter of an en thalpy v ' s change in a-helix content 

data as is observed ( 1 2 7 , 1 28 ) . 

The assumption that hydrophobic interactions in comp lex biological 

processes are driven only by en tropy changes is widespread . The role of 

hydrophobic interactions in many s tudies should perhaps be reassessed 

since the tbermodynam�cs of some complex processes involving hydrophobic 

interactions do no t fit  this assump tion (see section 4 . 5 ) . A typical 

example  of  the use o f  this assumption is seen in a s tudy by Mass ey � a l .  

( 1 2 7 )  i n  which the enthalpy o f  a�helix formation is assumed t o  b e  the 

only cont ribution to the enthalpy of ass ociation of DMPC wi th ApoA-II 

(above the phase  trans ition temperature of the complex) . Massey � al .  

used the theoret ically estimated value for the enthalpy o f  random c oil 

to a-helix trans ition of - 1 . 32 kcal /mol calculated by Hermans (2 2 7 )  to 

support this assumption . This value mus t be  regarded as suspect as 

outlined below. Hermans a ttributes the enthalpy of a-helix formation to 

three contributions : - the peptide hydrogen b ond , the loss of  b ond 

rotat ions and the hydrophobic bonding caused by the nonpolar charac ter 
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o f  the amide backbone when it is hydrogen bonded to itself . Hermans ! 

value for  the enthalpy of  p eptide hydrogen b ond formation of -1500  cal /mol 

obtained from a s tatis tical mechanics s tudy by Poland and Scherage ( 228 )  

is  both incomp lete and a simplification .  Hermans ignores the contribution 

of hydrogen bonding between wa ter molecules and amide groups in the 

random coil conformation . When this effect is taken into account the 

enthalpy for the hydrogen b ond formation is estima ted to be much smaller 

at -6 7 5  cal/mol o f  hydrogen b onds (228 ) . Hermans ' value for the enthalpy 

of loss o f  bond rotations is also ques tionable  since i t  is assumed that 

compl etely free rotation exi s ts about the s ingle b onds of the peptide 

chain in the random coil conforma tion while absolutely no t orsional 

oscillations occur about these bonds in the a-helical conformation ( 2 29 ) . 



The hydrophob ic bonding cont ribution o f  the total entha lpy of  a-helix 

formation is also ques tionab le since Hermans himself points out the use 

of Nenethy and Scheraga ' s  ( 225 )  hydrophobicity bond s trength is 

ques tionab le in this ins tance .  Thus b ecause of  the complicated nature 

of the random coil to  a-helix trans ition no  theoretical treatment is 

avai lable  to test experimental values o f  enthalpy with certainty . For 

this reason the contribut ion to the observed enthalpy of hydrophobic 

bonding between side  chain groups cannot be overlooked , and there may 

well be a maj or cont ribution of enthalpy from this source . 

Ano ther reason fo r ques tioning the cont ribution o f  a-helix forma tion 

to the enthalpy of protein-lipid association is that the conformational 

change and the release of heat do not always occur on the same time 

scale (240) . 

6 . 2  Experimental 

6 . 2 . 1 Fluores cence Measurements 

The intrinsic  fluores cence emission spectrum of the tryp tophan 

residue in each peptide was measured on an Aminco SPF-500 Ra tio Spectra­

fluorimeter ins trument with the excita tion wavelength set at 280 nm and 

with the band pas ses for b oth excitat ion and emission set at 5 nm .  The 

ins trument was used in the normal ratio mode (gain= 3 ) , For emission 

scans the damping was set at 1 second . Exc ept where specified , emiss ion 

spectra were ob tained on s amp les a t  room temperature wi th no attempt 

to thermostat the cell . The ins trument was standardis ed daily against 

a standard so lution of 1 8 . 2  �M tryp tophan in deionised wa ter so that 

this solution had a relative fluoresc ence of 8% at the emiss ion maximum 

o f  365 nm . 
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Pept ides were prepared for fluorescence measurements by pool ing the 

appropriate HPLC fractions (see Chap ter 3 )  and dilu ting these with 0 . 1 M 

ammonium bicarbonate until the proportion of  isopropanol in the solution 

was 5% (v/v ) . This solution was then fur ther diluted wi th 5% isopropanol : 

95% 0 . 1  M ammonium bicarbonate (v : v) unt i l  the optical densi ty o f  the 

peptide solution at 280 nm was 0 . 2  AUFS . A sample of 200 �1 of the 

diluted solut ion was mixed with 3 . 0  ml o f  liposome buffer (see s ection 

6 . 2 . 3) and the fluorescence emis sion spec trum measured . Phospholipid 

was then int roduced into the cuvet t e  and after mixing the fluores cence 

emission spectrum was measured at  r egular intervals • .  
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6 . 2 . 2 Turbidity Clearanc e Measuremen ts 

Chemi cals : L-a-Dimyris toyl phosphatidylcholine (DMPC) was 99% pure 

and was purchased from Sigma Chemical Company . Egg phosphat idylcholine 

was isolated from fresh egg yolks according to the method of Bergelson 

� al . (235)  and s tored under nitrogen in a chloroform-me thanol solution 
0 

containing butylated toluene at - 1 0  C .  Po tass ium bromide was puris 

A . R .  grade from Koch-Ligh t Laboratories Ltd . Sodium azide was laboratory 

grade from BDH . Ethylenediamine tetra-acetic acid (EDTA) was Univar 

analyt ical reagent grade from Aj ax Chemicals . Tris (hydroxyme thyl ) ­

aminome thane (Tri s )  was laboratory reagent grade from Hopkin and 

Williams Ltd . 

6 . 2 . 3  Equipment and Procedures 

The lipid turbidity clearance studies were performed at room 

temperature in a buffer consisting o f  8 . 5 % potassium bromide (w/v) . 

0 . 0 1 %  sodium azide (w/v) . 0 . 0 1 %  EDTA (w/v) and 0 . 0 1  M tris as used by 

Pownall � al .  (236 )  and hereafter referred to as liposome · buffer . 

The buffer was titrated to pH 7 . 4  wi th 6 N HCl . A s t ock suspension 

o f  egg phosphat idylchol ine was prepared by evaporat ing a 2 : 1  chloroform : 

me thanol so lution of the phospho lipid under an oxygen free nit rogen 

s tream then subjecting the solid to vacuum for 30 min . The resulting 

43 mg of solid phospholipid was suspended in 3 ml of l iposome buffer 

and sonicated for 1 minut e at approxima tely 90% output on an MSE L666 

prob e sonicator . Peptide solutions were prepared as described in . . 

section 6 . 2 . 1 ,  the fluorescence measurements experimental section . 

After an initial fluorescence measuremen t had been made on the peptide 

solution 80 �1 of the s tock liposome suspens ion was inj ec ted into the 

peptide solutions and into a control containing 3 . 0  ml of liposome 

buffer and 200 �1 of 5% isopropanol : 95%  0 . 1 M ammonium bicarbonate (v :v ) . 

The cuvet tes were inverted 3 times to e f fect c omplete dispers ion of  

the liposomes . Turbidity was measured at  regular intervals at 326  nm 

on a Hitachi model 1 0 1  spec tropho tometer  using 1iposome buffer 

as a b lank . 

A s t ock suspens ion of dimyris toylphosphatidylcholine (DMPC) was 

prepared 2 h before the lipid binding s t udy by sonication o f  19 . 8  mg 

DMPC in 1 ml liposome buffer for 60 sec  at approximately 40
°

C .  Peptide­

lipid mixtures were prepared and turbidity measured as for egg 

phosphatidylcholine except tha t 1 00 �1 of  the stock suspens ion was 

added . 
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6 . 3  Resul ts and Discussion 

6 . 3 . 1 Egg Phospha tidylcho line Bind ing 

Within experimental  error no dec reas e in turbidity of the peptide­

liposome mix tures was observed relative to the control after an incuba tion 

o f  3 hours at room temp erature ( 19
°

C ) . Furthermore , sonication of the 

mixtures for 1 minute at room tempera ture did no t decreas e turbidi ty in 

any of the mixtures by more than 5% . Fluoresc ence s tudies were not 

perfo rmed on these samp les . 

6 . 3 . 2  Dimyristoyl Phospha tidyl choline Binding 

The decrease in turbidity and change in wavelength of  fluorescence 

emis sion upon incubation of  the pep tides with DMPC at  20
°

C is shown in 

Table 6-3 . Clearly peptides 202 ,  208 and 199  interact s trongly with the 

phospholipid while pept ides 203 and 209 interact less strongly . The 

decrease in turbidity of phosphatidylcholine ·liposomes and changes in 

wavelength of the fluorescence emission spectrum maximum have been shown 

to be excellent indicators of the formation o f  peptide-phospholipid 

complexes ( 2 36-238) . 



Table 6-3 Turbidity Changes and Fluorescence Emiss ion Maximum 

Wavelength Changes on Addit ion of  DMPC to Peptide Solut ions .
d 

Peptide 6AJ 25  nm 
a 

Wavelength of Fluores cence b D. A.c 

init ial final 

202  . 205 363  (0 . 63 )  344 ( 2 . 2 )  1 9  

208  . 103  36 4 ( 0 . 68)  339 .0 . 6 )  2 5  

209 . 050 348  ( 0 . 54)  348 ( 1 . 0 ) 0 

203 . 059 363  ( 0 . 53)  362 (0 . 8 8 )  1 

1 99 . 095 3 6 4  ( 0 . 70 ) 344 (1 . 3 ) 20 

a) 6A325 nm is the difference in ab sorbance at 325 nrn between· the 

incubated peptide-DMPC mixtures and a control containing no 

p eptide . The absorbance of the control was 0 . 50 7  optical 

d ensity units . The recorded changes in absorbance are the 

values found 3 . 5  h after addition of the DMPC s uspens ion . 

The assoc iations were essent ially complete after this time . 

The values were ob tained in one study but are r epresentat ive 

o f  a repr oducib le effec t . 

b )  The wavelength (nm) o f  the fluorescence emiss ion maximum was 

measured ini tially b efore the addition of DMPC and finally 

3 . 75 h after the addit ion of DMPC . The figures  in parenthesas 

are the % fluores cence o f  each emission maximum. 

c )  D.A. is the difference between the wavelengths ( nm) of  the 

fluorescence emission maxima of the peptide so lutions in the 

p resence and absence of DMPC . 

d )  The approximate molar ratio  o f  DMPC : peptide is  400 : 1 .  
0 

Temperature = 20 C .  
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It  is int eres ting to no te that pept ide 209 has a low fluorescenc e 

emiss ion maximum of 34 8 nm which is unchanged by the addition of lipid 

even though the turbidity of  the DMPC suspension decreases and the 

percentage fluorescenc e increases . The mos t simple explanat ion is tha t 

peptide 209 self-associates in 8 . 5% KBr allowing the t ryptophan a more 

non-polar environment which caus es the emission maximum to be lowered . 

This phenomenon has also  been noted by Sparrow � al . wi th LAP-24 ( 5 6 ) . 

Evidence that peptide 209 se lf-associates und er these conditions is 

shown in Table 6-4 . 

Table 6-4 The Fluorescence of  Pept ide 209 in Various Buffers . 

Buf fer 

* 
8 . 5% KBr 

0 . 1 M NH
4

Hco
3 

5%::i PrOH : 95% o ·. l M NH4
Hco3 

(v/v) 

3 M GdnCl , O . l M NH4Hco
3 

Wavelength of Emiss ion 
Uaximum ( nm) 

348 

356 

362 

** 
364 . 
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The 8 . 5% KBr buffer p romotes self  association by increasing hydrophobic 

int eractions ( 239) . The lower salt  concentration in 0 . 1  M NH4
Hco3 

resul ts in a smaller amount o f  se lf-ass ociation while the 5% isopropanol 

solution actively decreas es hydrophobic interac tions further decreasing 

the amount of  self-associ ation . The use of a 3 M guanidine hydrochloride 

buffer causes the complete unfolding o f  the peptide resulting in a more 

random hydrophobic character which effectively s tops self-association . 

Furthermore,  as shown in Table 6-5 , peptide 209 is the only peptide 

which has a fluorescence emission maximum whi ch is temperature dependent . 

This would be expected if  the peptide underwent a temperature dependent 

self-ass oc iati on and would indicate a negative enthalpy for the self­

association . The t ransfer of  the tryptophan residue to  a more non-

polar environment and the negative enthalpy of the sel f-association 

(see section 4 . 5 ) are evidence that the hydrophobic effect is impor tant 

in this interaction . 

