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Binding Interactions of Bile Acids and 
Bile Pigments with Amines 

Apstract 

The binding of selected bile acids and bile pigments by peptides and 
quatemary amines has been studied by adsOIption and NWiR. experiments. Novel
adsorbents with 'quaternized peptide-containing functional groups for bile ~ids 
have ~been prepared by solid phase peptide synthesis techniques. The adsorption 
studies, conducted in aqueous buffer solutions, show that these resins have an 
enhanced capacity, on a per active site basis, and improved specificity over 
cholestyramine and colestipol. The interaction between bile aeid anions and the 
pendants is predominantly ionic linkage, although hydrophobie and other 

ft 

interactions are also important. An NMR study of the binding between bile acids 
aild various ligands, including peptides, by the determination of carbon-13 spin
lattice relaxation rimes, confirms the ionic and hydrophobie interacti~hs which 
occur cooperatively and simultaneously. 1 

New adsorbents for bilirubin have been prepared by covalently coating a 
water-s~llable polyamide resin with polypeptides. These resins have much 
higher capacities for bilirubin in aqueous buffer solution than cholestyramine and . 
improved capacities over the resins with attached oligopeptide pendants. The 
binding behavior of the resin coated with poly-D-Iysine is the same as that of 
poly-L-Iysine. The amount of bilirubin adsorbed by these resins is directly 
proport!onal to the number of lysine residues on the resin, which is consistent 
with the formation of an ionie linkage. This is confi.rmed by a study of the 
interaction of bilirubin with an oligopeptide, L-lysyl-L-lysine, by measurements of 
proton and carbon-13 NMR spin-lanice relaxation times combined with nitrogen-

., 15 NMR experirnents. The lSN NMR spectra of bilirubin and sorne related bile 
1 

pigments have also been assigned by two-dimensional lSN_IH heteronuclear 
correlation experlments. 
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L'étude des interactions, des acides et 
pigments biliaires avec des amines 

Résumé 

Les interactions de certains acides et pigments biliaires par des peptides et 
des amines quaternaires ont été étudiées par des expériences d'adsorption et de 
RMN. De nouveaux adsorbants pour les acides biliaires portant des groupes 
fonctionnels peptidiques quaternisés ont été préparés par la méthode de synthèse 
dt peptides en phase solide. Les résultats des adsorptions, faites en solutions 
aqueuses tamponées, ont démontré que ces résines ont une plus grande capacité, 
lorsque calculée à partir du nombre de grouI;>es actifs, et sont plus spécifiques que 
la cholestyramine er le colestipole. L'interaction entre les acides biliaires et les 
résines est ~argement due à' des liaisons ioniques, mais des interactions 
hydrophobes et autres peuvent aussi contribuer à cette association. Une étude de 
RMN des interactions entre les acides biliaires et des ligands variés incluant des 

o peptides, a été faite en mesurant les temps de relaxation spin-réseau du carbone,, ____ ) 
13. Celle-ci a contInné les interactions ioniques et hydrophobes qui sont 

, , 

coopérativement et simultanément présentes. 
De nouveaux adsorbants pour la bilirubine ont été préparés par l'enduit de '-, 

polypeptides sur une résine de polyamide gonflée en milieu aqueux. Les 
adsorptions, qui ont été faites en solution aqueuse tamponnée, ont démontré que 
ces résines ont de plus grandes capacités que la c~olestyramine et que les résines 
sur lesquelles sont attachées des chaînes oligopeptidiques. L'adsorption de la 
bilirubine par la résine enduite de poly-D-Iysine est semblable à celles enduites de 
poly-L-Iysine. Ces résultats montrent que la quantité de bilirubine adsorbée est 
directement proportionnelle au nombre de résidus de lysine sur la résine. Ce 
phénomène est en accord avec la formation de liaisons 1 ioniques lors de 
l'interaction. Cette hypothèse est confinnée par une étude de l'interaction entre la 
bilirubine et un oligopeptide, L-Iysyl-L-Iysine, en mesurant les temps de ,-
relaxation spin-réseau des protons et du carbone-I3 combinée avec le RMN de 
l'azote-ISo Les spectres de RMN de 15N de la! bilirubine et quelques-uns des 
pigments biliaires apparentés ont été assignés à l'aide des expériences de 
corrélation hétéronucléaire 15N_IH en RMN bi-dimensionnelle. 
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Preface r 
In ancient China the amount of bile a persan possessed was considered to 

be an indication of one's courage. Brave warriors were found, by autopsy, to 

have larger gallbladders. Even taday, people who "have a lot of gutsfl are 

described as "having a lot of bile" or youdanliang in Chinese. In the Western 

languages, bile usually refers to one's anger, rage or bad temper. Whatever it 

may be, whatever influences it may have on one's personality, it is very clear that 

we can never overemphasize the importance of the bile in the human body and 

that we still have a lot more to learn about the bile, physiologically and 

chemically. 

The major components of the bladder or hepatic bile, in addition to water, 

are bile' salts and bile pigments. Other biliary components include small 

quantities of cholesterol, fatty acids and inorganic salts. Both bile acids and bile 

'f} pigments have '~~n studied extensivëly as their biological significance has been 

recognized, especially as related to their medical and clinical aspects. 

. 1 This thesis concerns a chemical approach to the study of the binding and 

interaction of bile acids and bile pigments with biocompatible polymeric 

materials. Bile acids and bile pigments belong to two different species of 

biocompounds, though they are related closely in their existence. The thesis is 

therefore presented in two pans. Pan 1 deals with the study of bile acids, and Pari 

il with bile pigments. Eaëh part consists of three chapters, the fust being a 

general introduction on the biological formation, metabolism and chemical 

properties, the second a description of the preparation of novel adsorbents and the 

adsorption studies in vitro, and the third a study of the interactions probed by 

nuclear magne tic resonance techniques. Chapter 7 gives a summary of the claims 

to originality for this research and suggestions for future exploration of the 

subject The physical properties of bile acids and pigments, the synthe sis and 

stability of peptides, the NMR pulse sequences, etc., are listed in the appendices. 
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1 Introduction> 

Coronary hean disease is the leading cause of death among aduIts in many 
countries. It is often related to a high -cholesterol level in the blood, ~ 

hypercholesterolemia, which is 'ù~al1y a consequence of inefficiency in 

cholesterol metabolism or excessive intake of cholesterol in the diet. It has been 

found that the level of cholesterol in the serum, along with smoking ~d 

hypertension, are major risk factors for the development of atherosclerosis and 

cardiovascular diseases (1). 

pholesteroI. is the biological source for the synthesis of bile acids, which 

are useful in the digestion of dietaI)' fat and other food components. However, 1 

the 'excessive accumulation of cholesterol in human plasma can result in 
\ 

li • deposition on the wall of blood vessels because of its low solubility in aqueous - • 

media. 

Over the last few decades, researchers have focussed their attention on 

lowering the cholesterol level in' the blood to reduce the risk of cardiovascular 

diseases. This can be achieved with limited success by cutting back in the 

cholesterol intake from food sources and accele~ting the elimination of 
br 

cholesterol from the human body, although genetic factors can be important. The 

inhibition of its production in the body ~ay also lead to a lower level of 

cholesterol in the serum. The major biological pathway for the e~tion of , 
cholesterol involves its conversion to bile acids and excretion as neutral sterols in 

the feces (2). 

1.1 Metabolism of Cholestefol and Bile Acids , 
1.1.1 Cholesterol Formation", 

The chemical structures of cholesterol and the closely related chotic acid 

are shown in Figure 1.1. Ch~lesterol is a naturaI steroid found in aImost aU tiving 

organisms. The amounts found in plant sources are usually low, except for seed 

oils and pollen, but ~r..imal products are rich sources of cholesterol. 
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" (b) 

Figure 1.1 ChenlÎcal structures of (a) cholesterol and (b) chollc 
acid. The numbering of the steroid sIéeleton system is also shown. 
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The,microsomal and cytosol fractions of all nucleated cells of the tissues 

are responsible for cholesterol s~theSis. The parts of the body most aetive in the 

production of cholesterol are the liver, sm, intestine and testes. Figure 1.2 shows 

the major steps of the biosynthesis of cholesterol. These steps has been studied 

by asymmetric labelling and other techniques (3). Acetyl-coenzyme A, which is 

biologically formed from amino acids, is the biosynthetic origin of cholesterol. 

First, mevalonate, a six-carbon compound, is formed from the coenzyme by the 

reduction with enzymes. - Then mevalonate is converted to isoprenoid after losing 

carbon,dioxide. Isoprenoid is, in fact, the building block of the steroid skeleton, 

since six isoprenoid molecules conde,nse to form squalene, which closely 

resembles the steroid skeleton. The ring closures of squalene following 
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enzymatic oxidation produces lanosterol. This parent steroid is Îmally converted 
to'cholesterol after losing three of its methyl groups. 

HO 

Chole .. erol 

. 
CH, èH ,./ ',. 

C CH, 

., 1\ .. \ /èH, 
• 0 ·CH HC-C 

.,;(CH, '1 " t • .'CH 
l'OCM) ......... CH CH, J 

1 Il 1 
CH "C--CH, 
.~. '-, . 

,C.... CH, 
1 "'CH, • 

CH CH,' 
,", ' ........ cH"· 

'/c"-.., " SQualen. 

CH, CH, 

X6 

. 

. 
1. Oesmethyl 

tanolteroJ 

Triper.noI o..mosterol 
(24-d.hydrocholesteroll A' ,. Cholalt.dlenol 

Figure 1.2 The biosynthesis of cholesterol' in the human body 
(reference 2). The èarbons with a dot represent the original methyl 
carbon of the acetate, and the carbons with a ch'Cle represent the 
original carbonyl group. 

The rate of the biosynthesis of cholesterol by the human boqy is af.?out one 

gram/day. In addition, the average daily diet in North America provides about 

500 mg of cholesterol for men and 350 mg for women (4), Food of animal origin, 

, ,< 
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such as meat, liver, brain and egg yolk, is the most significant source of 

cholesterol. The dietary cholesterol, together with that in the intestinal fluids and 

bile, is absorbed in the small intestine with the aid of mixed micelles of bile salts 

and lecithin. An increase in the amoup.t of fauy acids b the diet increases the 

efficiency of intestinal absorption of cholesterol (5).<> Cholesterol is usually 

esterified in the wall of intestine with the aid of an enzyme, cholesterol estemse. 

Cholesterol exists in allliving celIs. Interestingly, it has been found that 

"-' cancer celis produce two or three times as much cholesterol as normal cells. This 

over-production of cholesterol through an acquired genetic defect in turn causes 

the formerly normal cell to divide abnormally fast (6). It has also been reporte<! 

that high cholesterol content in urine may be a clue to sorne cancers 0). 

1.1.2 Metabolism of Bile Acids 

The process of biosynthesis of bile acids from cholesterol is shown in 

Figure 1.3. The two main primary bile acids, cholic and chenodeoxycholic acids, 

are synthesized daily from cholesterol in the liver by several intermediate steps 

under the catalysis of NADPH and CoA (coenzyme A). Under normal 
r 

circumstances, bile acids are synthesized by the liver at a relatively low mte of 

200-500 mg/day. This rate is regulated to replace the daily loss of bile acids in 

the feces (8). . ,,' l' 

Th~ b~e acids usually, but not necessarily, enter the bile as glycine or 

taurine con~~ates. In humans, the ratio of the glycine to taurine conjugates is 

nonnally 3:1. The amount of taurine conjugation depends on the availability of 
1 

taurine. Because of the presence of sodium and pptassium ions in the bile, which 

is alkaline, the bile acids and their conjugates usually exist as salts (9). 

The primary bile acids, cholie and chenodeoxycholic acids, are derived 

directly from cholesterol. The secondary bile acids. deoxycholic and lithocholic 

acids, result from the conversion of the primary bile acids by 7 a-dehydroxylating 

enzymes of bacterial origin during the enterohepatic circulation (Section 1.1.3). It 

has been found that the tri- and dihydroxylated bile acids are the predominant bile 

acids of most mammalian biles (10). The major bile acids present in the human 

"bile are the glycine and taurine conjugates of cholie, chenodeoxycholic and 

deoxycholic acids, with minor quantities of lithocholic acid and ursodeoxycholic 

atid (the 7~-isomer of ehenodeoxycholic acid). Although the liver does not itself 
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produce secondary bile acids. the presence of the secondary bile acids in the bile 
results from the absorption from the intestine (11). 
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Figure 1.3 The biosynthesis of bile acids from ch&estenl and 
their conjugation and degradation 4'artially from referehce 8). 
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1.1.3 Enterohepatic Circulation 

During digestion, the gallbladder contracts and excretes bile rapidly to the 

small intestine. The bile salts, usually in conjugated fonn, enter the duodenum 

together with cholesterol, phospholipids as weIl as other minor constituents of the 

bile. After participating in the absorption of lipids in the jejunum, the bile salts 

pass down to the ileum, wbere they are almost exc1usively absorbed, complexed 

with proteins, and returned to the liver through hepatic portal veins (Figure 1.4). 

This cyc~e is known as enterobepatic crrculation (12). 

The re-absorption of bile salts in the ileum depends on a variety of factors, 

such as gallbladder emptying, interdigestive mobility (13), the physical state of 

the intestinal contents~ and ~ structure of the bile acid molecules after 

modification by intestinal bacteria. In the lower ileum and colon sorne of the 

primary bile salts are con/erted to secondary bile salts by the deconjugation and 

7a-dehydroxylation under the action of enzymes of the intestinal flora. The 

secondary bile salts may also reappear in the bile after being partially absorbed. 

Enterohepatic circulation is a very efficient process. Each dây the bile 

pool, which contains about 3-5 grmns of bile acids, can be cycled 6 to 10 times 

with a smallioss of bile salts, as little as 500 mg per day, corresponding to about 

1 % loss per cycle. Under normal conditions, tbey are synthesized- from 
cholesterol by the liver al about the same rate, Le., 500 mg/day, to maintain the 

pool of bile a-qids. This represents the only major route for the elimination of 
j 

cholesterol from the human body. 
f 

The enterohepatic circulation may be interrupted by the administration of 

o~a1 a<isorbents or by a partial or complete ileal exclusion operation. The 

interruption prevents the (bile salts from being reabsorbed in the ileum and 

consequen~y, mo~ cholesterol is consumed to produce enough bile acids to 

maintain the bile pool. Therefore, this cao lead to significant reduction of 

cholesterollevel in the plasma of patients with hypercholesterolemia (14). 

1.1.4 Fonctions of Bile Salts 

Bile salts are essential in the body since their functions in the digestive 

. tract are of great physiological importance. The molecular structure of bile salts 

determines that they can fonn micelles easily in an aqueous environment The 

carboxylic aeid group and the hydroxyl groups of the bile salts are hydrophilic, 

while the remaining parts of the molecules are hydrophobie. This property of bile 
t> 
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salts is important for the degradation and absorption of lipids in the intestine. 

Bile salts help to emulsify fat and solubilize lipids by forming mixed micelles. 

When the concentration of intestinal bile salts is low ~ the absorption of fat can he 
\r 

reduced significantly (15). They can also promote excretion of water and solutes. 

Therefore, they are sometimes used as laxatives. 
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Figure 1.4 The enterohepatic circulation gf- bjJe acids and _the 
digestion of lipids (modified from reference 8). The dashes 
indicate the route of the circulation of bile acids; TG: 
triacylglycerol; MG: monoacylglycerol; FA: long-chain fatty acid. 
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Another important feature of bile salts is their function in promoting the • 

biliary excretion of cholesterol. The presence of bile salts in the bile can prevent 

the formation of gaIlstones, since bile" salts together with lecithin help to 

solubilize cholesterol, and possibly bile pigments, in the bile. 

The bile salts can also have negative effects biologically. For people who 

suffer from hypercholesterolemia, bile salts can elevate the cholesterollevel in the 

plasma, while aiding the absorption of dietary cholesterol in the intestine. Bile 

saIts can aIso induce diarrhea in patients with ileopathy since bile salts tend to 

prevent colonie water adsorption. This can be treated in most cases by bile salt 

binding drugs (16). 

Il has also been reported that the bile acids, such as lithocholate and 

deoxycholate, enhance tumor growth in animaIs (17). Studies have shown that 

the naturally occurring bile acids and their metabolites have a carcinogenic eff<?Ct, 

especially after"modification by the intestinal bacteria (18). It is of interest to 

mention that most of the adverse effects of bile salts can be reduced by bile salt 

binding agents, e.g., the risk of colon cancer can be reduced by such drugs (19). 

1.2 Properties of Bile Acids 

1.2.1 Structure 

Most of the naturally occurring bile acids are C-24 saturated carboxylic 
1 

acids that belong to the steroid family. The cyclopentanophenanthrene nucleus of 

bile acids contains 19 carbon atoms (Figure LIb). The side chain, located at the 

C17 position, consists of three to ni ne carbons. Therefore, the bile acids contain 

22 to 28 carbon atoms, depending on their natura! occurrence. The carboxylic 

acid group is located at the end of the side chain. 

The bile acids have three six-membered rings and one five-membered ring 

in conjunction to forro the steroid skeleton. The skeleton with a C-5 side chain is 

term~ the cholane nucleus. Therefore, dle bile acid without hydroxylic 

substituents is termed cholanoic aeid. In the bile açids of vertebrates, the rings A 

and B are usually of cis (5(3) configuration, but in sorne animal species the AB 

trans (Sa or aUo) configuratiQn may occur. The BC and CD ring junctures are 
trans and the methyl group at position C13 is cis to that of position CIO. The 5~ 

and Sa-configurations of cholic aeid are shown in Figure 1.5. 

/ 

\.. 
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Figgure 1.S The chemical configuration of chollc acid: (a) the 
commonly occuning S~configuration; (b) the aUo or Sa
configuration. 
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As indicated in Figure 1.2, the naturally occurring primary bile acids, 

chollc and chenodeoxycholic acids (systematic names being 30.-, 7a-, 12a

trihydro;;:y cholanoic acid and 30.-, 7a.-dihydroxy cholanoic acid), have three and 

two ,hydroxyl groups, respectively. The secondary bile acids, deoxycholic and 

lithocholic acids, possess two and one hydroxyl group(s), respectively. The 

hydroxyl groups are located at positions C3, C7 and C12 and a .... e all in 0.- or 

equatorial positions. The carboxyl group is also equatorially oriented. Therefore, 

the hydrophilic groups, Le., the hydroxyl and carboxyl groups, are aIl located 

beneath the plane of the steroid skeleton, while the amphiphilic methyl groups lie 
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on the other side of the skeleton (Figure 1.6). The planar polarity of the 

molecules is very important to the physico-chemieal properties of bile salts. 

CE 

Hydrophobie Side 

Hydrophilic Side 

Hydrophobie Side 

Hydrophilic Side 

Hydrophobie Silk 

Hydroplùlic Sitk 

b 

c 

d 

Figure 1.6 The conformation of cholie acid, indicating the 
hydrophobie and hydrophilic parts of the molecule: (a) perspective 
structure; (b) Stuart-Briegleb space fùling model; (c) longitudinal 
and (d) transverse shoriliand representations (reference 24). 

1.2.2 Solubility and Micelle Formation 

The physical properties of various bile acids are listed in Appendix 1. 

Except for bile acids conjugated with taurine, the bile acids range from sparingly 

soluble to practically insoluble in aqueous solutions. The solubility of bile acids 

has been measured to be in the range of 5xlO's to 1.6x10·3 M (20). However, 

most of the bile salts are readily soluble in water (1-2 M, see Appendix 1). 

Regarding the different prope~es with respect to solubility and micelle 
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fonnation, it has been suggested that there should he a differentiation between the 
l 

tenns bile acids and bile salts in arder to avoid confusion which may arise while 
1 

using these tenns (21). The water solubility of both bile acids and bile salts 

usually increases with increased tempernture. Apart from this, it is strikingly 

influenced by the hydroxy groups. In general, the solubility follows the order 

trihydroxy > dihydroxy > monohydroxy. The positions and orientations of the 
\ 

hydroxyl groups can also affect the solubility significantly (22). 

Depending on their molecular structure, the solubilities of bile acids in 

organic solvents ranges from very high to very low. Ethanol and DMSO seem to 

he two common organic solvents for most of the bile acids. Lithocholic aeid is 

soluble in' a number of organic solvents, including chloroform. However, 

taurocholic aeid is practically insol':lble in most organic solvents. For bile aeid 

studies, it is important to keep the various kinds of bile acids in mind and the 

significant differences in their characteristics. 

According to Carey (21), the apparent pK. values of the free bile acids are 

higher than those of the conjugated bile acids, ranging from 5 to 6.5. The pK. 

values of the glycine conjugates faH in the range of 4 to 5. The taurine conjugates 

have been estimated to dissociate at a much lower pH of -1.5 to 1.5. Other results 

have also been reported (22.23). A recent study by NMR titration has given a pK. 

of 4.6 for cholic aeid (23). Furthermore, the pK. values depend on the 

concentration of bile salts with a remarkable increase as the concentration of bile 

saIts reaches the critical micellar concentration (24). When the pH of the system 

is higher than their pKa values, bile acids act as a detergent, as exemplified in the 

intestine where they are the fat-emulsifying agent. The micelle fonnation is 

largely determined by the detergent property of bile salts in aqueous media. 

However, bile salts behave as nonnai clectrolytes in aqueous solutions at 

concentrations below their critical micellar concentration (22). 

Although un-ionized bile acids exhibit high solubilities in micelles, they 

cannot fonn micelles themselves. However, the ionized form of bile acids, bile 

salts, can fonn micelles at the critical micellar temperature (CMT) when the 

concentration is above the critical micellar concentration (CMC, about 0.6-10 

mM). The CMT is concentration-dependent, usually ittcreasing with increased 
1 

concentration. At temperatures lower than the CMT, phase separation may occur. 

The formBtion of micelles by bile salts bas been reviewed by Carey and Small 
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(25). Small mieelles are fonned at room temperature when the concentration is 

less than 0.1 M. The aggregation numbers of the micelles range from 2 to 9. As 

the concentration increases larger micelles are fo~~ed. In the bile salt micelles, 
~ 

the hydrophobie part, i.e., the steroid ring, points inward, while the carboxyl 

group, or sulfonic aeid group for taurine conjugated bile acids, which is 

considered to be the head group, points outward as shown in Figure 1.7 (26). In 

addition to these groups, the hydroxyl groups on the steroid ring make it 

impossible to fOIm the ordinary type of micelles. The micelles tend to aggregate 

by hydrogen bonding through the hydroxyl groups. Mixed micelles are formed 

when molecular species other than bile salts, such as lecithin, are also present in 

the system (27). As indicated in Figure 1.7, lipids, cholesterol and many other 

substances with low solubility in water can he solubilized by forming n;lixed 
'micelles with bile salts. 

Longitudinal 
Section 

A B 

Mixed Micelles 

c o 

Figure 1.7 The structure of bile salt micelles (reference 26): A: a 
simple micelle fonned by bile salt molecules with back-to-back 
structure, the hydrophilic part points toward the environment; B, 
e: mixed micelles with lecithin; D: a mixed micelles of bile salt, 
lecithin and cholesterol. 
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1.2.3 Chemical Properties 

As organic acids. the carboxyI group of bile acids can 1>:. esterified. 

reduced and converted to .. amides by reaction with various chemical reagents 

under selected conditions (2~). It has been reponed that mono- and 
,,' 

dihydroxylated bile acids. like bilirubin. may fonn glucuronides on the carboxylic 

sicle chain, or at the 6.3 petition (29,30). ~. 
The hydroxyl ~ups of bile acids exhibit very different reactiVity.. when 

esterified or oxidized. subject to their locations on the steroid skeleton. It has 

been reported. that the hydroxyI group of bile acids at C3 is selectively esterified 

by acids containing polymerizable groups followed by homo- and co

polymerization of the ester. These kinds of polymers can be used for mediCal 

purposes (31). 

The amide bond of the conjugated bile aeids can be hydrolyzed to 

generate free bile acids when treated with aqueous alkali such as sodium or 

potassium hyd.roxide solutions (32). Sometimes higher temperatures are needed 

for rapid. complete hydrolysis. 

1.3 Analytical Methods for Bile Acids 
A variety of techni,ques. with different accuracy and applicability, have 

been applied for the quantitative analysis of bile acids. A summary of ~e 

available methods for bile acids analysis appeared in a recent review (33). 

1.3.1 Colorimetrie Methods 
The colorimetric method is essentially a modification of the Pettenkofer 

. reaction (34). The bile acids nonnally do not absorb UV-visible light. However, 

all of the bile acids show absorbance in the UV region after treatment with 

_concentrated sulfuric aeid (65-70%). The absorbance of relatively low 

concentrations of bile acids obeys Beer's law. The advantage of this detection 

method is that, because of its simplicity, it does not require advanced 

instrumentation. 

1.3.2 High Performance Liquid Chromatography (HPLC) 

High performance liquid chromatography (HPLC) is a more sensitive and 

precise method for bile acid analysis (35). Ion exchange columns and reversed

phase silica columns (36) can be used for the separation of bile acids. Recent 

.. 
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development of HPLC allows a direct separation of bile acids from biologieal 

, fluids (37,38). 

Most of the detection methods of the HPLC \ystems requin,; precolumn 

derivatization (39), post-column enzymatie reactions .\40), or ion-pair fonnation 

(41). UV spectrometers set around 200 nm are often"'used for the detection (42). 

Sinee free bile acids do not show sttong UV absorbanee, derivatives consisting of 

substituted phenyl groups are usually prepared for the detection (32). Direct 

detection of bile acids using a UV detector has also been reported by Ruben et al. 