* From Tab le 6-1 . See experimental s ection for full buffer 

components . 

** The wavelength of  emission for a standard tryptophan solut ion 

( 2 . 81 mg/1 )  in pure water is 365 nm . 



Tab le 6-5 Intrins ic Fluores cence of Pep tides 

at Different Temp era tures . 

Peptide 2 0°
C 

202 363 

208 364 

209 348 

203  363 

1 9 9  364 

39 . 8°C 

364 

362 

* 
35 3 , 364 ( sh )  0 

363 

362 

Thus although peptide 209 has no shift in fluorescence emiss ion 

wavelength , an increas e in % f luorescence and a decrease in turbidity 

confirm tha t it  does interac t weakly wi th DMPC . Similarly peptide 203 

also interac ts weakly whi le peptides 20 2 ,  208 and 199 demons tra te much 

stronger association with the phospholipid by causing more turbid i ty 

clearing and exhibiting large changes in fluorescence emiss ion maxima . 

Figure 6-1 shows the resu l ts for DMPC turbidity c learance from 

Tab le 6 - 1  plotted agains t the values for non-polar side hydrophobicity 
* *  

using the Meek 3 scale . 

* The emission spectrum o f  this peptide at 39 . 8°C was extremely 

uns tab le . The intens i ty o f  the fluorescence emission at 365 nm 

varied between 0 .  90 and 0 .  4 5  percentage f luorescence in a s·eries 

of  p eaks which appeared to occur randomly ( 5  peaks in 6 minutes ) .  

Between the peaks the "bas e l ine" o f  0 . 45%  fluorescence was also  

very noisy . 

** See appendix,  sec tion A . 2 .  
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Figure 6-1  The Non-polar Side Hydrophobicity of  the Peptide Series 

Cal culated Using the Meek 3 Scale
a 

v ' s the Decrease in 

Absorbance at 325 nm of DMPC Suspens ions Upon Introduc tion 

o f  Peptid e .
b 

a )  Calculated as f or f igure 5- 1 B .  

b )  From table 6-3 . 
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If  pep t ide  199 is neglected for the time being , the non-polar side 

hydrophobicity of  each peptide seems to explain the o rder of phospholipid 

binding abi lity of the other pep tides . The slightly smaller value for 

209 may be  caused by its self-associa tion since self-associa tion will 

decrease the concentration of peptide availab le for b inding to the 

phospho lipid . The s imilarity o f  this plo t  wi th figure 5-lB indicates 

a s triking s imilarity in the two processes of reversed-phase HPLC 

b inding of pept ides and phospha tidylcholine binding o f  peptides.  The 

two processes will be compared in the following chapter . 



CHAPTER 7 THE CORRELATION BETWEEN PHOSPHOLIPID 

B INDING AND REVERSED-PHASE HPLC RETENTION 

7 . 1 In troduc tion 

The previous two chap ters have respe c t ively dea lt wi th the int er­

ac tion o f  a series o f  peptides wi th reversed-phase bonded silica and 

wi th phosphatidylcho line . This chap ter inves tigates the rela tionship 

between these two processes . Furthermore , based on this relationship 

and other informa tio� ,  a modifica tion of the amphipathic helix theory 

is proposed which describes the b inding o f  pept ides to the phospha tidyl­

cho lines . 

The importance o f  a quantita tive model which describes hydrophobic 

interactions in biological sys tems has long been realised . To quo te 

Horvath and colleagues ( 1 46) "Owing to the cardinal role of hydrophobic 

interac tions in life processes , there is  a need for a phys io-chemical 

me thod to quantita tively measure the hydrophobicity of b iologically 

active subs tances . In the light  of  our present unders tanding , s alvo­

phobic chromatography could be a very useful tool to ob tain such 

information . Moreover sta tionary phases wi th hydrophob ic surfaces of 

differen t configuration could be used as probes to map the detai led 

hydrophob ic profile of biologica lly interes ting compounds . " 

The is ocra tic reversed-phase HPLC retention of various compounds 

has been related to their organic solvent /wa ter parti tioning wi th s ome 

success ( 2 4 1 �244 ) . Thus i t  is no t a novel idea to corre late reversed­

phase HPLC retention of compounds wi th their affinity for other hydro­

phobic sys tems . 

7 . 1 . 1  The Similarity Between the Two Processes 

The binding of a peptide to a revers ed-phase bonded si lica and to 

a phospholipid vesicle interface are two closely related processes . 

In both cases the pep tide binds to an interface between a non-polar and 

polar environment .  The nature o f  the interface is certainly different 

for the two proces ses , however ,  the same driving force exits in b o th ,  

i . e .  the exclusion o f  the non-po lar amino acid side chain groups from 
� 

the aqueous environment . The f ree energy o f  associations o f  

* In the case of  reversed phase HPLC the aqueous environment contains 

organic solvent . The applicability o f  measurements made in this  

environment to  those made in  fully aqueous solution h as been 

discussed in section 5 . 3 . 2 .  

1 35 



a particular peptide wi th each of the two interfaces are not likely to 

be equal because the micro-environment of  the bound pep tide is di fferent 

in each case . Neverthe less , we should expect to s ee some degree of 

correlation between the affinities of a series of pep tides for the two 

interfaces . This is particularly relevant since the retention of  the 

series of  p eptides on a reversed-phase HPLC sys tem has been shown to 

o ccur via the a-helical s tructure , Chap ter 5 .  Thus the mechanism of 

binding in both processes involves the same amphipathic helix st ructure . 

I� was this analogy which inspired the model described here . This 

analogy gives a fresh approach to the s tudy of pro tein-phospho lipid 

interactions and also offers a quantitative formula for the predic tion 

of phospholipid binding by peptides . The degree of success of this 

formula is further evidence for the amphipathic helical model of 

apolipoprotein b inding . The new approach developed by the author 

encompasses all thr ee criteria of the current lipid-peptide binding 

model ( sec tion 6 . 1 . 2 ) in one formula and in addition proposes a way of . 

es tablishing the contribution made by polar interac tions . These inter­

actions have been largely ignored by mos t s tudies after the initial 

theory of  the amphipathic  h elix was pos tulated for reasons given in 

section 6 . 1 . 1 . 

7 . 2  Result s and Discussion 

7 . 2 . 1  The Correlat ion Between Reversed-Phase 

HPLC Retent ion and Phospholipid Binding 

The correlation observed between reversed-phase HPLC retent ion and 

the phospholipid binding abi lity of the series of peptides synthesised 

in this s tudy is shown in Figure 7-1 (data from Figures 5-lB and 6- 1 ) . 
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Figure 7-1  The Reversed-Phase  HPLC Retention of  the Pep tide Series 

v ' s their Affini ty for DMPC . 

The revers ed-phase sys tem was the �Bondapak alkylphenyl , 

40°C sys tem described in table  5-1 (Solvent A :  - 1 %  TEAP , 

pH 3 . 2 ,  So lvent B :  - 2-propanol : So lvent A ,  80 : 20 (v : v) . 

The retentions have been corrected for the 6 ml so lvent 

delay volume by sub tracting 1 0% Solvent B .  The affinit ies 

for DMPC are taken f rom tab le 6-3 and represent the decrease 

in turbidity o f  phospholipid suspensions 3 . 5  h after 

addition o f  the respective peptide . Each p eptide is 

identif ied by its  number . 

There is an excellent correlation between the reversed-phase HPLC 

retention and the phospholipid binding capacity of all  of the peptides 

(if we neglect p eptide 199 for the meantime) . This demons tra tes that  

this HPLC sys tem may be a good model for estimating the hydrophob ic 

component of phospholipid-peptide associations . The f i f th pep tide , 

peptide 1 9 9 , shows a greater abi lity to decrease the turbidity of 

DMPC vesicles than would be predicted from ei ther its retention in 

reverse d-phase HPLC (figure 7- 1 )  or its  non-polar side hydrophobicity 

(figure 6- 1 ) . It  was reasoned that , since pep t ide 199  contained no 

hydrophob i c  res idues which the o thers do not a lso contain in varying 

amounts (see section 3 . 8 ) , the anomalous behaviour of peptide 199  

could no t be  at tributed to hydrophobic effects . The mos t likely 
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cause of this anomalous behaviour was therefore reas oned to be  the extra 

cat ionic residue in this peptid e .  It should be remembered that  al l of  
* 

the peptides contain 2 lysines and 2 glutamic acids , while only peptide 

199 c ontains an arginine res idue . Indeed there is much evidence for 

the exis tenc e of int erac tions b e tween the phosphatidylcho line polar 

head groups and the cationic residues of phospholipid binding pept ides 

and p roteins (sec tion 6 . 1 . 3 ) .  The ques tion now arises : Is this 

hypothesis compa tible with the numerous s tudies of the phospholipid 

binding properties of o ther synthetic peptides ? If the hypothesis is 

correct then the phosphatidylcholine binding ability of  a peptide should 
** 

depend no t only on i ts non-polar side hydrophobicity but also upon its 

number of cationic residues . 

7 . 2 . 2 The Amphipa thic Threshold Model - A Modified Amphip�thic Helix 

Model for Apolipoprotein-Phospha tidylcho line Assoc iation 

As discussed in sec tion 6 . 1 . 3 , there can be no doub t  that polar 

residues do have an advantageous effect on phospho lipid binding of 

peptides and p ro teins . The precise nature of this contribu tion has 

proved evasive however .  In the modi fied model portrayed here the maj or 

contribution by polar residues is assumed to be the interaction of 

cationic residues with the anionic phosphates of  the phospha tidylcholine 

head groups on the surface o f  the liposome or lipoprotein . Thus the 

two maj or contributions to binding are the hydrophobic effect , for 

which an HPLC derived hydrophobicity s cale is a good model , and the 

cationic residue effect for which it is assumed tha t arginine s tab ilises 

the interac tion twi ce as well  as lys ine or  his tidine . The Amphipathic 

Threshold Model is described by figure 7-2 .  The purpos-e of this graph 

is  to separate all those peptides which bind to .phosphatidylcholine 

from all those which do not .  

* Except for peptide 203 which c ontains 3 glutamic ac id  residues . 

**  See section A.3 . 
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Figure 7-2 The Demons tration o f  the Amphipathic Threshold Model . 

Non-polar side hydrophob icitya v ' s cationic contribution
b 

o f  all  apolipoprotein f ragments and model peptides which 

have been prepared and s tudied to determine lipid-binding 

ab ility ; • ,  form s table phosphatidylcholine-peptide 

complexes ; � , interac t s trongly with phosphatidylch oline 

but do not form s table complexes ; o ,  do not interact with 

phosphatidylcholine.  A lis t  o f  the pep tides included in 

this graph can be  found in the appendix , s ection A . 7 .  The 

threshold has b een drawn between the two
' 

groups s o  as to 

minimise  the number of incorrec tly assigned peptides . Note 

that all the peptides are l inear and possess no disulphide 

bri dges . 

a )  Calculated using the scale of Meek � �· U57) using 

the computer program in the appendix , section A . 3 with 
0 

1 80 of  non-polar face . 

b )  Cation contribution = 2 x Arg + Lys + His where Arg , 

l ys and His are the total number of  arginine , lysine 

and his tidine residues present in a sequence . 
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The Amphipathic Threshold model depicted in figure 7-2 achieves 

remarkab le success in dis tinguishing between phospho lipid binding and 

non-binding peptides . All but 4 of the 7 1  peptides s tudied are 

correct ly assigned to their respective groups , a success rate of 94% . 

This is even more remarkab le when we real ise that : a )  the hydro­

phobicity scale used may not exac tly mimic the hydrophobicity of the 

amino acids in the phospholipid environment ;  b )  the calculation o f  

hydrophobi city of the non-polar face i s  based o n  only 1 80° of the 

ci rcumference regardless o f  the extent of hydrophob ic face and the 

position o f  acidic ana basic residues ; c )  no allowance has been made 

for any dis tortion to the �-helical s truc ture which c ould maximise  the 

non-polar fac e ,  d) basic residues are counted as having equal 

contribut ion to the interact ion wi th phosphatidylcho line irrespective 

of where they are positioned relative to the non-polar face;  

e )  the relative contributions o f  arginine , lysine and his tidine 

residues may require refining , and f) there is no s tandard method 

for determining whether a peptide is a phospha tidylcho line binding 

peptide or no t and thus the points on the graph represent a mosaic of 

different phosphatidylcholine binding assays . 