(43). 1 ne ~fferentia1 refractometer detector is less sensitive and thus was 

considered to be um 1litable for detection of bile acids in serum (44). It has also 

been reported that the· bile acids can be detected directly at a precision of 5 nmol 

or less by using a refractive index detector (45), thus saving laborious preparation 

of samples for the analysis. 

1.3.3 Other Methods 

Among the other available t~hniques for bile aeid analysis, 

radioimmunoassay is very sensitive, rapid and simple (46,47).- Commercial 

radioimmunoassay kits have been available for the routine analysis of serum bile 

acid detenninations. 

Currently, there are also many 14C_ or 3H-labeled bile acids available 

eommercially. These isotope-labeled bile acids are especially eonvenient for use 

in in vitro experiments. A double isotope derivative assay has been reported for 

use in serum samples (48). 

The enzymatic methods have been used to measure the total amount of 

serum bile acids with a free 3a-hydroxyl group (49). Bile acids that are sulfated 

or glucuronidated at position C3 cannot be detected. These methods involve the 

reaction of certain enzymes with bile acids, to generate NADH which can be 

detected by spectrophotometry or spectrofluorimetry. 

1.4 Treatments for Hypercholesterolemia and the Binding of Bile 
Acids 

1.4.1 Treatments for Hypercholesterolemia 

The cholesterollevel in humans varies between: individuals, depending on 

dietary and genetie factors. In the Western eountries, the average plasma 

cholesterol level in adults is about 200 mg/dl. The average cholesterol level in 
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serum is different for men and women. For men it usuallr rises with age until the 

sixth decade of lüe and <lectines thereafter. For women, the cholesterollevel is 

lower but rises continuously with age (50). 

Over the years, Many investigators have demonstrated that heart disease is 

direcûy linked to the level of cholesterol in the blood and that the lowering of the 

plasma cholesterolfltvels remarkedly reduces the incidence of fatal coronary heart 
t 

disease and atherosèlerosis in humans (51). Hypertension, obesity, smoking, 

high-fat diet, lack of exercise, or a cornbination of these factors can contribute to 

1 tl\e development of coronary heart disease (52). In cases where the disease is not 

Lierious, patients are often instructed to watch their diets. In more severe cases, 

the diseases can be treated clinically byoral drugs, surgery, hemoperfusion or a 

combination of the se treatments. The interruption of the enterohepatic circulation 

can he accomplished by the surgical exclusion of the lower tl1Jt:d_ of the small 

intestine, where the bile salts are mainly reabsorbed (14). 

The available prescription drugs inc1ude mainly two types, according to 

their biologie ai funcùons. They interrupt either the biosynthesis of cholesterol in 

the body u.r me eD icruhepah ~ circulation of bile acids. 

A nUmbel" of oral dmg,~ have been developed, acting as inhlbitors of the 

biosynthesis of cholesterol. On~ of the recenûy prepared drugs, lovastatin 

(mevinolin), is an e~zyme inhibitor which stops the fmmation of cholesterol in 

the body. It has been reported to be able to lower the serum cholesterollevel by 

as much as 39%. However, it can cause malfunction, of the liver as weil as ocular 

lens opacities and cataracts (53). The other well-known inhibitors of this kind 

inc1ude gemfibrozil (54?, sodium 2-phenylbutyrate and ethyl-p

chlorophenoxyisobutyrate·(clofibrate or Atromid-S) (55), which act as inhibitors 

at various steps of the cholesterol biosynthesis. Their clinical usefulness is 

limited due to sorne of the untoward side effects (56). Other drugs that are 

considered to increase the fecal excretion of cholesterol and bile acids include 

dextrothyroxine (Choloxin), neomycin (57) and nicotinic acid (58). The chemical 

structures of sorne of these hypocholesterolemic drugs are shown in Figure 1.8. 

Polymerie adsorbents for bile salts, such as cholestyramine (Questran) and 

colestipol, have been developed in the last 30 years. The best among them, 

cholestyrarnine, was frrst used in the treatment of hypercholesterolemia by 

B~rgen et al. in 1959 (59). It is normally taken orally to adsorb bile salts in the 

, 1 



o 

17 

gastrointestinal tract, blocking thc" reabsorption of the bile acids. The fecal 

excretion of bile acids is enhanced under the effect of cholestyramine and, 

therefore, the conversion of cholesterol to bile acids is accelerated to maintain the 

pool of bile salts (60,61). However, cholestyramine, which is a sand-like 

insoluble resin, must be taken 3-6 times aday with a daily dosage of 12-36 grams, 

depending on the severity of the disease. Many patients experience some of its 

side effects: nausea, vomiting, constipr-tiCln, bloating and gas, etc. (4,62). Similar 

adsorbents of this type have been developed and are discussed in Section 1.4.4. 

Other materials, such as aluminum hydroxide, have been reported to bind 

bile salts as well as bilirubin from the bile, especially at a lower pH (63). 

However, the effeet of aluminum hydroxide to enhànce fecal excretion of bile 

salts in sorne cases is doubted (19). 

Clofibrate Gemfibrozil 

Mevinolln / Nlcotinic Acid 

Figure 1.8 The chemical structures of sclected 
hypocholesterolemic drugs. 
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1.4.2 Binding of Bile Acids to Proteins 
, 

Bile acids are known to be bound to a number of proteins, such as albumin 

(64), ligandin (glutathione S-transferase) (65) and lipuproteins (66). Other bile 

acid binders have only recently been identified (67). 

- Serum albumin is a carrier for a multitude of bio-compounds in the blood, 

including bilirubin and many weakly acidic drugs. A detailed discussion of the 

structure of serum albumin is presented in Section 4.4.2 of this the sis. Whether or 

not the bile acids are extensively bound to albumin in the plasma has been 

questioned (68). However, there is no doubt that albumin has a high affmity for 
bile acids. A study of the binding between deoxycholate an~ bovine serum 

albumin ~as shown that there are four principal binding sites and about 14 weaker 

sites for each ligand (69). 

Ligandin, which is identified as glutathione S-transferase (or Y protein) 

(70), is a basic protein (pl = 9.0) found in mammalian liver, kidney and small 

intestinal mucosa. Il is named ligandin because it binds a wide variety of ligands, 

mostly organic anions, such as bile acids and bilirubin. Different bile salts have 

been reported to bind to a single site on ligandin with association constants of the • 
J. 

orderof lQ4 M-I (71). 

The binding of bile acids to plasma proteins was identified as early as 

1957 (72). Although the exact mechanism of binding is not known, it has been 

suggested that the positively eharged amino groups on the side chains of the basic, 

amino acids in proteins are attracted by the negatively charged carboxylate groups 

of the bile salts, while hydrogen bonds may also be formed between the hydroxy

substituted bile salts and the protein (73). Rudman and Kendall have proposed 

that the side chat9 ,amino groups of, lysine residues in the protein form 

electrostatic bonds with the carboxylate groups of bile salts (74). 

Hydrophobie ... bonding is assumed to be a dominant mechani'sm in the 

binding of small molecules by biological macromolecules since it confers 

thermodynamic stability on the conformation of proteins (75). In aqueous 
1 

solutions, the more lipophilie bile acids are expected to exhibit a significant 

affinity for the hydrophobie centers in the proteins. It has been found that the 

binding decreases as the number of hydroxyl groups of the bile salt is increased. 

Bovine serum albumin exhibits the highest affinity for lithocholate, which has 

oolyone hydroxyl group, among all of the common bile salts (74,76). A similar 



·1 

19 

hydrophobic effeet has also been observed for ligandin: the addition of polar 

groups ta the hydrophobic moiety of the ligand reduces the binding affinity. 

Cholate has a lower binding affinity to ligandin compared with deoxycholate (71). 

1.4.3 Binding of Bile Acids to Dietary Fibers 

Dietary fibres have been reported to eliminate bile acids by adsorption 

from the gastrointestinal tract (77). Although this has been disputed, the 

inclusion, rather than deletion of dietary fibers from the diet, is generally 

considered to be beneficial in reducing the risk of cardiovascular disease (78). 

Most fibers are polysaccharides from vegetable food' sources. The binding 

of bile acids has been mostly studied in vitro and it seems that the method used 

for the preparation of the fibers prior to adsorption and the pH of the solution 

influences the binding capacity (79). The binding process may involve the 

interaction with the mixed micelles ofbile salts (80). 

Lignin, which is responsible for the woody texture of plants, has been 

found to bind both cholesterol and bile aCids (81). Since lignin is an insoluble 

phenylpropane polymer, the hydrophobie interaction between lignin and bile 

acids may play an dominant role in the binding li it is ind~d a better binder for 

bile acids than other plant fibers, as shown by Eastwood and Hamilton (82). 

'However, the results have been disputed. It aIso has been reported that pectic 
fibers, rather than lignin, are more important for the binding of bile acids land, 

therefore, hydrogen bonding rather than hydrophobic interaction plays a major 

role in the binding process (83). Compared with water-soluble dietary fibres, the 

insoluble lignin and cellulose are thought to be less effective in the binding of 

cholesterol and bile acids (84). In vitro studies have shown that the dietary tibers r

exhibit higher capacities for un-ionized bile acids than for the ionized saIt form ' 

(79,83). 

1.4.4 Binding of Bile ~cids to Polymerie Resins 

Since bile acids are organ!c acids that exist in their salt fonns in the 

intestine, polymeric resins with organic bases has been used for their adsorption. 

These materials usually have high molecular weights so that they cannot he 

absorbed ~n the digestive tract. Cholestyramine, the most widely used adsorbent 

for bile acids (85), is a copolymer of polystyrene and divinylbenzene with 

qua~emary ammonium groups as functional groups. Being a typical strongly 
, , 
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basic ion exchange resin, its counterions ,Of the ammonium, usually 

chloride ions. are exchanged with the bile salt anions during the binding. 

The binding of bile salts with cholestyramine has been extensively studied 

by researchers ail over the world. Most of these studies, however, have been 

focussed mainly on in vivo experiments (86-88). It has been demonstrated 

unambiguously in animals and clinically in man that cholestyramine can increase 

the fecal excretion of bile salts by interrupting the enterohepatic circulation and 

thereby reduces the cholesterol level in semm (89,90). However, in vitro studies 

whicb may lead 10 a clearer understanding about the binding mechanism bave 

received li~ted attention. Blanchard and Nairn reported the binding of sod}um 

cholate and glycocholate in saline solutions (91). It was found that sodium 

chol~te had a higher affinity to cholestyramine than glycocholate. Johns and 

Bates have reported a series of in vitro adsorption studies of bile salts using 

cholestyramine (92-94). These studies were done in a'Q:neous media with various 

bile salts: The results suggested a primary elecrrostatic interaction reinforced by a 

secondary "nonelectrostatic interaction", which is dependent on the 

hydrophobicity of the bile salt molecules. 

Cholestyramine resin is limited by its poor biocompatibility, since its 

backbone is not water-swellable. Attention bas been focussed on fmding a 

replacement with better water swellability. Colestipol, a copolymer of 

tetraethylene-pentamine and epicblorohydrin (or l-chloro-2,3-epoxypropane), is a 

water-swellable anion exchanger (95) with a betteT biological acceptability (96); 

bowever, it appears to be less effective in tenns of the binding capacity for bile 

salts (97). This is probably due to the fact that its functional groups of colestipol, 

located mainly on the pol ymer backbone, are less accessible to the binding 

substrates. Thes6 functional groups are secondruy and tertiary amine groups, 

therefore, it is not a strongly basic ion-exchanger. 

Many other polymerie sorbents with quaternary functional groups and 

backbones similar to that of colestipol have aiso been reported, such as 

crosslinked ethylenediamine copolymers (98), linear quaternary cationic pol ymer 

segments bonded to small porous pol ymer beads (99), quatemary pol)\.

alkyliminoalkylene linear polymers (100), and cholacrylamine, a water-soluble 

quaternary ammonium salt with polyacrylate skeleton (101,102). AlI of these 

adsorbents have been tested in vitro or in vivo with various degrees of success. 
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One common feature of these materials is that they are all synthetic polymers, 
" 

whose application is limited either because of a lack of biocompatibility or a low 

binding capacity. 

It is known tha the bile aeid binding proteins interaet with bile aeid with 

high affinity and specifi ity. This suggests that the ideal adsorbent would he 

immobilized proteins, s ch as albumin u and ligandin. This would create no 

problem in biocompati ity or specificity. However, since only a small part of 

the protein molecule i likely to be responsible for the binding of bile acids, the 

capacitf would be ,u aceeptably low. A solution to this is to utilize small 

peptides, related in sorne cases to the primary structural sequence of proteins, 

bound to a insoluble pol ymer backbone as adsorbents. These materials containing 

oligopeptidc sequences would hopefully have similar biocompatibility to the 

proteins, but would manifest considerably higher binding capacity. 

The binding of bile acids to polymerie materials is still incompletely . \ , 
understood with respect to the nature of the interaction that ocelJI1. Further 

investigations of the binding of bile acids, however, can be carried out based on 

the knowledge of the studies of bile acids accumulated to date. This 

understanding is essential to the design and preparation of improved adsorbents. 

The present research eoneerns two aspects: (1) the studyof specifie interactions, 

by spectroscopie methods, of bile acids \vIth selected model eompounds that 

resemble the functional groups of the polymerie adsorbents; and (2) the 

eharaeteristics of the adsorption of bile acids by peptide sequences immobilized 

on sui table polymerie beads. 

In Part 1 of this thesis, the preparation of novel water-swellable pol ymer 

resins with quatemized peptide-containing functional groups and aIl adsorption 

study for bile salts using the se resins are described in Chapter 2. The binding , 
behaviors of these resins are compared with the commercial resins such as 

cholestyramine. Based on these results, the mechanism of the interactions is 

proposed. This work is complemented by the application of nuclear magnetic 

resonance techniques to study the interaction between the binding substrates in 

solutions, which is presented in Chapter 3. The measurements of the earbon-13 

spin-lattice relaxation rimes provide more direct evidence for the nature of the 

interactions between bile acids and selected ligands in the binding process. 

\ ' 
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2 Adsorption Studies of 
Bile 8alts 

2.1 Introduction 
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A common feature of the currently known polymerie adsorbents for bile 

acids is that aU are synthetic materials. Over the years,both in vivo and in vitro 

) 

tests have shown them to possess dif~erent degrees of efficiency in adsorbing bile 

salts. Cholestyramine and colestipol represent the two major types of commercial 

synthetic sorbents for adsorption of bile salts in the alimentary tract. 

Cholestyramine is an orally administered ads6rbent for the elùnination of 

bile acids. The matrix of cholestyramine is polystyrene reticulated with 2% 

divinylbenzene, as shown in Figure 2.la. It contains quatemary ammonium 

functional groups, so that it is a strongly basic anion exchanger. The hydrophobie 

nature of the polymer backbone result in a poor biocompatibility. As a 

consequence, adverse side effects have been experienced by hypercholesterolemic 

patients. 

Colestipol is a copolymer composed of tetraethylene~pentamine and 

epichlor~hydrin, as shown in Figure 2.1b. Since the backbone is swellable in 

, aqueous solutions, the biocompatibility is improved. The functional groups are 

the secondary and tertiarY amine groups. Therefore, colestipol is a weaker basic 

ion exchanger than cholestyramine. This, in turn. leads to a lower capacity in the 

binding of bile acids. 

Improved adsorbents for bile acids or bile salts are greatly desired to 

reduce the adverse effects of the currently used bile acid binding materials. The 

present study is limited to in vitro experiments. but the ultimate goal is to apply 

these adsorbents in the alimentary tract. Therefore. biocompatibility is always 

given priority in the selection of the active binding units to minimize any 

foreseeable side effects to the human body. This suggests the use of 'naturally 

occurring bio-materials, such as amino acids or oligopeptides, in the preparation 



~. 

r ~ 
,~ Vf' 

~ 
.."., 

f 
~ 

~ 
'1 , 
t 
t, 

-

27 

of the adsorbents. An active binding site formed by a peptide may provide better 

biocompatibility and po~sibly higher binding capacity. Thus, the strategy that bas 

been adopted is to stan with a water-swellable resin onto which peptide sequences 

consisting of a ino acids found at the potential binding sites are attached. 

-CH - H-CH-CH-CH-CH-

~ • • 2 ~ • 

CHI N( CHs>;Cl-

(a) 

CH2N( CHs>;Cl
) 

(J 

-N-CH-cB-N-CH-CH-N-CH-CH-N-CH-CH-N-
1 Z 2

1 
Z Z 1 2 Z 1 1 Z 1 

CHz CHz CHz CHz CH2 
1 1 1 1 1 
CHOH CH OH CHOH CH OH CH OH 
1 1 1 1 1 
CHa CHa CHz CHa CHa 
1 1 1 1 1 

HN-CH-CH-N HN-CH-CH-N-CH-CH-N-
2, z 1 2 2 2 2 

<b) 

Figure 2.1 The chemical structures of cbolestyramine and 
colestipol; (a) cholestyramine, a copolymer of styrene· and 
divinylbenzene. Chloride anions are shown as the counterions of 
this ion-exchange resin; (b) colestipol: a copolymer of 
tetraethylene-pentamine and epichlorohydrin (reference 1). 

It is weil known' that certain proteins bind bile acids in the berne as well as 

in the liver (Chapter 1). Among the bile acid binding proteins, both albumin and 

ligandin may bind various bio-organic ligands. Although the exact binding sites 
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are not confmned, it is most likely that only the basic pans of the large protein 

molecules are involved in the binding of the organic anions. It has been found 

that the basic amino acids in serum albumin. such as lysine, arginine and 

histidine, play an important role in the binding of bilirubin, which is an organic 

dibasic acid (2,3). Peptide resins containing lysine and arginine in their 

sequences have already been proven to be efficient adsorbents for bilirubin (4,5). 

Based on a consideration of the structure of cholestyramine, the 

quatemary ammonium group is likely to be important in the binding of bile salts. 

Thus, betaine, a natural biocompound containing a quaternary ammonium group, 

has potential use as the functional group in bile salt binding. Betaine OCCOTS in 

sugar beet molasses and is widely distributed in plants and animaIs. In the human 

body, it is usuaIly formed as an intermediate of the conversion of choline to 

glycine. This lipotropic agent h,as heen found to be beneficiaI in curing fatty 

livers, the accumulation of lipid in the liver as a consequence of raised levels of 

plasma free fatty acids, or a deficiency in the production of plasma lipoproteins 

(6). 

As for the pol ymer support, polyacrylamide resins seemed to be ideal 

because of their water-sweIlability. Such resins are commercially available and 

have been used in solid phase peptide synthesis. They are crosslinked polymers 

that cannot he absorbed from the gastrointestinaI traet. A peptide spacer, usually 

a short alanine sequence. may be added to the polymer resin prior to the eoupling 

of the active units so that the functional groups on these pendants become more 

accessible to the binding substrates. The chemical structures of alanine, lysine 

and betaine are shown in Figure 2.2. 

In this chapter, the preparation of novel peptide containing polymerie 

adsorbents, in accordan~ with this strategy, is presented. The adsorption 

behavior of these resins' the carefully chosen bile salt system has been studied 

and is eompared with at of cholestyramine and eolestipol. Based on the 

experimental results, a binding mechanism is proposed with a generaI description 

of the binding between bio-compounds to peptide eontaining polymerie resins. 
" 

1 

1 

, 1 
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Alanine 

N,N-Dlmethylglycln. 

Lysine 

(CHal;N-CHz-COO-

N.N,N-Trimethylglyclnl 
(Beiaine) 

Figure 2.2 The chemical structures of alanine, lysine, 
dimethylglycine and betaine. 

2.2 Preparation of Resins and Adsorption Experiments 

2.2.1 Preparation of Quatemized Peptide Resins 

29 

t\. water-swellable polyacrylamide resin (from Chemalog), which is a 

copolymer of dimethylacrylamide and N-acryl-l,6-diaminohexane crosslinked 

with Il % bis-acryl-l,2-diaminoethane, was used as the polymer support (Figure 

2.3). Sequences of peptide were synthesized onto the polymer using solid phase 

peptide synthesis techniques (see Appendix 2). The overall schematic diagram 

for the preparation of the peptide containing resins is shown in Figure 2.4. 

Solid Phase Peptide Synthesis: Solid phase peptide synthe sis techniques 

were used with a Vega Peptide Synthesizer. AlI the solvents used in the peptide 

synthe sis were purchased from Aldrich and were redistilled immediately prior to 

the experiments, with the exception of dichloromethane and dimethylsulfoxide 

(DMSQ), which were dried with molecular sieves (Type 4A. from Aldrich). The 

ammo acids, N-a-t-BOC-L-alanine and N-a-t-BOC-N-e-2,4-dichloro-CBZ-L

lysine, were purcha~ed from Vega. The N,N-dimethylglycine in the 

hydrochloride fonn was purchased from Aldrich. 
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- CH - CH2- CH - CHz- CH - CH2-

1 1 1 
C=O C=O C=O 
1 1 1 
N NB NH 
/" 1 ! 
CRs CUs (CHz')z (CUJe 

r 1 
NB . NB;cr 
1 
c=o 
1 

- CH - CHz- CH - CH2-,CH - CHz-r 1 
C=O C=O Q 

1 1 r /N" 
(CH \ CHa CHa 

1 are 

<cr 
Figure 2.3 The chemical structure of the water-swellable polymer ._ 
support, a copolymer of dimethylacrylamide and N-acryl-l,6-
diaminohexane cross-linked with bis-acryl-l ,2-diaminoethane. 
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1 

The resin was frrst neutralized with an organic base, 10% N,N

diisopropylethylamine (DEA) in dichloromethane. The anhydrides of the 

prO!ected amino acids (alanine and lysine) were prepared by reacting with 1,3-

dicyclohexyl-carbodiimide (DCC) in dichloromethane at oce for 30 minutes. 

Mter filtering the~a, formed as a by-product of the reacrion, the anhydride 

solution was added y the resin. For the coupling of alanine,_ a reaction period of 

about 3 hours was usually adequate. The addition of lysine usually takes a longer 

period of rime and required 3-9 hours for complete coupling. The coupling of the " 

amino acids was evidenced by a negative ninhydrin test for free amino groups 
c 

(see Appendix 2). The BOC groups were then removed by reacting with 40% 

trifluoro~tic llcid in dichloromethane. After purging the acid solution, the resin 

was neutralized with DEA in dichloromethane and washed successively with 

dimethylformamide (DMF) and dichloromethane. The deprotected amino groups 

gave a positive ninhydrin test. The coupling of amino acids was repeated until 

the desired number of amino acids was added ta the sequence. 

ria 
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Figure 2.4 The preparation scheme f~e quatemized peptide 
resins. P: polymer suppon; DMG: dimethylglycine; TMO: 
trimethylglycine or betaine; n = 1, 3, or 5. 
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The protect,ing groups of the amino acid side chains were removed by 

reacting the drièfI resins with anhydrous hydrofluoric acid in the piesence of 

~
;:. sole at DOC for 60 minutes. The fully deproteçted resins gave strong positive 

. ydrin tests. They were washed with anhydrous ether, dried onder vacuum at 
~ ~ 

room temperature, and then stored in a vacuum dessicator. \ 
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;/ 
Three resins were synthesized by this method, as, shown below. The 

difference betw~~ese resins is the different number of lySine residues on the 

peptide pendants. " ; ~ 

1) Lys-Al~-Polymer 

2) Lys3-A~-Polymer 

3) L~ss-AIR:3-Polymer , ' 

It was also observed that the color of the resin ranged from white, 10 slightly 

yellow ~ the pendants became longer. 

Coupling of Dimetbylglycine and Quatemization: Before coupling of 

N,N-dimethylglycine (DMG) to the fully deprotected polymers with lysine 

pendants of various length, DMF was used to swell the resin for 30 minutes. The 

chloride salt form of DMG is only sparingly soluble in most of the organic 

solvents. such as dichloromethane and DMF. Therefore, DMSO was used to 

dissolve DMG an<f' even in this solvent neutralization with organic base caused 

precipitation. A 10% DCC solution was added to the DMO solution in DMSO to 
, 

form the anhydride. The mixture was adde:d to the resin and shaken for 8-10 
, 

hours. The resins, after t7l:ieing washed succes'tively with DMF, methylene 

_ chloride and anhydrous ether, showed a pale blue color upon iesting with 

ninhydrin and after repeated coupling sllOwed -no appreciable decrease in the 

intensity of this color. 

The methylation of the peptide resins was done by reacting with methyl 

iodide (7). The method was modified for the peptide resins. A small amount of 

DMF was used to swell the DMG-coupled peptide resins for 30 minutes prior to 

methylation. Excess methyl iodide (molar ratio about 200:1) was added ta the 

resin, followed by stirring at room temperature for 72-96 haUTS in a reaction flask . 

covered with aluminum foil to exclude light. The mixture was then filtered and 

the resin was washed successively with DMF, methylene chloride and anhydrous 
i 

ether. The quatemized resins showed a' yellow color unless washed with water. 

Ninhydrin tests gave total negative results, indicating that there were no free 

amine groups on the resins. Since dimethylglycine was coupled to th;;. amino • 

groups of lysine residues, upon methylation, a terminal trimethylglyclDè (TMG) 

should be fonned. Thus, the tenninal TMG resembles the structure of betaine , ' 

(Figure 2.2) and possesses a quatemary ammonium group with iodide anion as its 

l 

\ 
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counterion. The resins were dried under vacuum overnight and stored in a 

vacuum dessicator. 

Analysis o~ the Quaternizèd Peptide Resins: The percentage of 

methylation was detennined by potentiometric titration of the iodide ions with 

silver nitrate solution, previously standardized with standard sodium chloride 

solution. The results are listed in Table 2.1. 