7 . 2 . 2 . 1 The Incorrectly Assigned Pept ides 

Two o f  the points ,  corresponding to incorrectly assigned peptides • 
* 

numbers 1 9  and 6 1 , are extremely close to the threshold depic ted in 

figure 7-2 and thus a small adj us tment in hydrophobicity scale o r  

cationic residue contribution might easily b ring these on the correct 

side of  the threshold . The other two peptides are more difficult  to 

* It  should b e  noted that the DMPC binding ability o f  peptide no . 6 1  

has not b een reported . Ins tead its  egg phosphat idylcholine binding 

abi lity has been reported ( 20 5 ) . Peptides appear to b ind more 

readily to DMPC than to egg PC ( 32 )  and hence the posi tion of 

pept ide  no . 61 on figure 7-2 may be compatib le with a s light 

increase in the threshold for the longer acyl chain phosphatidyl­

cholines found in egg PC . I f  in fact pep tide no . 6 1  does not bind 

to DMPC then the mos t probable  reason is the reversal of charged 

residues relat ive to the classical amphipathic hel ix . This means 

that in this peptide the cationic residues occupy a strip in the 

centre of the polar face while  anionic residues occupy two regions 

either s ide of the c ationic s trip . Any "finetuning" of the 

Amphipathic Threshold  Model should evaluate this ef fect . 
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explain . Peptide no . 37 was over�predicted in graphs o f  all combinat ions 

of hydrophobicity scales and polar amino acid c ontributions attempted . 

The sourc e  of this error may lie in the added charge repuls ion this 

peptid e could experience when forming an a-helix .  Such charge repulsion 

resul t s  in lowered a-helicity in protonated poly-lysine ( 22 7 )  and 

melittin ( 245) . The N- terminal sequence of  this pept ide Leu-Ile-Lys­

Lys-Ala- contains 3 positive charges , 1 a-amino group and 2 E -amino 

groups . When an a-helical conformation is adopted the a-amino group 

is pos i t i oned ext remely closely to the two E -amino groups . This may 

lead to  a -helix des tabilisation and hence t o  a lowered affinity for 

phospholipids . The addit ion of  two further res idues Tbr-Pro- to this 

peptide results in pept ide no . 3 8 ,  a phospholipid b inding peptide . 

This addition does not subs tantially change the non-polar side hydro­

phob i ci ty or the a-helix potential of peptide no . 38  relative to 

pep t i de no . 3 7 . However when the peptide is  in the a-helical conform­

at ion the Thr-Pro-addition separates the a-amino group from the two 

E-amino groups . 

The other peptide whose phosphatidylcholine a ffinity was poor ly 

predicted  by the Amphipathic Thresho ld Theo ry describ ed in figure 7-2 

is pep t ide no . 29 . This peptide does not d emonstrate a high a-helical 

content upon binding to phosphatidylcholine ( 2 46 ) . This fact sugges ts 

that this pept ide b inds to phosphat idylcholine by some mechanism other 

than the  amphipathic helix wi th self-association possib ly being 

involved .  

7 . 2 . 2 . 2  • The Effect iveness of  the Current 

Phosphatidylcholine B inding Model 

The current model describ ing the phosphatidylcholine binding 

abi li ty of p eptides (Sparrow · et  al . reference ( 3 3 ) ) has  been discussed 

in s e c t ion 6 . 1 . 2 . In contrast to the Amphipathic Thr eshold Model 

discussed  above , the current model is much less accurate at the 

predi c tion of the phosphatidylcholine b inding . This model has been 

applied  to all of the synthet ic fragments of apolipoproteins and model 

pep t i d es as for the Amphipathic Threshold Model . The result is shown 

in figure 7-3 . Using tqis model , 24  of the 7 1  peptides are incorrec tly 

assigned to the b inding and non-binding groups . Thi s  represents 

a success rate of only 66% .  Clearly the new model i s  a vas t improvement 

(cf .  9 4% success rate) . 
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Figure 7-3 . The Demons trat ion of  the Current Amphipathic Helix Model . 

Average non-polar s ide hydrophob i c i tya 
v ' s number of  

residues for all  apo lipoprot ein fragments and model 

pep tides which have been p repared and s tudied to determine 

l ipid-binding ab ility ; e , form s tab le phosphatidylcholine­

pep t ide complexes ; � ,  interact s trongly wi th phosphatidyl­

choline but do no t form s tab le  complexes ; o ,  do not interact 

with phosphatidylcholine . A list of the peptides included 

in this
'
graph can be found in . the appendix , section A . 7 .  

a )  Calculated us ing the Bull and Breese scale of hydro­

phobicity ( see s ection A . 2 )  using the computer program 

found in the appendix (section A . 3) . 
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7 . 2 ; 2 . 3  Explanation o f  the Ca tion Res idue Effect 

The cat ionic effect can best be  exp lained by us ing the example of 

a recent s tudy ( 19 3) . In this s tudy a lipid associating pept ide LAP-20 

and 3 of  its homologues were synthes ised . Two of the homologues were 

made by replacing one of two lysine residues in LAP-20 wi th a glutamic 

acid res idue and the other was made by replacing both lysine residues 

(peptide nos . 7 ,  6 3 ,  64 and 65 o f  figure 7-2 respec tively) . The 

substitut ion o f  only one lysine does not drop the 'peptide ' s a ffini ty 

for phosphatidylcholine below the 'threshold and therefore the pep tide 

still binds . The substi tution of  both lysine residues does drop the 

affinity below the threshold and a non-phosphatidylchol ine b inding 

peptide results . Another example  is in a s tudy by Mao � al . (1 95 ) , 

They have observed tha t the subst itution of  a Lys-Lys sequence with 

Ser-Ser (peptide nos . 38 and 40 of figure 7-2 respectively) does not 

affect the DMPC binding capacity of their p ept ide . This change does 

no t decreas e the pep �id e ' s affinity for phosphat idylcholine below 

the thresho ld of  figure 7-2 and hence b oth peptides b ind to DMPC . 

Evidence for the increased cont ribution o f  arginine to  the 

stability of pept i de-phosphatidylcholine complexes relat ive to the 

other cat ionic residues comes from the consideration of equal 

contributions by the cationic residues (more evidence has been given 

in section 6 . 1 . 3 ) .  This  model is not shown . 

In progressing from this model to  the Amphipathic Thr eshold Model 

(figure 7-2) the phosphatidylcholine binding abi lity o f  pep t ide nos . 

4 7a , 5 1  and 56  swit ch from being underes timated to  being correctly 
* 

pred icted . It should be  emphasised that small increases in the 

number of correctly assigned pept ides are probably signi ficant since 

the number of incorrectly assigned peptides decreases from 6 to 4 ,  

a vas t  improvement .  The fact that  the number is small merely 

reflects the small number of peptides whi ch lie close to the thr eshold . 

7 . 2 . 2 . 4  Other Possib le Explanations of the Cationic Res idue Effect 

It  could be  argued that the importance of  cationic residues to 

the phosphat idylcholine b inding ab ility of peptides is  merely the 

express ion of another parameter which increases concurrent ly with 

* The phosphat idylcholine b inding ability o f  peptide no . 1 9  switches 

f rom being correctly predicted to b eing s ligh tly over-est imated 

by the Amphipathic Threshold Model . 
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the number of cationic res idues , This parameter might be the number 

of  1-2 , 1-4  and 1-5 ion-pairs , the number of  acidic residues or total 

peptide length . When each of these parameters is plotted agains t the 

same non-polar hydrophob icity as for the Amphipath ic Threshold Model 

the numbers of incorrectly ass igned pept ides were 7 ,  8 and 19  

respectively ( cf .  4 incorrectly assigned peptides for  the Amphipathic 

Threshold Model , figure 7-2) . Peptide length is obviously a poor 

subs titute for the cationic residue contribution in the mode� s ince 

nearly 5 times the number of inc orrectly assigned peptides are found 

using this parameter compared with the cationic contribut ion of figure 

7-2 . However , the situat ion is less clear for the number of 1 - 2 , 1 -4 
and 1 -5 ion-pairs and the number of acid res idues . The successfulness 

of  these parameters in correctly ass igning mos t of  the peptides to their 

binding and non-binding groups mos t probably reflects the high incidence 

of  1 -2 ,  1-4 and 1-5 ion-pairs in the pept ides s tudied ( 32 } , That is , 

whenever a cationic residue is present in a sequence it is· almos t always 

l inked to an anionic residue via a 1-2 , 1 -4 or 1 -5 ion pair . The 

Amphipathic Threshold Model st ill gives the leas t number of inc orrectly 

assigned pept ides, however the possibility of cont ributions from ion-pairs 

and/ or acid residues cannot  be overlooked , The synthesis and study of  

a new series of  peptides whose properties lie close to  the threshold 

of figure 7-2 but vary in their ion-pair and acidic residue content  may 

clarify this point . One s tudy , which compared the phospha tidy lcholine 

binding prope rties o f  a synthetic peptide with an analogue which was 

identical except that i ts cationic and anionic residues were inter­

changed , suggests  tha t the number of ion-pairs is not as impor tant as 

the pos ition of the charged res idues around the amphipathic helix ( 205 } . 

Al so pept ide 203  from the current study contains an ext ra Glu r es idue 

compared to the others in the series but no increase in DMPC affinity 

was obs erved for this peptide above that explained by i t s  non-polar 

s ide hydrophob icity , figure 7-1 . These  examples sugges t respect ively 

that the ion-pairs and acidic res idues are not important to the 

associ ation of peptides with phospholipid . A possib l e  role for acidic 

residues which has b een outlined in section 6 , 1 , 3 . 3  may expla in the 

high incidence of the i on-pairs in apolipoproteins . This role is  the 

neutral isation of  t he cationic residues since neutral ly charged 

molecules appear to have s trongest affinity for the neutrally charged 

phospho lipids .  
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7 . 2 . 2 . 5  The Choice of Hyd rophob icity Scale 

The Amphipathic Threshold Model utilises the reversed-phase HPLC 

derived s cale of amino acid hydrophobici ties of Meek and Rossetti ( 1 5 7 ) , 

�ee also "Meek 3" in appendix , section A . 2 ) . I t  is interes ting to 

consider the influence of a change in the hydrophobicity s cale on the 
* 

model . For thi s  reason the number of cationic residues was plot ted 

against  Bull & Breese ( 1 29 )  non-polar side hydrophobicity for the total 

number of synthesised peptides to determine the sensitivity of  the 

model to  a change of this nature . S�i tching to the Bull & Breese s cale 

of hydrophobicity results in an increas e in the numb er of incorrectly 

assigned phospha tidylcholine b inding pept ides from 6 to 9 .  Thus , no t 

only can the reversed-phase HPLC derived scale of  hydrophob ici ties b e  

applied t o  the phospha tidylcho line binding properties o f  peptides , but 

it is also  more effec tive than the s cale of Bull & Brees e for this 

purpose .  It is no table tha t although the use of  the Bull & Breese 

hydrophob icity scale causes a significant increase in the number o f  

incorrec t ly assigned peptides , this numb er is  small compared t o  the 

large increase in number of incorrectly as-s igned peptides which takes 

place when cationic residues are not taken into account (figure 7-3) . 

Therefore the effect of the change of  hydrophobicity scale is 

rela t ively minor compared to the effect of neglecting the cationic 

residues . 

The currently accepted model for pep tide-phosphatidylcholine 

association uses the average non-polar side hydrophobicity of  pep tides 

(see section 6 . 1 . 2 ) .  It is the refore of  interes t to compare the 

effec tiveness of this  parame ter wi th that of total non-polar side 

hydrophobicity . When average non-polar side hydrophob i ci ty (Meek 3)  
is  plot ted against  the number o f  cationic res idues in each peptid e ,  

the graph con tains 10  peptides whose phospha tidylcholine  b inding 

ab ili t ie s  have been incorrec t ly ass i gned . Thi s  should be compared to 

a graph which utilises the total non-polar s ide hydrophobicity 

(Meek 3 hydrophobicity scale) and whi ch contains only 6 incorrec tly 

assi gned peptides . Although the tota l hydrophobici ty of the non-polar 

side appears to  b e  s ignificant improvement over the average hydro­

phob i c i ty of the non-polar s ide  in this regard , more s tudies 

* A l i s t of the graphs cons tructed and their effectiveness can b e  

found in tab le 7-1 a t  the end o f  this sec tion .  
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would have to be  made before the inf luence of  average non-polar side 

hydrophob icity could be  completely discounted .  Such s tudies would 

involve the preparation of a series of peptides of different lengths 

but wi th a cons tant number of cationic residues and a cons tant average 

non-polar side hydrophobicity.  Most  s tudies performed to date do not 

satisfy these conditions however one s tudy is quite useful in this 

regard . The relative phosphatidylcholine affini ties of the pep tid es 

LAP-20 and LAP-24  have been estimated and the longer pep tide b inds much 

more s trongly . This cannot be predicted from a consideration o f  

average non-polar side hydrophob icity but " can be predic ted by a 

cons ideration of  total non-polar side hydrophob icity . Therefore i t  

would appear that the total non-polar s ide hydrophob icity is  the more 

relevant parameter.  