Table 2.t" 'Dte Number of Binding Sites of the Quatemized 
Peptide Resins 

Re sin 

Cl-Na+-Polymer 
TMG-Polymer 
TMG-Polymer (re-methylated) 
TMG-Al~-Polymer 
TMG-Lys-A1~-Polymer 
_TMG-Lys3-Al~-Polymer 
TMG-Lys5-Al~-Polymer 

Number of Binding--Sites 
(mmo1/g) 1 

0.22 
0.16 
0.19 
0.16 
0.18 
0.19 
0.17 

Note: TMG, the iodide fonn of trimethylglycine 

The number of active binding sites of these resins is all very close to but 

slightly less than the substitution of the conÏmercial polyamide resin (0.22 

mmol/g). The degree of methylation can be enhanced by prolonged reaction time. 

Th,!s, sorne of the resins were methylated twice to increase the percentage of 

quatemization. '.1 

It had been expected that each side chain of the lysine residues in the 
" ' 

peptide sequence would be~oupled with a betaine residue. However, the results 

(Table 2.1) indicate that, 0'0 average, there is only one active site per peptide 

pendant. Difficulties could arise in the step of the coupling of dimethyl glycine 10 

'the peptide. Sinee the neutralization of the hydrogen chloride form of DMG 

caused precipitation, DMG was used in its unneutraljzed fOfin", ~e acidity of the 

mixture might in faet prevent the suecessful eoupling of DMG to the side chain 

amino group of lysine. Therefore, it is possible that DMG was mainly coupled to 

the amino group on the end of the peptide chain which remained unprotonated 

" 
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since it is somewhat less basic than the amine groups on the side chains. As a 

consequence, the number of quaternary groups on the peptide resins is lower than 
\ 

expected. 

To analyze the amino aeid contents of the peptide resins, the peptide 

pendants on the different resins were frrst hydrolyzed. Ali glassware used in the 

experiment was washed with 6 M HeI solution and rinsed with undenatured 

éthanol. It was then dried at 110°C under vacuum for 12 hours. Precautions had 

to be taken in handIing tl;te glassware to avoid possible contamination from any 

sources of pro teins and amino acids. The peptide resins were weighed in 

quantities of milligrams (usually about one milligram or even less) and 

transferred into small culture tubes (from Pyrex) togetper with an internal 

standard, L-norleucine (Aldrich). The addition of an intern~ standard prior to 

hydrolysis is particularly useful since it covers any possible losses during the 

hydrolysis and sample transfer. The tubes containing the peptide resins were 

placed in the reaction vial which contained one ml of 6 M Hel. The system was 

degassed and then placed in an oven at 110°C. The peptide resins were 

hydrolyzed for 36 hours' followed by the evaporation of the Hel solution. The 

residues were dissolved in 0.2 N sodium citrate sample dilution buffer (pH 2.20, 

from Pierce) and centrifuged to remove the solid residues. The solution of the 

amino acids was appropriately diluted (about 2 mM) with the same buffer. A 20 

J..Ù sample, which contained about 0.1-10.0 nmolof amino acid, was injected for 

analysis. 

The HPLC system used was a Varian Amino Acid Analyzer (Vista 5500 

Liquid Chromatograph) which utilizes an ion exchange column with a UV 

detector. The analyzer was programmed fbr a gradient eluent with three 

solutions, two citrate buffers (buffer 1, pH 3.25, 0.2 N and buffer 2, pH 7.40, 1.0 

N) and a 0.2 N carbonate-free sodium hydroxide solution, to elute the amino acids 

with different polarities. After reacting with the ninhydrin solution (Pickering) in 

a heated post-column mixer at 110°C, the primaty amino acids were detected at 

570 nm and the secondary amines at 440 nm. An external standard consisting 

various amino acids (Amino Acid Standard H, from Pierce) was used as a 

reference for the analysis of the alanine and lysine residues. 

The amino aeid contents of the resins were analyzed after quaternization 

with methyl iodide. The results from the analysis proved that the alanine residues 
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attached as the spacer on the resin was successfully coupled with a yield of >90%. 

This is consistent with the previous results obtained for à similar sequence (5). 

However, the lysine residue content appeared to he lower than the expected 

number. But previaus experience showed that the coupling of lysine alsa gives a 

high yield (5). Tperefore, this result is an indication that the caupling of 

dimethylglycine to the amino groups on the lysine side chains was not complete 

and sorne of the amino groups reacled directly with rnethyl iodide. Consequenüy, 

this portion of lysine residues is not detected by. the7post-column UV detector. 

This in tum, explains the lower substitution of the quaternized peptide resins 

evidenced by titratian with silver nitrate. 

2.2.2 Preparation of Commercial Resins for Adsorption 

Chalestyramine (Dowex lX2, mesh sire 200-400, from Aldrich) was 

stirred in methanol for 12 hours followed by 1.0 M hydrochloric aeid solution and 

deionized distilled water. Most of the organic or inarganic impurities can be 

removed by this washing process. A portion of the resin was washed with 0.1 M 

sodium iodide soluttan to replace the chloride counterions with iodide anions . 

The resÏD was finally washed with dichloromethane and ether and tben dried 

under vacuum at 110°C ovemig.ht. A portion of the resin with iodide counterions 

was converrëd back ta the chloride form and the tittati.on showed no changes in 

substitution of the resin because of this treatment. 

Colestipol (Colestid, in the hydrochloride drug form, kindly donated by 

the Upjohn Company of Canada) was pretreated similarly with organic and 

aqueous solutions ta remove any soluble additives. The resin was finally washed 

with 0.1 M sodium chloride solution and distilled water followed by 

dichloromethane and ether. Colestipol was dried under vacuum at room 
temperature for at least 24 hours. 

The number of active binding sites of cholestyramine and colestipol was 
determined by potentiometric titrRtion witli silver nitrate solution, standardized 

with sodium chloride solutions. The results are listed in Table 2.2. Among all the 

resins cholestyramine resin has the highest number of functional groups on a per 

gram basis. 

The cholestyramine in its chloride form has a substitution of 3.3 mmoVg. 
1 

Based on this value, conversion to the iodide form, taking into account the 

addition of weight, gives a theoretical substitution of 2.6 mmoVg. Potentiometric 

f P ç, 
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titration with silver nitrate gave a substitution of 2.7 mmoVg, which is indicative 

f of the reliability of the titration method in the determination of the number of . 

functional groups of the resins. 

Table 2.2 The Substitutions of the Commercial Resins 

Re sin 

Cholestyramine (Cl) 
Cholestyramine (I) 
Colestipol (Cl) 

2.2.3 Analysis of Bile Salts 

Number of Binding Sites 
(mmoVg) 

3.3 
2.7 
2.2 

Both the colorimetric method and HPLC were used for the analyses. They 

generally gave identical results except in the presence of iodide ions, which 

interfered with the colorimetric analysis. 

The colorimetrie method detects the UV absorbance of bile aeid solution 

mixed with coneentrated sulfuri~ aeid solution. Typically, 0.4 ml of the adsorbate 

(0.01-0.40 mM) was mixed with 2 ml of 70% sulfuric acid. The mixture was 

agitated and allowed to stand for one hoUT. The absorbance of the mixture was 

detennined using a UV spectrophotometer set at a wavelength of 318 nm. The 

absorbance was compared with the absorbance values of standard solutions. This 

method requires relatively pure samples since certain materials which absorb in 

.. " 7;:: i~!:ec:=:p~::s::::::: :e~=::: ~=, i~~ 
, >bsorbance of the bile acid solution was usually lower than normal values in the 

presence of iodide. In cases where iodide ions are present as the counterions of 

the resin. HPLC analysis is thus more reliable. 

For the analysis of bili acids with HPLC, samples of 50 J1l (0.01-0.40 

mM) were injected to a C-6 reverse phased column (from CSC). The pump was 

adjusted so that the flow rate was approximately 1 ml/min. A differential 

refractometer (Waters model 410) was used as a detector, which was interfaced 

with a microcomputer (Varian DS 604) as a multiuser system. A ~ture of 
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methanol and 0.1 M acetic acid solution was used as eluent. The aqueous buffer 

fraction, being the most polar component, was always eluted tirst and exhibited

large. complex peaks. It is noteworthy that the buffer peak on the HPLC 

chromatogram could affect the baseline of the bile acid peak when the 

concentration of the buffer was efficiently high. Thus, a dilute buffer of about 

0.005 M was preferable for the adsorption experiments. 

Depending on the composition of the adsorption solutions, different 

compositions of eluent were selectively used to obtain a stable baseline and a 

symmetrical sample pe~ which permitted the peak area to he calculated with the 

required precision. The retention times were adjusted to be aroueJ 6-7 minutes so 

that the sample peak would appear at a stable baseline. This was achieved by 

changing the methanol content in the eluent A 75:25 mixture of methanoi-acetic 

acid (0.1 M) was found to be most suitable for chotic acid and 70:30 was good for 

glycocholic acid. Mter each sampIe, the system was purged with eluent until a 

stable baseline was attained. A computer program was installed 10 integrate the 

peak: area and to optimize the baseline of the chromatogram. A typical HPLC 

chromatogram is shown in Figure 2.5, in which the big solvent (buffer) peaks 

appears at a retention time of about 2-5 minutes and the bile acid, being much less 

polar, appears at a retention time of about 6-7 minutes, depending on the 

composition of the eluent. 

To test the retention times of the different bile acids, a mixture of bile salts 

was dissolved in water and the mixture was injected into the HPLC column (C-

18, from CSC), using methanol-aeetic acid (0.1 M) mixture (70:30) as eluent. The 

retention times of the bile acids ranged from 1 to 45 minutes (Table 2.3), although 

the peaks became wider as the retention time increased. The order is that of 

increasing hydrophobicity. The polarity of the bile acids, as shown in Table 2.3, 

generally follows the order trihydroxy > dihydroxy > monohydroxy and the order 

taurine conjugates > glycine conjugates > unconjugated. 
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Figure 2.5 An HPLC ehromatogram showing the peak of choUe 
acid at a retention time about 7 minutes. The large peak that elutes 
before the bile acid is the buffer peak: Column: C-6 reverse 
phasedcolumn from CSC; Eluent: MethanoI-HAe (0.1 M) (74:26); 
Flow rate: 1 ml/minute. 

38 



,l' 

Table 2.3 The HPLC Retention Times of Bile Aeids 

Bile Aeid 

taurocholic aeid 
-- taurochenodeoxycholic aeid 

glyeocholie aeid 
cholic aeid 
glyeochenodeoxycholie aeid 
chenodeoxyeholic acid 
deoxycholie acid 
lithocholic aeid 

2.2.4 Adsorption Experiments 

Retention Time (min) 

1.7 
1.9 
5.5 
9.1 
9.3 

17.9 
18.7 
43.8 
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Burfers: Since, the resins are intended for ultimate use in the 

gastrointestinal tract, it was desirable that the adsorption smdies should be done in \ ... 

a similar environment. Although the acidity of the intestine depends on the diet 

and the influence of nerves, etc., it is generally agreed that the pH of the intestine 

lies in the neutral range of about 7 to 8 (8). The most abundant ions in the 

intestinal fluids are chloride and bicarbonate anions, and sodium cations. 

Phosphate anions are also present in the fluids of the jejunalloops (9). 

Both buffer and non-buffer (saline solutions) systems have been used by 

other researchers in adsorption studies (10,11). Sinee the pH of the adsorption 

environment can be controlled easlly in ,buffer solutions, a buffer system was 

selected for the present adsorption study. Tris(hydroxymethyl)-aminomethane

HCI buffer (tris buffet) and KHl04-NaOH buffer (phosphate buffer) were the 

buffers of choice. Both of these buffers are used commonly in biochemical 

studies, and more importantly, their normal pH range (fable 2.4) is ideal to 

imitate the acidity of the intestine. 

To imitate similar biological conditions of the ileum, where the pH is 

about 7-8, buffer solutions (0.005 M, pH 7.0-7.4) of bile acids were generally 

used. The phosphate buffer system was used since its content and pH range 

resemble closely condition of the gastrointestinal fluid where phosphate anions do 

e~dsl Tris buffer, an organic buffer, provides a similar pH range and thus was 

also used in the studies. The pH range was alsa appropriate for the analysis on 

..., '1 
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the HPLC system, where a pH range: of 6.5 to 7.5 was recommended for the 

column. 

Table 2.4 The pH Ranges of Tris and Phosphate Buffers 

Buffer 

Tris buffer 
Phosphate buffer 

N onnal pH Range 

7.00-9.00 
5.80-8.00 

Bile Salts: To choose appropriate adsorbates for the adsorption 

experiments, the normal\,composition of bile salts in the intestinal tract must be 

considered. Although many species of bile acids have been found in the human 

body, the most common bile salts in the body, especially the gastrointestinal tract, 

are tri- and dihydroxylated bile salts in normal cases (12,13). Furthermore, the 

glycine conjugates of bilCf? acids are more abundant than the taurine conjugates 

(14). Therefore, the commonly existing chotic acid salt and glycocholic acid salt 

we,re selectively used for the adsorption studies. 

A phenomenon that was observed in' the experiments is that in sorne 

glassware glycocholate undergoes self,~hydrolysis at room temperature, as 

evidenced by the presence of cholic acid pèak in the HPLC chromatogram (Figure 

2.6). This reaction takes place in the solution slowly and appeared to reach 

completion after adequate rime. It has been reported that the peptide bond can be 

hydrolyzed in non-silanized glassware (15), since the glass surface is inherently 

basic. Old glass is particularly bad. Evidently this kind of hydrolysis happened 

to the amide bond in glycocholic acid, which is in fact also a peptide bond. 

Therefore, precautions were taken in preparation and storage of solutions of 

glycocholate. Silanization of the glassware is preferred since it stabi1i~ the 

glass surface. \ 

Adsorption Experiments: Bile salts were normally used to prepaIf,-the 

adsorbate solutions because of their greater solubility. The concentration 0 the 

stock solution used was about 10-20 mg/dl (0.2-0.4 mM). The basicity of th bile 

salts does not affect the pH of the buffers significantly, e.g., the 0.4 mM sodï m 

cholate solution changed the pH by about 0.1, compared with &e original O. 

, .. 

, 



l 

::'';1 

~ ~---~----------~-----------------------------------;--~"~~~~ 

41 

M tris buffer (pH = 7.4). 

The stock solution was then diluted with the buffer of use into different 

fractions and 3 ml of each was added to a known amount of resin (10-20 mg). 

The adsorption wa~~performed with agitation at room temperature (200C) for two 

hoUTS and the re~in in the solution was then allowed to settle before the 

supematant was taken for analysis. 

time=Oh 

rime = 19 h 

~ A time= 36 h 

A rime = 59 h 

• i i i i 

6 7 8 9 10 
Retention Time (min) 

Figure 2.6 The HPLC ehromatograms showing the gradual 
clecomposition of glycocholie aeid during its storage in glass 
containers. RT = 6.5 minutes, glycocholic acid; RT = 8.5 minutes, 
chollc aeid. 

Processing of Experimental Results: A computer program which 

provided detailed calculation results and graphies was written to process the 

results of adsorption afrer analysis (Appendix 4). Experimental data can he read 

from a diskette or entered manually and saved on the diskettes for tater retrieval. , 
Different seaIes for the graphics may be selected at user's choice. The program 

also generates a brief report which fits into the experimentaI records easily. The 

error for the adsorption experiments was estimated to he within ±10%. 

, " 

• 



( 

c 

, 
2.3 Adsorption of Bile Salts Using Cholestyramine and 

Colestlpol 

2.3.1 Comparison of Different Buffers 

42 

To minimize the effeet of pH, both phosphate and tris buffers were 

restricted in the pH range of 7.0 to 7.4. The adsorption capacity of the resins is 

not affected by small changes of pH in this range. Chole~tyramine in its chloride 
r. , 

form was tested for the ~sorption of sodium cholate in 'both buffers (O.OO~ M). 

As shown in Figure ,2.7, the..actsc(q',tion capacity of cholestyramine in tris buffer is 

much higher than in phosphate buffer. 

0.20 ---.....---_,__----,----;----r------,r------, 

0.15 -0'" 
Go) 

" -o Si 0.10 -
0.05 

O.O~.oo 0.10 0.20 - 0.30 
Ceq (mM) 

Figure 2.7 The adsorption isotherms for sodium cholate using 
cholestyramine (Cl) at 20°C. .. in 0.005 M tris buffer; • in 
0.005 M phosphate buffer; • in 0.050 M phosphate buffer. 

As a typical ion-exchange resin, cholestyramine is capable of replacing its 

mobile counterion, chloride, with other anions in the system. However, this 

exchange process is determined largely by the selectivity of different organic or 

inorganic anions (16). In tris buffer, the only chloride anion cornes from the 

buffer source. Therefore, the binding process involves only the replacement of 

chloride with bile salt anions on the cholestyramine resin. However, in phosphate 
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buffer at pH 7.4, the phosphate exists mainly as HPO/- and ~4- anions and 

these ions have strong binding affuûties ta the resin, as shown by the selectivity 

sequence for the strongly basic ion-exchangers (17). These phosphate anions can 

also replace the chloride counterions of cholestyramine. It is obvious that thè 

binding of cholate in phosphate buffer is a competitive binding process between 

the bile salt anions and phosphate anions. This competition does not exist in tris 

buffer system. 

Although colestipol has a much smaller capacity for ~bile flcids than 

cholestyramine. it still shows the same pattern of behavior (Figure 2.8). Thus, the 

binding affinity of colestipol for sodium cholate in tris buffer is higher than in 

phosphate buffer. This indicates a similar competition process exists between the 

cholate anions and the phosphate anions for the binding to colestipol. 

~ 
0" 
~ 

.......... -0 
8 -><: 

0.10 

0.05 • 

o.o~.oo 0.10 0.20 0.30 
Ceq (mM) 

Figure 2.8 The adsorption isotherms for bile salts using colestipol 
(Cl) at 200C .... sodium cholate in 0.005 M tris buffer; • sodium 
cholate in 0.005 M phosphate buffer; • sodium glycocholate in 
0.005 M phosphate buffer. 
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'2.3.2 Effect of Ionie Strength l' 

The adsorption isotherm of cholestyramine fo1'\ c~ate in a more 
---concentrated phosphate buffer solution (0.050 M) is shown in Figure 2.7 as a 

comparison to a <lilute phosphate buffer system (O.OOSM). This dependence on 

buffer concentration is attributed to the different ionic strengths of the buffer 

solutions. ' 

In' a solution of high ionic strength, the charge density of the resin surface 

can be reduced by the neutralization with the abundant inorganic anions in the 

environment. The probability of their participation in ionie interactions with the 

bile salt anions is thus greatl;y reduced. This effect -of ionic strength on the 
1 

adsorption capacity of the (resins aIso indieates that the interaction between bile 

salts and cholestyramine is primarily the formation of ionie linkage since other 

forms of interactions such as the hydrophobic interaction are expeeted to be 

affected less by the ionie strength of the solutions. 

The effeet of ionie strength can also help to explain the lower affmity of 

cholestyramine to bile salt in phosphate buffer than in tris buffer. Given the same 

concentration, it is obvious that the ionic strength of the phosphate buffer is much 

larger than that of the tris buffer since the tris buffer is an organic buffer and the 

ions in the phosphate buffer carry more charges because of the dissociation of 

IClIzPO 4' 'Therefore, in addition to the competitive binding process (Section 

2.3.1), the higher ionic strength of the phosphate buffer can also reduce the 

binding of bile salt to a certain extent. 

Johns and Bates have reported that the addition of bicarbonate or chloride 

anions to the aqueous solution of bile salt greatly reduced the extent of binding of 

the trihydroxy bile salt anions to cholestyramine (18). A similar effect was aIso 

observed for the adsorption of glycocholic acid with cholestyramine upon the 

addition of electrolyte (19). Our result is consistent with these observations. The 

increase of the ionic strength of the ads0!ption media was' also reported to cause 

decreased rate of interaction (20), which is indicative of the reduced ionic 

bonding as weIl as a contributory mIe of nonelectrClstatic interactions. 

2.3.3 Effeet of the Mobile Counterions of the Itesin 

As- indicated in Figure" 2.9, in tris buffer cholestyramine in the chloride 

fonn shows a somewhat greater affinity for bile salts than in the iodide form. The 

chloride and iodide anions are known to have different binding affinities to basic 
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ion exchangers. The affmity of strong anion exchangers for iodide is known to be 

higher than for chloride (21). Therefore, displacement of chloride mobile ions by 

bile salt anions should be easier than the displacement of iodide ions. In this 

study. the slightly lower affinity of cholestyramine in its iodide fOIm can he 

explained by this selectivity order. Using this argument, it appëars that 

cholestyramine resins have a higher affinity for bile salt anions than for the 

chloride and iodide anions. But it is preferable to have ~hloride anions as the 

counterions of the resins. 

, 
" 0.20 r----...,.-----..--r---~--___r---.,.._--_, 

0.15 -0" 
~ 

" -o e 0.10 --
0.05 

O.O~.oo 0.10 0.20 
Ceq (mM) 

Figure 2.9 The adsorption isotherms of cholestyramine showing 
the counterion effect. Temperature: 20OC. Adsorbate: sodium 
cholate in 0.005 M tris buffer. • cholestyramine (Cl); • 
cholestyramine (1). 

2.3.4 Comparison of the Binding Ligands 

0.30 

ln tris buffer, the adsorption capacity of cholestyramine fOI cholate is 

slightly above that for glycocholate (Figure 2.10). However, as indicated in the 

figure, for tris buffer neither of the isotherms gives indication of attaining the 

maximum capacity in the adsorption within the range of equilibrium 

concentrations that was used. 
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When tested in 0.050 M phosphate buffer, where it is easier to reach the 

adsoIption equilibrium, it is clearly seen that cho~~e has a greater 8ffinity 
for cholate than for glycocholate (Figure ~.10). 

0.20 r----r----r------r---~--__,.---.., 

0.15 
1 

-~ 
G) 