Furthermore it should be noted tha t there are two s t ipulations 

made on the hydrophobicity of peptides in the current Sparrow and Got to 

model ( 33 ) ; a minimum length and a minimum average non-polar side 

hydrophobicity .  These two s tipulations have the effect of placing 

a tota l non-polar side thresho ld on the peptides . Such s t ipula tions 

are thus ent irely cons istent wi th the Amphipathic Threshold Model . 

It is also interes ting to  note tha t Sparrow and Got to (33 )  sugges t 

that a minimum average non-polar side hydrophobicity o f  -850 cal/mol is 

required before a peptid e  binds s trongly to phospholipid . Plotting 
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the number o f  cationic residu es agains t average non-polar s id e  hydro­

phobicity for the all the apolipoprotein fragments and model p ept ides 

and the fi t t ing of a threshold to op timise the binding-non-binding 

compartmenta lisa tion results in a minimum average non-polar s ide 

hydrophobicity o f  - 1 900 cal/mo l for a peptide without cationic res idues . 

Tab le 7 - 1  shows the successfulness o f  the various plots in 

predic ting the phosphatidylcholine binding properties of the peptides . 

A list o f  the p eptides is given in the appendix , section A . 7 .  



Table 7-1  The Accuracy of Different Phospha tidylcholine-Pep tide 

Associa tion Hodels in Dis tinguishing Phospha tidylcholine­

binding Pep tides . 

No , 

Hydrophobicity O ther Incorrect Figure 

Scale 
a 

Parame ter Pep tides 
b 

Heek 3 To tal N . P . S . H .  c 2xArg+Lys+His 4 7-2 

Bull & Breese No . o f  residues 24 7-:-3 

Av . N . P . S , H .  

' 
Heek 3 Total N . P . S . H .  Arg+Lys+His 6 d 

Meek 3 To tal N . P . S . H �  
No .  of 1-2 , 1-4 

7 d 
& 1-5 ion-pairs 

Meek 3 To tal N . P . S .il .  Glu+Asp 8 d 

Meek 3 Total N . P . S . H .  No .  of residues 19 d 

Bull & Breese Arg+Lys+His 9 d 

Total N . P . S . H .  

Meek 3 Av . N . P . S . H .  Arg+Lys+His 10 d 

a) N . P . S . H .  = Non-po lar Side Hydrophobici ty . The Meek 3 and Bull 

& Breese hydrophobicity scales are detai led in the appendix , 

sec tion A . 2 .  N . P . S . H .  and average N , P , S . H .  were ca lculated 

us ing the computer program found in the appendix , section A . 3 .  

b )  Number of incorrectly assigned p ep tides . 

c) The Amphipathi c Threshold Mod e l .  

d )  Figure no t shown , 

7 . 2 . 2 . 6 . The "Fine...;.Tuning" of the Amphipa th ic Threshold Model 

In section 7 . 2 . 2  some ways of  improving the Amphipa thic  Threshold 

Model were proposed . These inc luded the de termination of  the exa c t  

relative contrib utions o f  the cationic residues and the maximis ing of 

the to tal  pep tide-phospha tidylcholine interactions by al lowing s ome 

flexibility in the a-helical s truc ture and in the dep th of pene tration 

of the he lix into the phospholipid .  O ther fac tors , such as charge 

repulsion by c losely situated charged res idues and extensive a-he lix 
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breaker regions ( 248)  or other secondary and ter tiary s truc tura l 

features may also need to be taken into account . In order to faci li tate 

the "f ine-tuning" of the Amphipa thic Threshold Hodel a uni form approach 

by the different groups working in this area should be adopted . Ideal ly 

an assay o f  phospholipid binding sh ould be used wi th s tandardised 

condi tions for pH , ionic s trength , phosph olipid type , prepara tion o f  

vesi cles , concentra tion of  b o th peptide and vesicles , temperature and 

me thod of quanti ta ting the amount of phospholipid-peptide interac tion . 

Using the Amphipa thic Threshold Model as a guide many pept ides can now 

be synthesised which lie close to the threshold . Sub tle changes to the 

sequences of such pep tides should allow a "fine-tuning" of the model .  

Note tha t adjustments to the model may be necessary for each type of  

phosph olipid to allow for  changes in the interactions b e tween phospho­

lipid charged head groups and the charged amino acids . 

7 . 2 . 2 . 7 Implications of the Amphipa thic Threshold Model 

If the Amphipa thic Threshold Model is correct then s -everal 

implica tions can be drawn about the mechanism of binding of pep tides 

to phosphatidylcholine . 

a)  An al terna tive to the discrete binding s i te 

The new approach offers an al terna tive to the concep t of dis cre te 

phospholipid binding s i tes . In the modi fied model presented here the 

length of amphipa thic helix is considered c ontinuous and phospholipid­

pep tide binding occurs only a fter a certain threshold for the free 

energy o f  associa tion has been exceeded . 

His torically , discre te amphipathic helical lipid-b inding regions 

were invoked on the basis of predic tions of secondary s tructure wi thin 

the apolipopro teins ( 190� 19 2 , 224)  calcula ted by Chou and Fasman 

parame ters ( 248) . A number of s tudies were comple ted on the lipid 

binding properties of series of synthetic pep tides representing 
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gradually increasing portions of  these proposed phospholipid-binding 

regions ( 3 3 , 1 93 ) . The requirement of a cer tain minimum length of the 

s equence for lipid binding to  occur was interpreted to mean that discre te 

lipid b inding si tes were involved . Such results are readily assimilated 

into the Amphipathic Threshold Model . The el onga tion of the sequence 

eventua lly causes the pep tide to bind phospholipid when the thresh old 

for f ree energy of association is exceeded . It  should be  no ted tha t 

such an interpretation d oes not limi t the phospholipid-binding region 



to that  region for which a-helici ty is predic ted . The Chou and 

Fasman (248 )  predic tions of secondary s truc ture should be regarded as 

suspec t  for  this application since the a-helix and 6 -shee t parame ters 

are inheren tly biased in that  they have been calcula ted f rom the 

s tatis tical occurrence of res idues in the various secondary s t ruc tures 

of wa ter solub le globular proteins (246 ) . Apol ipopro teins bear s ome 

di fferences to this  group of  pro teins in that they have no or  few 

cys tine dis ulphide linkages , pros the tic groups or bound ligands which 

allows a fl exibility o f  conformation not found in o ther protein c lasses 

( 32) . One of the reasons for the low a-helix potentials calculated for 

sequen ces between the proposed amphipathic helical sections of the 

apolipopro teins is the exis tence of proline wi thin these regions . 

The s tatis tical analys is of  p roline residues wi thin wa ter solub le 

globular proteins which have had their s truc tures ana lysed by X-ray 

crys tallography leads one to believe tha t prol ine is an a-helix b reaker . 

However , analys is o f  the sequences in which Chou and Fasman calculations 

fail to predic t a-hel ical s truc ture found by X-ray crys tallography 

reveal tha t  several of these sequences contain proline in a s li gh tly 

dis tor ted a-he lix (248) . Such sequences are found in B-haemoglobin , 

cy toch rome C ,  cytochrome b5 , sub tilisin BPN ' ( 248) , and in phosph olipase 

A2 (249 ) . It is  quite feas ib le that  proline res idues found in apolipo­

proteins merely alter the d irec tion of the helix to acc ommodate the 

curva ture of the phospholipid or  lipopro tein partic le as has b een 

proposed by others ( 32 ) . This reas oning is suppor ted by the periodic 

occurrence of proline wi thin the s tructure of apolipopro tein A-I ( 250) . 

Ano ther func tion of  the proline residues contained in apolipoproteins 

may be to decrease the a-helici ty of these proteins in s olution and 

hence maximise the free energy of as socia tion wi th phospholipid . 

Alternatively the func tion may be to decrease the degree o f  self  

assoc i at ion and oligimerisation of the apolipoprotein by decreasing 

the regularity of the non-polar face , as has been noted for 6-endorphin 

(25 1 ) . 
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Furthermore s everal s tudies have shown tha t the a-helicity o f  

apolipoproteins increases o n  b inding t o  phospholipids ( 32 ) . Apolipo­

protein model p eptides ( 3 3 , 1 9 3 ) , o ther proteins ( 2 1 2 , 25 2 , 254 , 2 5 5 )  and 

unrela ted peptides ( 1 8 , 19 , 2 1 , 2 2 , 253)  also become more a-helical on 

binding to phospholipids . This s tabilisa tion of the a-helix conformation 

is also  seen in non-polar solvents ( 19 , 256 , 2 5 7 ) . Chou and Fasman 

calculations clearly under-predic t  a-helical s truc ture o f  apolipo-



proteins and peptides in the phospholipid environment . Thus the 

prediction of discrete a -helical sections in apolipoprot eins by Chou 

and Fasman parame ters may no t be relevant to the lipid bound prot eins . 

There wi ll of course be some sequences which cannot adopt the a-helical 

configuration even when s tabilised by phospho lipid but such sequences 

wi ll  be less common than that predicted by the Chou and Fasman 

calculations . The calculation of  an adj us t ed set of Chou and Fasman 

parame ters for each amino · acid is of  course hampered by the difficult 

task of crys tallis ing protein-lipid or peptide-lipid mixtures ( 1 ) . 

b )  Why A Threshold ?  

150 

It  is interes ting to consider why a threshold for peptide-phosphatidyl­

choline association should exis t at all . The exis tence of a threshold is 

not unprecedented in so lute-phospholipid interactions . We may draw 

a parallel here with the partitioning o f  a series of alkyltrimethyl 

ammonium halides into membranes (258) . When the alkyl chain is up to  

6 carbons in length , interaction with membranes is  superficial . Longer 

chain l engths , however , give ris e to penetration and much stronger inter­

action . Clearly in this situat i on we also have a threshold . The hydro­

phobic ity of the s o lute increases until a certain value is exc eeded and 

then a s trong interaction results . 

Since the threshold appears to be  obeyed for a large number of 

different peptides the threshold would appear to be a property of  the 

phospho lipid rather than a property of the peptide or peptide-phospho­

lipid c omplex . Perhaps this p roperty is the large internal pressure of 

phospholipid bi layers ( 1 30 ) . We could expect phospholipid b ilayers to 

squeeze out poten t ial s o lutes by way of this internal pressure or 

cohesiveness .  Such a proposi t ion is c onsistent with a s tudy by Phi llips 

� al.  ( 259 )  in which it was found tha t the hydrophob ic prot ein 8-casein 

could not penetrate a condensed phospha tidylcholine monolayer but could 

penetrate an expanded mono layer . 

Another way o f  looking a t  this p roblem is to consider the work 

required to oppose the internal pressure prior to the insertion of 

a solute . For a given size of solute , there mus t be a minimum inter­

act ion energy of the s olute and phospholipid (equal and oppos ite  to the 

work done oppos ing the internal pressure ) befo re any interac tion wi ll 

take p lace . It  has been estimated that the internal pressure in 

dis tearoyl lecithin monolayer is approx . 26 dyne/cm ( 1 30 ) . A very 



simplis tic calculation of the work required to insert a 20 residue 

peptide in the form of an a-he lix into such a monolayer results in 
* 

a value of 3 . 4  kcal /mol . This should be  compared wi th the threshold 

non-po lar side  hydrophob icity of a pep tide with no cationic res idues . 
** 

This value is 1 9 . 4  kcal/mo l .  The two va lues are of the same order of 

magnitude , which is encouraging cons idering the assump tions which have 

been made , The penetra tion of water to the 5 th methylene groups of the 

phospholipid acyl chains may account for s ome of the discrepancy ( 2 3 1 ) , 

Al though this theory seems to b e  at tractive there may be many other 

possib le causes for the threshold in this c omplex interac tion . · 

c)  How is the Cationic Cont ribut ion Expres s e d ?  