........ -CI S 0.10 -
>< 

__ 0.05 

~~~~ 
, " 

o.o~.oo 0.10 0.30 
'0" Ceq (mM) 

Figure 2.10 The adsorption behavior of choIes (Cl) in 
different buffers. • sodium cholate in 0.005 M tris buffer; 0 
sodium glycocholaù~ in 0.005 M tris buffer; • sodium cholate in 
0.050 M phosphate buffer; 0 sodium glycocholate in 0.050 M 
phosphate buffer. 

Colestipol was tested in a dilute phosph!lte buffer solution (0.005 M). The 

binding affinity of colestipol for cholate is also greater than for glycocholate 

(Figure 2.8). 

These fmdings are ~ agreement with the reponed resuIts, showing that in 

saline solutions cholestyramine showed a higher capacity for cholate than for 

glycocholate in 0.01 M.NaCI solution (10). 

Glycocholic aeid is the glycine conjugate of cholle acid. Its strueture 

resembles that of cholle aeid except for the extended side chain where glycine is 

coupleçl to th~ carboxyl group by an amide bond. As was seen in Table,2.4, the 

addi'iion of 'glycine to the side chain remarkably increases the polarity of the bile 
.cl 
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acid. The difference -in retentioll times of glycochollc acid and 

glycochenodeoxychollc aeid is 3.8 minutes, while the difference between their 

respective parent bile acids, chollc and chenodeoxycholic acids is 8.8 minutes. 

The much smaller difference between the two glycine conjugates means the 

glycine residue "affects the polarity of the bile acids significandy. The effeet of 

the hydroxyl group is obscured by the presence of the glycine residue. 

The fact that the resins have a stronger affinity for cholate than for 

glycocholate can be explained by the amphiphilic interactions. As described in 

Chapter 1, this behavior has been observed in the binding of bile salts to proteins. 

Regardless of the backbone structure, the less polar cholate is bound more 

strongly than hs glycochola~e counterpart. It has aIso been reported that the 

binding affinity of bile salt to cholestyramine decreases as the number of hydroxy 
, , 

substituents on the steroid skeleton increases (22). For example, cholestyramine 

has a higher affmity for the dihydroxy bile salts than for the trihydroxy (18). 

Therefore, it was cOJlcluded that the binding mechanism 'Of bile salts involves a 

primary electrostatic component reinforced by a secondary nonelectrostatic 

interaction, the strength of the latter force being dependent on the degree of 

hydrophobicity of the adsorbate molecule (22). 

The lower affmity of glycocholate can aiso be attributed to its higher 

solubility in water solution. The solubility effeet of the adsorbates has been 
-

demonstrated by He in an adsorption study of phenol and mono-, di- and tri- 0 

chlorophenols, where the least soluble trichlorophenol has shown the highest 

'affinity to the polymer adsorbent (21). The Jrigher solubility of a compound 

indicates a high affinity with the medium, its affinity with the adsorbent i~ 

therefore reduced. 

2.3.5 Comparison Between CholestYramine and Colestipol 
In the assignment of the 'basicity of anion exchange resins, the primary 

and secondary amine groups are considered to be weak bases, the tertiary amines 

are intermediate bases, and the quatemary ammonium is a strong base (16). 

Cholestyramine, which possesses the quaternary ammonium group as the 

functionaI group has il high capacity for bile salts, especially in tris buffer. 

Colestipol, on the other hand, has only secondary or tertiary ~e gro"s: 

Although the amine, groups outnumber the substitution of cholestyramine, they 

are-Iess effective in the binding of bile salts. The fact that the amine groups of • 
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colestipol are located within the palymer chains may also be disadvantageous 

since this makes the functional groups less accessible to the interacting substrates. 

1s the strong base, i.e~, the quaternary ammonium group, important in the 
, , 

binding of bile salts? Colleagues in our laboratory have tried to modify the 

functional groups of colestipol by methylation with methyl iodide. Preliminary 
results have shown that the colestipol resin after methylation has an increased 

<" binding capacity for glycocholate (23). The increase in basicity of the resin thus 

leads to an increase in 'the adsorption of bile salts. 

The matrix of cholestyramine is a 0 copolyme~ of styrene and 

divinylbenzene. The hydrophobieity of the backbone may be an important 

advantage in the binding of bile salts. Upon fonning a salt linkage, which is, 

thought to be the driving force in the binding process, the amphiphilic moiety of 

bile salt interacts favorably w,ith the hydrophobie back~one of cholestyramine. 

Colestipol has a backbone of a water-sweIlable copolymer composed of 

tetraethylene-pentamine and epichlorohydrin. Although this backbone has a 

better biocompatibility, it does not favo~ hydrophobie interaction with bile salts. 

Hydrogen bond formation between the hydroxyl groups of bile salt and the polar 

gro~ps on the colestipol matrix may involve the change of the configurat\ün of , 

bile salts since the three hydroxyl groups are located on different positions on the 

1 steroid skeleton. The lower binding affmity of colestipol for bile salts is possibly 

a consequence of the combination of weaker basicity and lack of hydrophobicity. 

The importance of the ionic linkage has also been demonstrated by the 

study of the pH effeet (19). The amoUI1t of glycocholic acid (PK.", 4.0) bound to 

cholestyramine inereased greatly as the pH was changed from 1 ta 4 , while the 

eapacity of cholestyramine for taurocholic aeid (pK :::;< 2.0) was high even at low 
• 0 

pH values. Therefore, the ionization of bile acids is important in the binding of 

bile aeids to anion exchange resins. On the other hand, in the binding of 

deoxycholi,c aeid (pK. == 5.3) to soya bean flour, wheat bran and lucerne, where 

non-ionic interactions were expected, the increase in pH leads to decreases in the 

binding capacity (24). In this case, the solubility of the bile aeid at higher pH is 

greater and hence low pH values favor the non-ionie interactions. Therefore, it 

can be concluded that the binding of bile acids depends on the basicity of the 

anion exchange resin as weIl as on its own ionization status. Hydrophobie 

",' 
\, 
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interactions" on the other hand, may also facilitate the binding of bile acids to the 

resin. 'These conclusions will be furth~r verified in Section 2.4. 
r ,- > 

2.4 Ads.orption of Bilc(sa.J Using the Quaternized Péptide 
Resms 

2.4.1 Comparison of the Quatemized Peptide Resins 
i:} 

The adsorption of the quaternized peptide resins was tested with sodium 

cholate. Three of the resins, Le., 
ITMG+ -Pol ymer 

IîMG+ -Lys-Al~-Polymer 

IîMG+ -Lys3-Al~-Polymer 

show little difference in their adsorption capacities when tested in 0.005 M tris 

buffer (Figure 2.11). This indites that the binding sites are independent in the 

binding process when the peptide sequence is relatively short. In this 

circumstance, it is easier for the peptide chain to retain its randomly extended 

0.20 r------,----..,----r------r----r------., 

0.15 -0" 
Q,) 

........... -o S 0.10 -
0.05 

0.10 
Ceq (mM) 

Figure 2.11 The adsorption isotherms of the quaternized peptide 
resins in tris buffer at 20OC. Adsorbate: sodium cholate in 0.005 M 
tris buffer. 0 TMG-P; 0 TMG-Lys-Al~-P; Il TMG-Lys3-
Al~-P; 0 TMG-Lyss-Al~-P; Â TMG-Lyss-Al~-P (ground). 

----------~--------------------------------~- ---
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state. However, the quaternized peptide resin containing the lysine-5 sequence 

"" demonstrates a much greater capacity than the other quaternized peptide resins. 

This series of resins also showed similar behavior when tested for the 

adsorption of glycocholate in 0.050 M phosphate buffer, where the resins faIl in 

the oider of 1MG-Lyss-Al~ > TMG-Lys3-Al~ "'" TMG-Lys-Al~ .,.. TMG-Al~ > 
TMG (Figure 2.12) .• The resin with TMG direptly connected to the backbone 

functional groups has the lowest capacity on ~ per binding site basis. This 

indicates the addition of the alanine-3 spacer makes the binding sites more 

accessible and thus enhances the binding capacity of the quaternized peptide 

resins. 

0.10 

- ) 
04 
Q.l 

"--0 e 0.05 ->< 

o.o~.oo 0.10 -- :0.20 
Ceq (mM) 

Figure 2.12 The adsorption isotherms of the quatemized peptide 
resins in phosphate buffer at 20°C. Adsorbate: sodium 

c glycocholate in 0.050 M phosphate buffer. 0 TMG-P; 0 TMG
Al~-P; il TMG-Lys-AI~-P; 0 TMG-Lys3-Al!l3-P; • TMG-
Lys5-AI~-P. ',' 

, 
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It is obvious that the active binding \sjtes become more accessible to the 

binding substrates as the peptide chain becomes longer. However, when the 

peptide chain is short, the binding affmity of the resin depends oqly on the 
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primary structure, Le., the amino aeid content, of the peptide-containing pendant 

As the peptide chain becomes longer, long enough to adopt a certain fonn of 

conformation, the secondary structure may become important in the binding 

process. The secondary structure refers to the confonnation of the peptides by 

hydrogen bonding, such as the fonnation of the helicaI structure, etc. The 

interaction with bile saIts rnay very weIl be facilitated by such conformationaI 

changes. The importance of peptide conformation of the longer peptide pendant 

has aIso been observed in the binding of bilirubin with peptide resins, where 

binding capacity increases markedly as the peptide pendant grows longer (2S~j 

2.4.2 Effect of the Resin Partic1e Size 

For the adsorption of sodium cholate, both the bead form and ground 

powder of the quaternized peptide resin contai~g the lysine~S sequence have 

been used. The binding capacity was remarkably enhanced when the ground 

resin was used (Figure 2.11). 

The ground fonn of the resin bas a larger surface artp than the bead form. 

For the quatemized peptide resins. the binding capacity is about 0.13 moles per 

equivalent ~ of binding sites' as eq .. lÏlibrium is reached at the plateau of the 

adsorption isotherm. If the binding sites are independent, this number is a 

mathematical average for aIl the possible binding sites. In fact, a large number of 

the possible binding sites remain intact from the ligands in the binding process, 

simply .. because it is difficult for the bile salt anions, being rigid molecules of 

fairly large size, to get close to the se bindffig sites. However. wben the surface 

area increases, the number of quatemary anpnonium groups located on the 

surface of the resin is aIso increased. The:refore, more binding sites are exposed 
l 

to the bile salt anions. This, in turn, facilitates the interaction between the rc: .:l 

and the ligands, thui~r~sulting in a higher binding capacity. On the other hand, 

the force of the ionic interaction is inversely propOI;tional to the square of the 
., ~ 

distance between the interacting groups. When the fÎi.!1ctionaI groups are on the 

surface of the resins, it is possible that the interaètion with bile salt carboxyl 

groups i5 increasingly strengthened as the distance between the interacting groups 

becomes shorter. These data aIso suggest that even in the swollen state the matrix 

of the beads cannot be penetrated by the bile salt anions. The effect of resin 

surface area has been observed in the adsorption of unconjugated bilirubin (26) as 

weIl as in organic synthesis where polymerie resins are used as catalysts (27). 
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2.4.3 Comparison of Different Buffers 
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Like cholestyramine, the adsorption by the quatemized peptide resins is 

little affected by small changes of pH of the buffer (pH 7.0-7.4). However, the 

binding affinity of the quaternized peptide resin containing lysine-5 in its 

sequence is essentially identical in tris and phosphate buffer systems (Figure 
\ . Z py. This is an indication of the specificity of the peptide containing resins in 

,ahe binding of bile salts. 

'\ 

0.20 ~-----r------,---"",------'r----,-----, 

0.15 -0" 
CS.) 

......... -o S 0.10 -

/ 

o.o~.oo 0.10 0.20 
Ceq (mM) 

Figure 2.13 The adsorption isotherms of the quaternized peptide 
resin containing lysine-5 (TMG-Lyss~Al~-P/ground) in different 
buffers. Temperature: 20°C. 1:1 sOdium cholate in 0.005 M tris 
buffer; ... sodium cholate in 0.005 M phosphate buffer. 

0.30 

As discussed in Section 2.3.1, cholestyramine and colestipol behave very 

~- differently from the peptide-containing resins in the two buffers. The adsorption 

capacity of cholestyramine for bile salt in phosphate buffer is greatly reduced 

since this anion exchanger isJalso a good adsorbent for inorganic anions, such as 

R:zP04' and HPO/- anions in the buffer solution. Compared with cholestyramine, 

the quaternized peptide resin containing the lysine-5 sequence is a much better 

/ 
/ 
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adsorbent in the phosphate buffer. The binding affmity of this resin for bile salts 

remains the same regardless of the existing anions of the buffer system. 

The specificity of the quaternized peptide-containing resin for bile salts is 

an indication that the binding is not merely an ion exchange process. as in the 

cases of cholestyramine and colestipol. The peptide sequence, possibly the 

peptide confonnation, is important for the . binding of organic anions. The 

peptide-eontaining resins apparently do not have a high affinity for the inorganic 

anions. 

Based on this observation, the low binding affinity of chole~tyramine for 

bilitubin, also an organie acid, compared with peptide resins (25) ean also be 

attributed to the lack of specificity when tested in phosphate buffers (pH 7.8, 

0.050 M) solutions, where inorganic anions exist in large abundance. The peptide 

resins were little affected by the se phosphate anions. 

2.4.4 Erreet of Ionie Strength 

The affinity of the quaternized peptide resins in the binding of bile salts is ... 
affected by the ionic strength of the buffer. When tested in phosphate buffer, as 

shown in Figure 2.14, the binding of bile salts to quatemized peptide re~ins is 

reduced by the increase in the buffer concentration (from 0.005 to 0.050 M). 

~le increased ionie strength also reduces the binding affinity of bile aeids 

for cholestyramine.~as diseussed in Section 2.3.2. The high concentration of the 

inorganic anions in the solution also reduces the charge density of the positively 

charged quaternary ammonium groups, thus, leading to a reduced binding affinity 

for bile salts. The energy of the electrO'static, interactions varies inversely with the 

dielectric constant of the media. Therefore, the ionic bond would be expected to 

be weakened by the higher ionic sp-ength of the solution. 

It is also necessary to point out that the specificity of the peptide

çontaining resins for bile salts does not exclude the possibility of the binding of 

other anions onto the se resins. Thft specificity implies only a preference in the 

binding process. Given other anions in high concentrations, the resin will 

naturally bind whatever anions are available in the immediate surroundings. In 
, 

this case, a simple mass action or concentration dependence dominates the 

binding process. 
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0.20 ....---__ ---r-------r------.,---...,------, 

0.15 -a" 
CI) 

........... -o e 0.10 -
0.05 

o.o~.oo 0.10 0.20 0.30' 
Ceq (mM) 

Figure 2.14 The adsorption isothenns of the quatemized peptide 
resin containing lysine-5 (TMG-Lyss-Al~-P/ground) showing the 
effect of ionic strength and of different ligand. Temperature: 20ce. 
Â sodium cholate in 0.005 M phosphate buffer; • sodium 
glycocholate in 'Ü.OO5 M phosphate buffer, • sodium 
glycocholate in 0.050 M phosphate buffer. 

" 2.4.5 Cornparison of Different Ligands 

It had been expected that the quatemized peptide-containing resins might 