Clearly a contribution o f  the cationic residues to  phospholipid­

binding is implicated , The contribution of the alkyl moie ties of  the 

side chains of these residues to hydrophob ic int eractions in comp lexes 

is expec ted to be quantitated by the reversed phase HPLC determined 

scale used in the revised model , Therefore rather than any added 

c ontribu tion from the alkyl moie ties of the cationic residues it mus t 

be the cation itself which is involved in extra stabilisation of the 

peptide-phospholipid complexes , 
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I t  may b e  that  the ionic in terac tion i tself  does not contribu te to 

the free energy of  as sociation , but that the perturbation of the negative 

po tent ial  of the phos pha te layer in the phospha tidylcholine decreases 

repuls ive forces between the polar head groups . This would allow closer 

packing of  the head groups which in turn would allow closer packing of 

the alkyl portions of  the phospholipid closest to the interface hence 

exc luding wa ter molecules from this hydrophobi c  region . The favourable 

association of cationic residues wi th phospholipids may therefore be  

due indirectly to  the hydrophob ic effect . The closer packing o f  alkyl 

chains b elow cationic residues is compatib l e  with the sugges tion by 

Sparrow and Gotto  ( 33 )  tha t hydrophob ic res idues neares t in s equence to 

* Ass uming the d imensions of the pep ti d e  a re 3 nm x 0 . 3  nm ( 260)  and 

tha t  the pressure stays constant d espite  the dis turb ance of the 

ins ertion .  

* *  The Bull and Breese scale o f  hydrophobi city ( 1 2 9 )  mus t be used because 

the units of this hydrophobici ty scale a re in energy units  while  the 

reversed-phas e HPLC derived scale of the Amphipathic Threshold Model 

has units of minutes , 



the ion-pairs on an amphipa thic . he lix are more important than other 

hydrophob ic res idues in influencing phospholipid bind ing . It could be 

argued tha t closer packing of the polar head groups would induce large 

changes in the phosphorous NMR spectra o f  the phospholipid . However , 

in the binding of  poly-L-lysine to negatively charged phospho lipids 

(where el ectros tatic interactions are very important ) the local order 

of the phosphate region is not a ffected ( 2 1 3 ) . Henc e a small change in 

the relaxa tion time of  the phosphorous nuclei upon binding of protein 

may be compatible with this interpretation . Moreover the increas e in 

the tempe rature of the gel to l iquid crys tal line trans ition of phospha­

tidylcho line upon binding to apo lipoprot eins is compatib le wi th a c loser 

packed region of  phospho lipid surrounding the apolipoprot ein . The 

conc ept o f  a more stable phospho lipid domain being clos es t to the 

apolipopro tein is at variance to  the proposal by other authors ( 1 28 )  

who reason that the addition of protein perturbs the phospholipid 

closes t to it while inducing remotely the s tabi lisa tion of the domain 

o f  phospho lipid farthest from the prot ein . It  is d i f f icul t to envisage 

how this circums tance might  aris e .  

7 .  2 .  3 Api'l�c:at�on o� t�e /unPhipathic Thresho ld Model 

to Non-apolipoprotein Peptides 

The Amphipathic Thresho ld Model quant itates the maj or interactions 

between apolipoprotein fragments  and phospbatidylcho line (PC) but can 

the model be applied to other p eptide-PC associa tions ? .A good tes t  of 

the general applicability o f  the model is to use it to predict the PC 

affinity of a completely different pool of pept ides . A lis t of non­

apolipoprotein peptid es for which PC affinities are known is given in 

tab le 7-2 . Thes e peptides are plotted in figure 7-4 according to the 

Amphipathic Threshold Model . Considering the divers i ty of function o f  

the peptides and the differing conditions of  the P C  binding assay ,  the 

agreement of the PC affinity o f  these peptides wi th their predicted PC 

affini ty is remarkable.  

As can be seen in figure 7-4  the lack of affinity for  PC of  human 

gas trin , soma tos tatin (reduced ) , subs tance P ,  s leep peptide , angio tens in 

I, glucagon ( 19-29) , 8-endorphin , ACTH ( 1- 10 )  and salmon calcitonin 

are correct ly predicted by the model . Similarly the model  accurately 

predicts  the s trong PC affinity of : the sur face active peptides delta-
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Numb er 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

1 1  

1 2  

1 3  

1 4  

1 5  

1 6  

1 7  

1 8  

1 9  

Peptide 

human gas trin 

somatostatin ( reduced) 

subs tance P 

sleep peptide 

angiotens in I 

glucagon 

glucagon (1 9-29 ) 

corticotropin releasing factor 

growth hormone releasing fac tor 

B-endorphin 

ACTH (l-10)  

ACTH ( l-24)  

delta-haemolys ina 

melittin 

cytotoxic 

calcitonin 
" 

" 

peptide 
b (human) 

b 
(porcine) 

b 
( salmon) 

porcine phospholipase A2� 

Reference 

( 253)  

(253)  

(253)  

( 253 )  

( 2 53 )  

(26 7 )  

( 253 )  

( 262 )  

( 262 ) 

( 2 6 1 )  

( 1 6 )  

( 1 6 )  

( 2 6 3 , 264)  

( 2 2 )  

( 25 1 )  

( 265)  

( 265 )  

( 265 )  

( 266 ) 
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Tab le 7-2 A L is t  of  Non Apolipoprot ein Peptides With Known Phosphatidyl­

cho line Affinity . Thes e pept ides are p lo t t ed in figure 7-4 . 

a )  S taphylococcus aureus 

b )  Resi dues 1-7 were omitted from the calculation of the non­

polar side hydrophobicity due to the 1 - 7  d isulfide linkage 

and hence the uncertain s econdary s tructure in this region. 

c) The interface recognition region of  porcine phospholipase A 2 .  

The non-polar side hydrophob icity of  the N-terminal s equence 

( 1-22 )  was calculat ed using the comput er program in the 

appendix (section A . 3)  and then the hydrophobicity of 

Tyr
69 

was added to this result s ince this  tyrosine residue 

has also been implicated in the phospholipid binding 

process ( 26 6 ) . 



Figure 7-4 · The Application of  the Amphipathic Threshold Model to the 

Phosphat idylcholine Binding of  Non Apolipoprotein Peptides . 

The s equences of the peptides listed in table  7-2 were 

analysed according to the rules of the Amphipathic Threshold 

Model ( see figure 7-2)  and plotted as for figure 7-2 . The 

threshold drawn in this figure has been directly transferred 

from figure 7-2 .  Phosphatidylcholine affinities : e ,  form 

stab le cpmplexes ; � , int eract weakly wi th phosphatidyl­

cho line but do not form s tab le complexes ; o ,  do not inter­

act with phosphat idylcholine . 
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haemolys in , melittin and a cytot oxic peptide wi th me li ttin like 
* 

activity , the peptide hormones corticotropin releasing fac tor , growth 

hormone releasing factor , and ACTH ( 1-24 ) ; and the phospho lipid int er­

face recogni tion site of porcine phospholipase A2 • 

The model appears less useful in predic ting the PC af fini ties o f  

human and porcine calcitonins which have only a low affinity for DMPC 

as evidenced by di fferen tial scanning calorimetry ( 265 ) . The pres ence 

of  1-7 disulphide bridges in these pep tides may have distorted the . 

amphipathic charac ter of the remainder of the s equences . The model 

under-predicts the PC affini ty of glucagon (No . 6 ) . However , it mus t 

be  pointed out tha t glucagon b inds to DMPC only over a narrow temperature 

range near the phase transition temperature and wi ll not apparently bind 
* 

to DPPC . Thus the affinity of glucagon for PC is not particularly 

s trong and therefore a position close to the threshold would be expected 

when glucagon is plot ted on figure 7-4 . Other authors have sugges ted 
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tha t the glucagon molecule can be envisaged as two separate amphipathic 

heli ces ( 1 - 1 4  and 19-29 ) separated by 4 polar residues ( 269) . Calculation 

of the non-polar side hydrophobicity for these two fragments followed 

by addition of these values results in the correct predic tion of 

glucagon ' s DMPC affinity . 

It is  necessary to explain the inclus ion of  the phosphol ipas e A2 
sequence in figure 7-4 . The affinity of this protein for phospholipids 

is  s t rong and has been sugges ted as a model for protein-lipid inter­

actions ( 2 3 ) . The interface recognition site  of  thi s  prot ein has b een 

s tudied and the residues responsio le for phospholipid binding ident ified 

( 266 ) . Furthermore the maj ority of these residues are locat ed in 

a-helical s e gments at the N-terminus of this enzyme ( 249) . Thus- there 

is some s uppor t for the hypothesis that an amphipathic helix is involved 

in the interface recognit i on site of this enz}�e . It is notable that 

the synthesis of a s emi-synthetic analogue of porcine phospholipase A2 
in which Arg6 was replaced with Asn6 , has a decreased affinity for PC 

monolayers ( 2 70) . Thi s  is in complete agreement with the function of 

cationic residues defined by the Amphipathic Threshold Model .  

An interesting approach to the spec ificity o f  int eraction of the 

peptide hormones wi th their s urface receptor is best described us-ing 

8-endorphin as an example .  This peptide will not interact s trongly 

* The model also predicts  a s tronger int erac tion for the cytotoxic 

peptide compared to melittin as is observed (251 ) . 



wi th PC and therefore lies just below the threshold in figure 7-4 

(No . 1 0 ) . Thus wi th the added cont ribution of a specific receptor-

8-endorphin interaction the 8-endorphin can interac t s t rongly at  the 

cell recept or site while demons trating no non-specific affinity for 

other membraneous surfaces . The c ons truct ion of  s-endorphin ana logues 

with mor e  uniform amphipathic helix s truc tures resulted in unpredic tab le 

biological  potency of these analogues probably due to non-specific 

int eract ion wi th phospho lipid s ( 2 7 1 ) .  

The s imilarity of the potent ial amphipathic helix in &-endorphin 

to those  in apolipoproteins together wi th the increase in a-helix 
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content  of this peptide in helicogenic solvents  has led to the hypo thes is  

that the  po tential amphipathic helix is important in  the int eract ion of  

8-endorphin wi th membrane phospho lipids ( 1 9 ) . A two s tage interac tion 

was envisaged where 8-endorphin would firs t partition int o (or onto)  

the membrane and then interact wi th the opia te recepto r .  Very accurate 

receptor  binding cons tants for porcine 8-endorphin and its deletion 
'* 

pept ides  are avai lable from this s tudy . Figure 7-5 shows the 

correlat ion between rat brain opiate receptor affini ty and the phospho­

lipid b inding potential (considering both hyd rophobicity and cationic 

residues according to the Amphipathic Th reshold Model ) for each of 

the p ep tides . 

* Porcine  8-endorphin lies extremely close to human 8-endorphin when 

plot ted on figure 7-4 and hence is expected no t to bind to phospha­

tidylcholine . 
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Figure 7-5 The Calculated Affinity For Phospho lipid v ' s Rat Brain 

Opia te Receptor Affinity for Deletion Peptides of 

Porcine 8-Endorphin . 

The phospholipid affinity of each peptide was calculated 

by finding the total non-polar side hydrophobocity of each 

peptide (by using the hydrophobicity scale of Meek 3 in 

the comput er program of section A . 3)  and adding to this 

a value of 4 . 52 min for every lysine and his tidine residue 

in the peptide . Thus the two maj or cont ribu tions to 

phospholipid affinity quantita ted by the Amphipathic 

Threshold Model are combined into one parameter in this 

graph.  The inset shows the best  availab le correlation of 

receptor affinity with any parameter prior to this s tudy . 

The receptor affinities were ob tained from reference (19)  

using the equation K
a 

= 1 /Kd . 
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The correlat ion is except ionally good . Thos e pept ides which do not 

contain the amino termina l tyrosine lie on the lower line while those 

which contain this residue lie on the top line . This confirms tha t the 

amino termina l tyrosine res idue is extremely important for receptor 

binding contributing approximately -5 . 2  kca l/mo l to the free energy of 
* 

binding .  The mos t s triking feature of this graph is that the two lines 

are parallel . This means that apart from the specific tyros ine inter­

action with the receptor (and a slight ly larger than predic ted value 

for the recep tor af fini ty of the 1-5 fragment ,  enkephalin , which may 

be due to the greater flexibility of this short peptide)  the af fini ties 

of these  p ept ides for th e receptor can be quantitatively explained by 

their p redic ted affinit ies  for phosphatidylchol ine . This is an extremely 

powerful argument for the part icipation of membrane lipids in the inter­

action of s-endorphin wi th its receptor .  The s equence homology of 

porcine 8-endorphin wi th human , ovine , b ovine , camel , equine , rat , 

ostrich , turkey and salmon 8-endorphins ( 19 )  may reflect tne importanc e 

of the amphipathic helix to the mode of binding of tnis peptide to the 

recept or in o ther species .  

7 . 3  Conclus ion 

The Amphipathic Threshold Model pos tulated in this work presents 

1 58 

a cons iderab le advantage over previous methods of predic ting phospha tidyl­

choline-pept ide interactions . The model is app licable to apol ipoprot ein 

fragments and also to certain peptide hormones and surface active pept ides . 

The model may also be useful in quantitating peptide hormone-receptor 

interact ions . 

The hydrophobicity scale used in the mode l  is based upon the revers ed­

phase HPLC retention of peptides . Reversed-phase HPLC has been shown to 

accurately reflect the hydrophob ic environment of the phospholipids . In 

particular a sys tem consisting of a � -Bondapak alkylphenyl co lumn with 

a gradient f rom 1% t rie thylammonium phospha t e  (TEAP) pH 3 . 2  to 80% 

2-propanol : 20% 1% TEAP was particularly useful in quantitat ing the 

* This specific tyros ine-receptor interaction energy of -5 . 2  kcal/mol 

may b e  compared with the hydrophobicity of  tyrosine measured by Bull 

and Breese ( 1 29 )  of  -2 . 24 kcal /mol .  Not e ,  however , that the hydro­

phobi city of tyrosine is already included  in the calcula tion of  

phospholipid affinity plot ted in  figure 7-5 . 



hydrophobic interactions between peptides and phospholipids . Further­

more the thermodynamics of the revers ed-phase HPLC re tent ion may more 

accurat ely reflect the thermodynamics of peptide-PC interac tions . 

Us ing the model as a guide , the synthesis of many peptides can now be 

at t emp ted to " fine- tune" the hydrophobicity scale and the interactions 

of the polar residues . No such guide has b een available before this 

s tudy . 
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APPENDIX 

A . l The Effect of Various Guard Columns on the HPLC Separat ion of 

Pept ide 203 From Cont aminat ing Pept ides 

The effect of p lacing an "in line" guard column b efore the hi gh 

performance column in an HPLC sys t em is cons idered here . As shown in 

figure A-1 the separation of  peptide 203 from its synthet ic contaminating 

pept ides is almost  unaffected by the placement of a guard co lumn (contain­

ing Cl8 /Porasil B packing) between the inj ector and the Radial-PAK Cl 8 

column . 

The peptide is eluted s ligh tly later wi th no decrease in efficiency 

when the guard column is added to the sys tem .  

The ef fects o f  4 different  guard co lumns upon the sys tem used in 

figure A- lA are shown in Figure A-2 .  This figure shows that the choice 

of guard column does not greatly influence the s eparation . The 

recoveries would appear to be bet ter when Cl8/Porasi l  B or  Prep-PAK Cl8  

packings were used in  the guard columns however .  Comparis on wi th 

figure A- 3 shows tha t 3 of  tqe guard columns (when used wi thout any 

other co lumn) have very poor efficiencies (figure A3-A , B & D) . These 

broad p eaks are completely eluted before the composi tion o f  the mobile 

phase reaches tha t required for elution from the Radia l-PAK Cl 8 column . 

Thus the p eptide eluted f rom the guard columns is  merely readsorbed in 

a tight band onto the high performance column in all cases . For thi s  

reason the efficiency o f  the guard column is not relevant provided the 

elution of  the pep tide from the guard column is complete well before 

the peptide  begins to be eluted from the high performance column . 
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Figure A- 1 A Comparison of  the Efficiency o f  Separation of  Peptide  203 

With (B)  and Without (A) a Guard Column . 

Condi t ions of  Elution : -

Column : Radial-PAK C18 

Guard  Column : A,  none ; B,  C l 8/porasi l  B 

Solvent A :  - 0 . 1  M ammonium bicarbonate ,  pH 7 . 9  

Solvent B :  - 2-propanol : acetonitrile : solvent A ,  ( 3 : 3 : 4 ,  v : v : v) 
De tect ion : A ,  230 nm , O . i AUFS 

B ,  230 nm, 0 . 2  AUFS 

Sample : 1 2 . 5  �g peptide 203  purified by gel fil tration and ion­

exchange chromatography ( i . e .  up to step 7 o f  figure 3-1 1 ,  

section 3 . 4 ) in 6 M urea . 

Gradien t : l inear , 0- 1 00% solvent B over 60 min . 
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Figure A-2 The E f fect of Various Guard Columns on the HPLC Separat ion 

of  Pep tide 203 from i ts Contaminating Peptides . 

The c ondi tions of elution are identical to those of  

figure A- l B .  The guard column (Waters Associa tes ) had 

dimens ions of 30 X 3 . 9  nun .  

Guard columns : A ,  C l 8 /Poras i l  B ,  0 . 1 3  g .  

B ,  Prep-PAK C l 8 , 0 . 1 7  g .  

c , Spherisorh ODS . 

D ,  Cl 8/Coras i l ,  0 . 35 g .  

The guard columns in A ,  B and D were prepared by the tap-fill 

method adding the dry packing in four roughly equal amount s .  

The guard column in C was packed from a s lurry under high 

press ur e . 

Figure A-3 The Efficiencies o f  the Various Guard Columns Alone . 

The condit ions of elution are identical to those 

of figure A- lB except tha t the Radial-PAK C l 8  

column has b een r emoved . The guard columns have 

been described in figure A-2 . 
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A . 2 Hydrophob icity Scales 

Many methods have b een used to quantify the hydrophobic character of 

amino acids . Tab le A- 1 p resents a number of these scales together wi th 

their source and the type of experiment used for the quantitation .  

Tab le A- 1 Details o f  Different Hydrophob icity S cales . 

· Name 

Sasagawa 1 

Sasagawa 2 

Meek 1 

Meek 2 

Meek 3 

Meek 4 

Rekker 

Bull & Breese 

Jones 

Manavalan 

Pliska 1 

Pliska 2 

Details of hydrophobicity measurement 

HPLC , �Bondapak C1 8 ,  0 . 1 % TFA, pH 2 

As above but weighted towards smaller peptides 

HPLC , Bio-Rad ODS , 0 . 1  M NaCl0
4 , pH 7 . 4  

As for Meek 1 but also 0 . 1 % H3
Po4 , pH 2 . 1  

As for Meek 2 but averaged over 100 peptides 

As for Meek 3 but 0 . 1 M NaH2Po4-0 . 2% H3
Po

4 

Octanol/watei partioning 

Surface tension of amino acids  at isoelectric 
point 

Solub il i ty of amino acids in aqueous organic 
solv . 

Statistical , surrounding hydrophobicity 
in 1 4  p roteins . 

t . L  c .  o f  amino acids at pH 3 . 2  

t . l . c . o f  amino acids at pH 8 . 0  

Wolfenden Affiniti es of  s ide chains for water 

Kyte & Doolittle  ¥ixture of Wol fenden and s tatis tical protein 
s tudy 

Reference 

( 1 5 8) 

( 1 58 )  

( 1 55 )  

( 1 5 5 )  

( 1 5 7 )  

( 1 5 7 )  

( 1 58 , 1 75 )  

( 1 29 )  

( 1 78 )  

( 1 7 7 )  

( 1 76 )  

( 1 76 )  

( 1 7 9 )  

(2 7 2 )  

The hydrophob icities o f  each amino acid measured b y  each o f  the s cales 

are given in tab le A-2 .  



Tab le A-2 The llydrophob i c i t iea o f  the Am i no Acids Meaoured by D i f ferent Sca l e s .  

C CYS 

B HIS 

I ILE 

M HET 

I SER 

V VAL 

. A  ALA 

C CLY 

L LEU 
P PIIO 

T THR 

P PHI: 

R AAO 

Y TYR 

W Till' 

D ASP 

" ASH 

S CLU 
0 CLN 

1t LYS 

SASAGAWA SASAGAWA MEEK MEEK 

2 

H£EK "'EEK 

4 

REKKER BULL ' JONES 

a•u:r.�c" 

o'" 

0 . )4 

1 . 3 8 

0 . 8 5  

0 . 1 8  

0 , 38 

0 . 1 3 

0 . 22 

l . H  
o . u  

0 . 1 2 

1. 7l 
0 , 25 

1 . � 3  

2 . 3 4 

0 . 10 

- o . u 

0 . 2 7 

0 . 3 6 

o . o s  

2 1 

oa o" o• o" lli 0 0 . 9 )  

8 . 8  - ) . 5  0 . 8  - 0 . 7 - 2 . 2  -0 . 2 3  

2 7 . 4  1 3 . 9  1 1 . 8  1 . 5  7 . 0  1 . 9 9 

1 4 . 5  

1 . 1  

7 , 4  

2 . 4  

4 . 0  

26'. 4 

7 . 9  

4 . 8  7 . 1  5 . 4  4 . 0  

1 . 2  - 3 . 7 - 1 . 2  - 2 . 9  

2 . 7  3 , )  5 . 9  4 . 6  

0 . 5  -0 . 1  1 , 1  1 . 0  

o - o . 5  -o . 2  0 . 2  

a . a  1 o . o  1 1 . 0  ' · '  

6 . 1  a . o  4 . 4  3 . 1  

1 . 0 8 

- 0 . 5 6  

1 . 4 6  

0 . 5 3  

o . oo 

1 . 99 

1 .  0 1  

7.4  2 . 7  1 . 5  - 1 . 7  -0 . 6  · -0 . 26 

3 1 . 4  1 3 . 1  1 3 . t  1 3 , 4  1 2 , 6  2 . 24 
o o . e  -4 . 5  -o . 4  -2 , 0  oa 

2 1 . 0  6 . 1 8 , 2  7 . 4  6 . 7  1 , 70 

1 5 . 1 1 4 . 9  1 8 . 1  1 7 . 1 1 5 . 1 2 . 3 1  

-o . 1  - 1 . 2 - 2 . 1  • 1 . 6  -o . 5  - 0 . 0 2  

- 1 1 . 1  o . a  - 1 . 6  - 4 . 2 - 1 . 0  - t . os 

2 . 7  - 16 . 9  - 7 . 5 0 . 7  1 . 1  - 0 . 0 7 

3 . 2  -4 . 8  -2 . 5  - 2 . 9  - 2 . 0  - 1 . 09 

- 3 . 1  0 . 1 • 3 . 2 - 1 . 9  - 3 . 0  0 . 52 

+0 . 4 5 1 . 5 2  

+0 . 1 2 0 . 8 7 

+ 2 . 26 3 . 1 5  

+ 1 .  4 7  1 . 6 7  

+ 0 . 3 9  0 . 0 7  

+ 1 . "  l .  8 7  

+0. 2 0  0 , 8 7 

0 0 . 1 0  

+ 2 . 4 1  2 , 1 7  

+0 . 9 8  2 . 7 7  

+0 . 5 2 0 , 0 7 

+2 , 3]  1 , 1 7  
+0 . 1 2  0 , 8 5 

+ 2 . 2 4  2 . 6 7  

+ 2 . o.l  3 . 7 7  

+ 0 . 2 0  0 , 6 6 

- o . o a  o . o 9  

+ 0 . 30 0 . 6 7  

-o . a  o 

+ 0 . 3 5  l . U  

a )  No value qi ven there fore arbi tra r i l y  choaen a t  tero, 

HhNT\VI\LJIN 

1 4 . 6  3 

1 2 . 1 6 

1 5 . 6 7  

1 4 . 3 9  

1 1 . 2 3  

1 5 . 7 1 

1 2 . 9 7 

1 2 . C l  

1 4 . 9 0 

1 1 . 37 

1 1 . & 9 

1 4 , 0 0  

1 1 . 7 2 

l l . 4 2  

1 3 . 9 3  

1 0 . 8 5  

1 1 .  4 2  

1 1 . 8 9 

1 1 . 76 

1 1 . 3 6  

b) The Bul l ' Breeaa hyd rophob l c i ty a c a l e  ahown h o r e  i a  t h a t  of refarenCP 1 1 2 9 )  

mul t i p l ied b y  noqatlve ono , T h i a  w � •  nece a a a ry t o  m�ke the aiqn of t h e  acale 

po a i t i ve for i ncrea a i n q  hyd rophobicity and hence make the ecale compa tible 

vith the computer proqra� in section A . l .  

PLISKA 1 

0 . 82 

- 0 . 84 

1. 5 5  

1 .  4 2  

- o . o 8  

1 . 1 8  

0 , 4 0 

0 

l . U  
o .  7 7  

0 . ) )  

1 , 1 3  
-0 . 9 0  

0 . 1 1 

l . H  

- 0 . 0 7  

-0 . 16 

0 . 36 

0 . 1 0  

-1 . 1 4 

PLISKA 2 WOLrENOEN 

0 . 8 2  - 1 . 2 4 

0 . 3 9 - 1 0 . 2 7  

1 .  5 5  2 . 1 5 

1 .  4 2  - 1 . 4 8  

• 0 . 0 8  - 5 . 0 6 

1 . 1 8  1 . 9 9  

0 . 4 0 1 .  9 4  

0 2 . 39 

l . U  2 . 2 1 

o. 7 7  oa 

0 . 1 3  • 4 , 88 

1 . 8 3  -o. "  
- o .  to • 1 9 .  u 

0 . 8 8 - 6 . 1 1 

1 . 4 1  - 5 . 8 8 

- 1 . 0 5  - 1 0 . 95 

-o. a -9 . 6 8  

- 0 . 9 8  - 1 0 . 20 

0 . 10 - 9 . 3 8 

- 1 . 1 4  - 9 . 5 2  

ltYTE ' 

OOOL ITTLE 

2 . 5  

- 3 . 2  

4 . 5  

1 .  9 

-o. 8 

4 . 2  

1 . 8  

• 0 . 4 

, 3, I 

- 1 . 6  

-0 . 7  

2 . 1  
-4 . 5  

- 1 . 1 

- n . t  

- 3 . 5 

- 3 . 5 

- 3 . 5  

- 3 . 5  

- 1 . 9 

..... 
a­
� 



A . 3 Computer Program for the Calculation of Non-po lar · Side 

Hydrophobicities of Peptides 

The computer program detai led below calcula tes the to tal and the 

average hydrophobicity o f  the non-polar surface of the pep tide when 
* in the a-helical c onfo rmation . The calculat ion is performed for 

a part icular 1 80° of the helix surface then the face is shif ted around 

the helix by an increment of 20° and the hydrophobicity recalculated . 

The las t s tep is performed repeated ly until the face is back at  its  

original pos ition . The maximum total hydrophobi city from all of  the 

d ifferent pos itions o f  the face is then called the "non-polar side 

hydrophobicity" . The average hydrophob icity of the non-polar side is 

then calculated by dividing by the number of residues on the non-polar 

side . 

* The a-he lix is assumed to have 3 . 6  residues per turn and 

hence each residu� is separated by 100° . 

Input 

"Hydrophob icity scale" : 

"Penetration of  helix" : 

"Peptide Sequence" : 

Output 

"To thyd" : 

"Avtot" 

"Test" : 

"Avnpol" : 

"Polar" : 

"Avpol" : 

As defined in tab le A-2 . 

The area of face over which hydrophobicity 

is to be summed (180° for all the 

calculation made in this s tudy ) . 

in one let ter or three le tter code . 

the sum of the hydrophob icities of  all 

the amino acids in a sequence . 

"Tothyd" divided by the number of amino 

acids in a s equence .  

the maximum hydrophobicity o f  the non­

polar face as des cribed above (also called 

the "Non-polar Side Hydrophobicity") .  

"Tes t'' divided by the number of amino acids 

on the maximum non-polar fac e .  

"To thyd" - "Tes t" 

"Polar" divided by the number o f  amino 

acids not on the maximum non-polar fac e .  

16 5 



program pept ides ; 

type amino ac ids • (cys , his , ile , met , ser , � al , al a ,  gly , leu , pro � thr ,  phe , arg , tyr , trp , asp , asn ,  glu , gln , l ys J ;  

�ar 

char 3 

ac id  names 

( *  
scale 
penetration 
pep t ide 
pepchar 

= packed array [ 1  • •  3 ]  of char ; 

array [ amino_acid s ]  of char3 ; 

Parameters * )  
array [ amino_ac id s ]  of  real ; 
integer ; 
array [ 1  • •  6Q] of amino ac ids ; 
packed array [ 1  • •  60 ] oT char ; 

n�_pept ides integer ; 
t�yd : real ; 
to tres : integer ; 
b iggest nonpolar : .  real ; 
f ir s t  - boolean ;  
formfeed char ; 

in teger ; 
array [ 1  • •  1 7 ]  of record 

no_b iggest 
sa� e_pol 

incr : integ er ; 
numbnp : integer 

end ; 
f ilename 
filelen 

packed array [ 1  • •  32 ]  of char ; 
in teger ; 

procedure init ialise ; 
b egin 

ac id names [ cys ] : = ' CYS ' ;  
ac io-names [ il e ]  : =  ' ILE ' ; 
ac id-names [ ser ] : =  ' SER' ; 
ac ia-names [ ala 1 : =  ' ALA ' ; 
ac ia-names [ leu : =  'LEU' ; 
ac io-names [ thr : =  'THR' ; 
ac ia-names [ arg ] : =  'ARG' ; 
acio-names [ trp ]  : =  ' TRP ' ; 
ac ia-names [ asn] : =  'ASN ' ; 
ac io-names [gln]  : =  'GLN ' ; 

first : =  true ; 
formfeed : =  chr ( 1 40 ) ; 

end ; 

proced ur e  readparameters ; 

� ar responce : char ; 
f tex t ; 
ac id amino_ac ids ; 

ac id names [his ]  
ac io-names [me t ]  
ac io-names [�al ] 
ac io-names [gly] 
ac ia-names fpro l 
ac ianames phe 
ac io-names [ tyr ] 
ac ianames [asp ] 
ac io-names [flu] 
acia-names [ ys ] 

func tion �al id_peptid e :  boolean ; 
� ar cnt : in teger ; 

eh : char ; 
� al id : b oolean ; 

beg in 
� al id : =  true ; 

: =  
: =  
: =  
: =  
: =  
: =  
: =  
: =  
: =  
: =  

'HIS ' ;  
' MET' ; 
'VAL ' ; 
' GLY ' ; 
'PRO ' ;  
' PHE ' ; 
' TYR' ; 
' ASP ' ;  
'GLU ' ; 
'LYS ' ;  
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cnt : =  1 ;  
repeat 

c a se (pepchar [ cnt ] ) of 
' c ' , ' C ' : pep t ide [ cn t ]  
' h ' , ' H ' : pep t id e [ cn t ]  
' i ' , ' I ' : pep t ide [ cn t ]  
' m' , ' M' : peptide [ cn t ]  
' s ' , ' S ' :  pep t id e [ cn t )  
' v ' , ' V ' : peptid e  [ cnt ) 
' a ' , 'A' : pep t ide [ cn t )  ' g ' , ' G ' :  peptide [ cn t )  
' 1 ' , ' L ' : pep t ide [ cn t )  
' p ' , ' P ' : peptide [ cn t ]  
' t ' , ' T ' :  pep tid e  [ cn t )  
' f ' , ' F ' : pept id e [ cn t ]  
' r ' , ' R ' : pep t ide [ cn t ]  
' y ' , ' Y ' :  peptide [ cn t ]  
' w' , ' W' : pep t ide [ cn t ]  
' d ' , ' D ' :  pept ide [ cnt ) 
' n ' , 'N ' : pep t ide [ cn t ] 
' e ' , ' E ' : peptid e [ cnt]  ' q ' , ' Q ' : pep t ide [ cn t ] 
' k ' , 'K ' :  pept ide [ cn t ]  

: ... . c ys ; 
: =  his ; 
: -=  ile ; 
: =  met ; 
: =  s e r ; 
: =  val ; 
: =  ala ; 
: =  gly ; 
: =  leu ; 
: =  pro ; 
: =  thr ; 
: =  phe ; 
: =  arg ; 
. - tyr ; 
: =  trp ; 
: =  asp ; 
: =  a sn ;  
: =  glu ; 
: =  gln ; 
: =  lys ; 

otherwi s e  b eg in 
val id : =  false ; 
wr iteln ( ' Inv al id Pep t id e  Charac ter 

' in c olumn ' cnt : 3 ) ; 
end ; 

end ; 
cnt : =  cnt + 1 ;  

un til ( cnt > no_peptid e s )  o r  no t valid ; 

v al idJeptide : =  v al id ; 
end ( * Val id Peptide *) ; 

beg in 
if fir s t  
then r esponce : =  ' y '  
el se 

, , ,  , pe pchar [ cn t ] , 

r epe a t  
wr i te ( ' Do you want t o  change the Hyd rophob icity scal e ?  ' ) ;  
read l n (responc e ) ; 

unt i l  ( responce in [ ' n' , ' y ' , ' N ' ,  ' Y ' )  ) ;  

t hen b egin (* Mus t ge t new v al ue s  * )  i f  responce i n  [ ' y ' , 'Y ' ]  
r epea t  

wr i t e ( 'Do yo u wan t  t o  enter a new Hyd rophob icity s c al e ?  ' ) ;  
r e ad l n (responc e ) ; 

un til ( responc e in [ 'n' , ' y ' , ' N ' ,  ' Y ' ] ) ;  

if res ponce in [ ' n ' , 'N ' ]  then b eg in 
wr i te ( ' Name o f  c urrent Hyd rophob icity scal e : ' ) ;  
read l n ( f il ename : f ilelen) ; 

r e s e t ( f ,  f i l ename ) ;  
f o r  ac id : =  cys t o  lys d o  

r eadl n ( f , scal e [ac id] ) ;  
( *  Read in the scale for each acid * )  

end el se beg in ( *  Read in v alue s  from terminal * )  
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for ac id : =  cys to lys d o  b eg in 
wr i t e ( ' Enter value for ' , acid_name s [ ac id] , ' :  ' ) ;  

read ln ( scale [acid ] ) ;  
end ; 

writeln ; 
wri te ( ' Name of new Hydrophob icity scale : ' ) ;  
readln ( f ilename : filelen) ; 
rewrite (f , filename) ; 
for ac id : =  cys to lys do  

writeln ( f ,  scale [ acid ] : 8 : 2 ,  ' (* ' , acid names J acid ] ,  ' * ) ' ) ;  
writel n ( ' Scale saved in file  , ,  , filename : fileTen , ' ' ' ) ;  

end ; 
end ; 

wr ite ( ' Enter Depth of Penetrat ion : ' ) ;  
readln ( penetra tion ) ;  

write ( ' Enter Peptide Name : ' ) ;  read ln (pepchar ) ;  
repeat 

write ( ' En ter Peptide : ' ) · 
readln (pepchar : no_peptides ) ;  

until v al id_pept ide ; 
end (* Read parame ters * ) ; 

procedure processpeptide ;  

var no d egrees : integer ; 
cnt : integer ; 

proc edure s um nonpolar ( lower , 
v ar v al ! real ; 

begin 

no : integer ; 
cnt : integer ; 
ang le : integer ; 

val : =  0 ;  
no : = 0 ;  

upper : integer ; polar : bool ean) ; 

for cnt : =  1 to no_pept id es d o  b egin 
angl e  : =  ( 1 00 * cnt )  mod 3 60 ;  

if ( lower < angle)  and ( angle < upper) then beg in 
v al : =  val + scal e [ peptid e [cnt ] J ;  
no : =  no + 1 ;  

end ; 
end ; 

if pol ar then b egin 
v al : =  tothyd - val ; 
no : =  to tres - no ; 

end ; 

if val >= biggest nonpolar then b egin 
if v al > biggest nonpolar then b egin 

no biggest : =  T; 
b igge s t  nonpolar : =  val 

end el se  no  biggest : =  no b iggest + 1 ;  - -

1 6 8  



wi th say e_pol [no_bigges t ]  do b egin 
numbnp : =  no ; 
inc r  : =  no degrees ; 

end ; · -
end · 

end ( � Sum Non pol ar *) ; 

begin 
tothyd : =  O ·  
for cnt : =  l to no_peptides do 

tothyd := tothya-+ scale [pept ide [cnt ] ] ;  

totres : =  no_peptid es ; 

bigge s t  nonpolar : =  -1 000 ; 
no deg rees := 1 0 ;  
repeat 

sum_nonpo lar (no_degrees , no_degrees+penetration , fal se ) ; 

no d egrees : =  no d egrees + 2 0 ·  
untiT (no_degrees � penetration� > =  360 ;  

repeat 
sum_nonpolar (no_degrees+penetrat ion-3 60 , no_degrees , true ) ; 

no d egrees : =  no d egrees + 2 0 ;  
untiT (no degrees >= 3 60) ; 

end (*  Process  Pept id e  * ) ;  

procedure total_and_print ; 
var cnt : integer ; 

b egin 

ac id amino acid s ; 
npres integer ; 
polar real ; 

npres : =  sav e_po1 [ 1 ] .numbnp ; 
polar : =  tothyd - b iggest_nonpolar ; 

writeln ( ' Peptide is : ' ,  pepchar) ; 
for cnt : =  1 to no_peptides d o  b eg in 

write ( ac id_names [pept id e [ cnt ] ] ,  ' ' ) ;  

if cnt mod 1 0  = 0 
then writeln ; 

end ; 
wr iteln ; 
writeln ; 

writeln ( ' Hydrophob icity scale chosen is : ' ,  filename : filelen ) ; 
for ac id : =  cys to lys do 

writeln(acid names [ acid ] , scal e [ acid ] : 8 : 2 ) ; 
writeln ; -

writeln ( 'Depth of Penetration = ' ,  penetration : 3 ) ; 
writeln ; 

writeln ( ' Tothyd = ' ,  to thyd : 8 : 2 ) ; 
writeln ( ' Avto t � ' , ( tothyd I to tr es ) : 8 : 2 ) ; 
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wr iteln l ' Te s t  
wr iteln ' Av npol 
wr it eln ' Polar 
wr iteln ' Av pol 
wr iteln ; 

a ' ' b iggest nonpol ar : 8 : 2 ) ;  
- ; , (biggest nonpo l ar I npres ) : 8 : 2 ) ; 
-= ,  , p ol ar : 8 :7) ; 
K , { polar / ( to tr e s - npr e s ) ) : 8 : 2 ) ;  

wr itel n (  ' Non pol ar Fac e ' ) ;  
for cnt : �  1 to no b igge st do 

with sav e__pol [ cnt"] do 
if inc r + pene tra t ion < 3 60 · 

then wr i tel n ( inc r : 4 ,  ' to ' , inc r+penetration : S )  
el se wr i teln ( inc r+pene trat ion-3 6 0 : 4 ,  ' to' , incr : 5 ) ; 

wr iteln ; 
end ( * To tal and Pr in t * ) ; 

f unc tion f in i shed : b oolean ; 
v ar eh : char ; 

b eg in 
wr iteln ; 
wr iteln ; 
wr ite ( ' Do you want to  c ontinue ? ' ) ;  
readln ( ch ) • 
if ( eh in l ' y ' , ' Y ' ] ) then beg in 

wr iteln ; wr iteln ( fo rmfeed ) ;  
fin i shed : =  false ; 
f irst : =  f alse ; 

end el se f in i shed : =  true 
end (* Fini shed * ) ; 

b eg in ( *  Main Line o f  Prog ram * )  
ini t iali se ; 
r epeat 

readparameter s ;  
processpe p t id e ; 
to tal and _ _pr int ; 

un t il ffnisned ; 
end . 
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A . 4  Plo ts of Various Hydrophob icity Parameters v ' s Re tent ion of 

Peptide in an Acidic Reversed-Phase HPLC Sys t em for the 

Synthetic Peptide Series . 

The plots  shown for each o f  the parts A ,  B ,  C and D of figures A-4 

to A- 1 7  were all derived in the same manner . The vertical axis is the 

point of elution of each pep t ide in the acidic reversed-phase HPLC 

system on the particular c olumn as detailed below .  

· 0  o ,  Radia l-PAK CN (ambient temp . )  

[3- ---EJ , )JBondapak a lkylphenyl (40°C)  

A - --8. ,  )J Bondapak alkyl phenyl (ambient temp . ) 

() · · · · · · ·-0 ,  Radia l-PAK C 1 8  (ambient temp . )  

These values were taken from table 5-l . 

The horizontal axis repres ent s  respectively the tot al hydrophobicity of  

the peptide  (A) , the total non-polar side hydrophob i ci ty of  the peptide 

(B) , the average hydrophobicity of  the pep tide (C) and the average non­

polar s ide hydrophobicity of the peptide (D) , calculated by the computer  

program in section A . 3 using the hydrophobicity scale shown under the 

par ticular figure (sec tion A . 2 ) . The plots which consider average hydro­

phobicity (C) and average non-polar side hydrophobicity (D) are not 

s trictly relevant to the currently accepted methods of predicting pept ide 

reten tions on RP-HPLC sys tems ( 1 55-158) . Nevertheless , thes e plots are 

inc luded for completeness since the currently accep ted model for affini ty 

of  pep tides to  another hydrophobic surface (phospholipid) considers the 

average non-polar side hydrophobicity of the peptides ( 33) . 
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A. 5 Pur ification of  Acetonit rile for HPLC 

The acetonitrile was purified by a 4 s tep process as detailed 

below . This is a modification of  method B from reference ( 2 73 ) . 

STEP 1 

STEP 2 

STEP 3 

· STEP 4 

reflux over anhydrous A1Cl
3 

( 1 5 g/1 )  for one hour -

dis ti l! rapidly (no column) until temperature exceeds 

82°C .  

reflux over alkaline KMn0
4 ( 10 g KMN04

/ 1 0  g Li 2
co3

/l )  

for a quarter hour - dis til!  rapidly (no column) .unt il 

temperature exceeds 82°C .  

reflux over pot .  bisulfate ( 1 5  g /1 )  for one hour -

cool - decant and/or fil ter through glass wool . 

reflux over CaH 2( 2  g/1 )  for one hour - distill rapid ly 

(no column) - c ollect acetoni tri le until temperature 

begins to exceed 82°C .  
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A . 6  Abb revia tions 

RP 

HPLC 

DMPC 

DPPC 

PC 

AUFS 

GdnCl 

reversed-phas e 

high performance liquid chromatography 

dimyris toyl phosphat idylcholine 

dipalmitoyl phosphat idylchol ine 

phosphatidyl choline 

absorbance units full scale 

guanidine hydrochloride 
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Table A-3 A List of Peptides Plotted on Figures 7-2  and 7-3 . 

No . , Pept ide Ref .  No . Peptide .Ref . 

1 Peptide I ( Sparrow) (33)  37 ApoA-II ( 5 2-7 7 )  ( 33)  

2 Peptide II ( Sparrow) ( 33) 38 ApoA-II ( 50-7 7)  ( 3 3) 

3 Pept ide III ( Sparrow) (33) 39 No . 38 wi th Ala52Ala5 3  ( 33)  

4 LAP 1 6  ( Sparrow) (33) 40 No . 38 wi th Ser54ser5 5  ( 33) 

5 Peptide V ( Sparrow) (33)  41  ApoA-I ( 2 2 7-245 ) ( 33 )  

6 Peptide VI ( Sparrow) (33) 42 ApoA-I ( 2 20-245)  (33)  

7 LAP 20 (Sparrow)  ( 33) 43 ApoA-I ( 2 1 3-245)  (33)  

8 LAP 24  (Sparrow) (56) 44 ApoA-I ( 204-245)  ( 33 )  

9 Peptide  I (Kaiser) (33)  45 ApoA-I ( l 9 7-245)  (33)  

10  Pept ide I I  (Kaiser) (276)  46  ApoA-I ( l 24-167 )  
i (85)  

1 1  1 8Aa (Segrest )  ( 2 74 ) 47a ApoA-I ( 1 4 7-168)
j 

( 33 )  

1 2  1 8As ( Segrest )  ( 274)  47b ApoA-1 ( 1 47-168 )  
k (33)  

13  1 8Al ( Segres t )  ( 274)  48 peptide 202 

14 18 Asr (partial) ( 274) 49 peptide 203 This 
(Segres t )  study 

1 5  ApoC-1 ( 1 -38+39-57)  a 
(33) 50 pept ide 209 

1 6  ApoC-I ( 1 -38)  b (33) 5 1  peptide 1 99 

1 7  ApoC-I (39- 5 7 )  f 
(33) 52  ApoC-I ( l 7-5 7 )  (33)  

1 8  ApoC-III (4 1-79 ) c (33) 53 ApoC-I ( 2 4-57 )  ( 33 )  

1 9  ApoC-III ( l -40)  (33 )  54  ApoC-I ( 3 2-5 7 )  ( 33 )  

2 0  ApoC-III ( 6 1-79)  (33) 55 ApoC-I ( 39-57 )
g 

(33)  

2 1  ApoC-III ( 5 5-79 ) ( 33)  56 ApoA-I ( 16 4- 1 85)  (33)  

2 2  ApoC-III ( 48-79) ( 33)  5 7  ApoA-I ( l 5 7-1 85)  ( 33 )  

2 3  ApoC-II (55-78 ) ( 33) 58  ApoA-I ( l 52-1 85) ( 33) 

24 ApoC-I1 (50-78)  (33) 59 ApoA-I ( 1 48-185)  ( 33 )  

2 5  ApoC-II ( 4 3-78)  ( 33) 60 ApoA-I ( 1 4 5- 1 85 )  ( 33)  

26  b ci 
ApoA-II ( l- 2 6 )  ' (33)  6 1  1 8As r (total ) (Segrest )  (205 ) 

2 7  ApoA-II (2 7- 7 7 )  e ( 33) 62 ApoC-1 ( 1- 2 2 )  ( 2 7 5 )  

2 8  ApoA-II  ( 1 7-3 1 ) (33)  6 3  LAP-2 0 ( Glu9 ) ( 1 9 3) 

29 ApoA-1 1 ( 1 2- 3 1 )  (3 3 )  64  LAP-20 (Glu1 6) ( 1 9 3 )  

30 ApoA-II ( 7-31 ) (33)  65  LAP-20 ( Gl u9 , Glu1 6 ) ( 19 3) 

3 1  ApoA-11 ( 2 2-31 )  (33)  66 LAP-20 (Ala
4) ( 1 9 3 )  

32 ApoA- 1 1 (65- 7 7 )  ( 33)  67  LAP-20 (Al a
5 ) ( 19 3) 

3 3  ApoA-1 1 (56-7 7 )  ( 33) 68  LAP-20 (Ala8) ( 1 9 3 )  

34  ApoA-II  (4 7-7 7 )  ( 33) 69 LAP-20 (Ala
1 1

) ( 19 3 )  

3 5  ApoA-I I  ( 40- 7 7 )  ( 33) 70 LAP-20 (Ala
1 5

) ( 19 3 )  

. .  36 . ApoA-I I  (54- 7 7 )  ( 33)  7 1  . ApoA-1 ( 1 1 4- 1 33 )
1 

( 33 )  



Footnotes  to Table A-3 

a) Calc ulated in 2 s egments  ( 1- 38)  and (39-57)  followed by addition 

of the calculated hydrophob ic ities . 

b ) This  peptide  is a cyanogen b romide fragment and therefore the 

carboxy terminal methionine residue has been convert ed into 

a homoserine residue.  Since the hydrophobicity of homoserine is 

not availab le in mos t  scales the value used in the calculation 

of  hydrophob icity o f  the pep t ide was that of  threonine . 

c)  Both nat ive and synthet ic sequences . 

d ) The hydrophob icity o f  this s equence was calculated for ApoA-II  

(2-2 6 )  since the hydrophob icity for  the N-terminal pyroglutamic 

acid was not known . 

e) Ca lculated in 4 segments (2 7-31 ) ,  (32-50) , ( 5 1 - 7 3 )  and ( 74 - 7 7 )  

followed b y  addition o f . the hydrophobicities calculated . 

f ) The native fragment . Compare wi th the synthe tic peptide (No . 5 5 )  

which apparent ly has a different lipid affinity . 

g) This is the synthetic peptide .  Compare with the na tive peptide 

- (No . 1 7 ) which apparently has a different lipid affinity.  

h) Every acidic and basic residue in this peptide 
_
has swopped 

positions c ompared to peptide  No . 1 2 .  This is only partially 

true for p eptide No . 1 4 . 

i )  This pep tide has Gln
1 4 8

, Gln1 49 
because it  was based  on the Brewer 

sequence (60) . 

j )  At pH below 7 .  

k) At pH above 7 .  

1)  Since this pep tide only b inds to PC below pH 5 it is  designated as 

inte ract ing s trongly with PC but not forming s tab le complexes with 

PC . 
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