have a higher affinity for glycocholate than for cholate because this bile salt has 

an amide bond which closely resembles the peptide bond. Glycocholate was 

tested for adsorption with the quaternized peptide resin containing the lysine-5 

sequence in 0.005 M phosphate buffer. The resin shows a lower affinity for 

glycocholate than f~r cholate (Figure 2.14). This behavior is very similar to that 

of cholestytamine as discussed in Section 2.3.4. 

The binding of bile salts with polymeric resins does not only involve the 

interaction between the resin and the bile salt The binding process actually 

involves the competition of interaction among all: the existing species in the 

solution. These species inchide' the water, various anions and cations of the 

buffer, the bile salt and the resin. The stereostructure of bile acids indicates that 
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they are rather rigid molecules which have a hydroplli1k side and a hydrophobie 

side. To bind weIl to the resin, both the hydrophilic and hydrophobie moieties of 

the molecule must adjust to have the lowest conformation al energy. 

It is weIl known that glycocholic acid has a higher solubility in water than 

cholic acid. This higher solubility is largely attributed to its hydrophilicity as it 

has an extra hYdrophilic amide linkage which can readily form hydrogen bonds 
f\ 

with water. More hydrogen bonds can he fonned between glycocholate and water 

than between cholate and water. More cnergy is needed to break the hydrogen 

bonds between glycocholate and water for the binding between the resin and 

glycocholate to take place. The extra energy needed for the binding process 

determines that the glycocholate always has a lower binding affinity for the 

resins. In other words, glycocholate has a lower affmity to the resin not because 

it is less attracted to the resin but because it prefers the water. The same would he 

true if the trihydroxylated bile acids are compared with the dihydroxylated bile 

acids. Therefore, the hydrophobicity of the bile salt anions plays an important 

role in the bile process. It can be expected that the quaternized peptide resins ' 

would have a higher affinity for di- and mono~hydroxy bile salts . 

2.5 The Interactions Between Polymerie Resins and Bile Salts 
Three types of resins, Le., cholestyramine, colestipol, and quaternized 

peptide-containing water-swellable resins, have been tested as adsorbents for bile 

salts in aqueous buffer solutions. Cholestyramine has a hydrophobic backbone 

and quaternary ammonium functional groups. Colestipol has a water-swelIable 

backbone with secondary and tertiery amine functional groups~ The quatemized 

peptide-containing resins have a \ wàter-swellable backbone and quaternary 

ammonium functional groups. Another significant difference of the quaternized 

peptide resins is the inclusion of peptide sequences, which appears to contribute 

to the binding of bile acids. 

Though cholestyramine shows a rather high capacity for bile salts in tris 

buffer, this capacity is significantly reduced in the presence of phosphate anions, 

especially at a higher concentration. Colestipol shows a limited capacity for bile 

salts under the experimental conditions selected in this study. Its binding 

behavior is rather similar to that of cholestyramine. The s1nthesized resins 

containing peptide sequences show an increased capacity for bile salts. This type 

" 

( 



c 

1 

C" 

( 

1 

56 

of resin is mueh less affected by the adsorption medium because of its binding 

specificity. The alanine spaeer is useful in improving the aecessibility of the 

binding sites of the resins. Peptide resins eontaining a peptide chain long enough 

to aceommodate eonformational changes have a higher affinity for bile salts than 

those with shoner peptides. One eommon observation for aIl of these resins is 

that the hydrophobie interaction appears, in fact, to play an important role in the 

binding. 

2.5.1 The Interactions Between the ~imling Species 

The adsorption of bile acids is a very complieated process. As proposed 

by many researchers LI'} the past (28), three possible interactIons for the binding 

between biologie al molecules include: salt linkage, hydrogen bonding and 

hydrophobie interactions (Figure 2.15). 

v 

1 1 1 
1 1 -CH 
1 œ 

-C 
Il . ...c§J .... ~(CHs)s/ 0 
1 • 1 • 1 • 1 9; • H COOe 
1 

1 

0 

1 

lon~ Hydrogen ~y~ophObIC 
, Un age Bondlng 'Interaction 

Figure 2.15 The three kinds of possible interactions between the 
polymerie resins and bile salts. 

(1) Ionie Interaction 

The predominant interaeti{m among the three is the salt_ linkage, or iouie 

interaction. This interaction is electrostatie in naFlJre and is usually eonsidered as 

the main driving force in the binding proces::, The energy of the electrostatie 
" 

binding follows Coulomb's law. Therefore, the strength of the tonie bond is 

inversely proportion al to the squatl? of the distance between the interaeting 

groups, 
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1 
F=--- (Equation 2.1) 

47teOEr r2 

where r is the distance between the oppositely charged groups, Q is the charge of 

the respective group, Eo is the pennittivity of vacuum and Er is the relative 

permittivity (dielectric constant). This equation is nonnally used to describe the 

electrical interactions between two spherical ions. The oppositely charged groups 

of the molecules have to be located at the accessible sites on the substtates to 

effectively form strong binding while the less accessible groups do not participate 
• 

in the interaction or participate only in wea,}cer interactions. The conformations of 

the. tDolecules involved in the interaction are of great importance in this kind of 

binding. Equation 2.1 offers an explanation as 19 why the ground resin has a 

larger affmity for its binding substrate than the bead form since the binding force 

becomes weaker as the distance between the binding species becomes larger. In 
the ground form, more binding sites are located on the resin surface, thus strong 

ionie bonds can be formed easily between the resin and the bile sait anions. 

(2) Hydrogen Bonding 
". 

Hydrogen bonding is a weaker form of electrostatic interaction. It is well , 
known that hydrogen atoms attached to highly electronegative atoms form 

hydrogen bonds with other electtonegative atoms on a nearby group. This may , 
occur within the same molecule (inttamolecular hydrogen bonding) or between 

two or more molecules (intermolecular hydrogen bonding). Hydrogen bonds are 

very common and have an important structural function in biol~ogic molecules 

such as proteins and polypeptides. In fact the secondary struc of proteins, 
~, 

such as the u-helix and f3-sheet, is detennined by hydrogen bond formatiôn. The "-

foldi'ng and bending of the peptide chain are associated with the formation of 

these hydrogen bonds. 

The strength of the hydrogen bond is only about 5-10% that of the nonnal 

covaIent bond and is inversely proportional to the square of the distance between 

hydrogen and the electronegative atom, since it is also a kind of electrostatic 

interaction. Although the two atoms are attracted by the hydrogen bond, at the 

same time, they are held apart by the mutuaI repulsions of the peripheral 

electrons. One of the important restrictions in the formation of a hydrogen bond 

is that the hydrogen bond must be colinear 10 assume a lowest potential energy. 
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For ~xam.ple, a deviation of 20° in the angle of the N-H ... O bond reduces the 

binding energy by approximately 10% (29). It is also of interest to note that the 
1 

hydrogen bonds of biological importance, such as those in proteins, are much 

weaker than the nonnal hydrogen bonds (30). 

The hydrogen bonding is of seeondary importance for adsorption in 

aqueous media. Due to the abundant presence of water molecules, the polflr 

groups of the resin pendants and bile salts. tend to fonn hydrogen bonds with 

water. The rigidity of the bile salt anions favors hydrogen bonding with water 
It· 

rather than with the resin. This represents a direct explanation f?r the lower 

affinity for glyeocholic acid in the binding. Therefore, it can he expected that an 

increase in the hydrophilicity of the bile salt will reduce its binding affinity onto 

the polymerie resin. 

(3) Hydrophobie Interaction 

'Hydrophobie binding may be considered to he a fonn of dispersion forces --(or ÎI! a more general sense, van der Waals forces). It is an entropy-driven 

process, as further discussed in Section 2.5.2, and makes a major contribution to 

the free energy of binding. This is especially important in the binding with 

proteins sinee the quatemary structure and the confonnational state of the protein 

ean be altered significantly to aceommodate the interaction. 

The hydrophobie interaction can contribute.greatly to the stability of the 

interacting molecular species. It involves the exclusion of water from ~e 

immediate vicinity of the interacting groups. The water molecules surrounding 

the hydrophobie groups have a more ordered structure than in the absence of this 

kind of group. Therefore, the mixing of water with hydrophobie molecular 

species is aceompanied by a negative enttopy change '\fld as a consequence this is 
1"" ~, - a thermodynamieally unfavorable process (31). The hydrophobie binding, on the 

other hand, leads to an increase in entropy in this system. The exclusion of water 

contributes favorably to the entropic changes of the binding process. 

Bile aeids are steroid related eompounds. They act like a detergent in 

aqueous solutions. The importance of the hydrophobie interactions between 

macromolecules and detergents needs ta be emphasized. A fact presented in a 

review by Breuer and Robb may weIl reflect the importance of the hydrophobie 

interactions: nearly ail studies confinn that the more hydrophobie a polymer, the 

[l1eater is the adsorption of the detergent onto it (32). In addition to the isolated 
,r.Y \ 

I~ 

l ~, 
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hydroxyl groups and the carboxylic aeid group on the side chain of the bile acids, 

the hydrophobipity is thus one of the most important properties of bile acids. 

Therefore, hydrophobie interaction between bile salt anion and the polymerie 

resin~ is an important factor during the binding process. This interaction ~so 

promotes the precipitation of organic anions ooto the polymer surface, thus 

leading to a high selectivity in the ionic interactions. 

An important point in the consideration of the binding mechanism is that 

binding is a cooperative process including different types of interactions rather 

than an isolated independent process. In the case of protein ïnteractions, the 

binding process can become even more complicated th.m in a simple m~l, e.g., 

some binding sites \-vith high affinity for alkyl sulfates and sulfonates on the 

protein do not have high affmity for alkyl earboxylates (33). 

2.5.2 Thermodynamics of the Binding Process , 

For a system eonsisting of the polymerie resin (P), the binding ligand (L) 
.... 

and the solvent (S), the free energy change for the overall binding process, AG, is 
.......... 

(aquation 2.2) 

As always, binding is favored by a negative free energy change.. For the' 

consideration of the thermodynamics of the overall p~ess, it can be divided into 

, three separated steps: 

[1] Total, or partial, desolvation of the ligand; i' 

[2] Total, or partial, desolvation of the active site or the vicinity of the 

active site of the polymer, especially for water-swellable polyme~; 

[3] Bin~ng of the desolvated ligand by tlle desolvated polymer. 

Thus, the binding energy or enthalpy change, .MI, is expressed by 

and the entrQpy change, ilS, is expressed similarly by 

.15 = ,6,Sp_L + .1SL-S' + .1Sp-s 
, 

(Equation 2.3) .., 

(Equation 2J~) 

The enthalpy term for the binding step, i.e., step [3], Llli~_L' is expected ta he 

negative due 10 the formation of strong ionic bonds as well as van der Waals 

attractions which provide binding energy in the bonded state, and MlL-s and 

Mlp-s are expected to-be positive since energy is needed to break the interactions 
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between the solvent and the ligand However, the contributions of the terms· 

ÂHL-S and ÂHp~ are expected to be relatively small, especially when ~th P and L 

are orgahlc species' in an aqueous environment, where the interactions hetween L 

and S and between P and S are re!ativély weak. However, bydration of the active 

site of the<),polymer can inc1ude hydrogen bonding, in which case MIp-s would he 

slgnificantly endothe!Jllic. The overaH M1 sHould nonnally be negative since the ' 

energy • (jf the binding between the pol ymer and the ligand is expected to 
, { 

compensate for the energy consumed in the breakage of the interactions between 

the solvent and the ,ligand. 

The enttopy change can play ~ decisive role in the binding process. In 

simple cases, where only the bound and the free states exist, the bound state is 

. more ordered (Iower entropy) than the free state, the entropy change: ~ = Sbound -

Sfree should normally ·be negative., However, in addition, the binding process 
, ' 

involv~ the desolvation of the ligand and of the polymer. When titis is also 
. "" 

considered" the total entropy change ÔS depends on the three te.nns given in 
Equation 2.4. Compared with the free state, ÔSp_L is expected ~o he negative; 

~ âSp-s positive; L\SL-S is also ,positive." The contribution of t\Sp-s can be 
\ { 

considerable because it 0 requires the disruption of the water at the b~ding site: 

which in the present case can indude contributions due to hydrogen bonding. 

Similarly, the contribution of ÔSr.-s can be significant sinee, in solution, the ,,"free" 

~gand exists as an entity of low entropy beeause the water molecules which 

surround a hydrophobie ligand adopt a highly ordered state, the so-called "iceberg 

state" (SI). The binding of the se ligands involves a positive entropy conlribution 

from the .cIfstruction of the "iceberg state". The total entropy change is the sum of 

aù these factors and can be positive or negative, depending on the relative 

contributions of the se factors. 

When t\S is positive, the enti'Opy tenn (-TL\S) is negative, which favors 0 

the bound state. Under this citéumstance, the total free energy change âG, which 

dermes the· binding, i~ ~~egative and favors the binding even when Mf ois , . 
somewhat positive. However, when ~S is negative, the entropy term (-TL\S) is 

positive. In tItis case, at a given temperature, binding will only take place when 

enough binding energy is provided. Furthermore, low rather than high 

-tem~ratures favor the exothermic binding process between the ligand and the 

polymer. 
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2.5.3 Tbe Stoicbiometric Binding Constants and Free Energy Changes 

The affinity of the binding may be expressed by the stoichiometric 

birtding constant, K, which is the equilibrium constant for the binding process 

(see Section 2.5.3). This binding constant can then he relaJed to the free energy • • change by 

AG = -RT ln K (Equation 2.5) 
il 

At a given temperature, the binding constan~ated from the adsorption 

isotherm, and thus the free energy change can be calculated using Equation 2.5. 
At the equilibrium of adsorption, the binding capacity of aIl the resins 

tested is less than one' mole per equivalent of active binding sites, based on the 

titration, of the resins which gives the number of quaternary gr~ups ,of the 

respective resins. It is these active groups which are important in the binding 

process, as shown by the data obtained. It is evident that the binding capacity of 

the quaternized peptide containing resins is not directly. proportion al t~ the 

number of active sites, Le., the quaternary ammonium groups. For example, the 

quaternized resin containing lysine-5 sequence has a higher capacity ~an those 

with shoner peptide sequences. It is also known that the confonnational changes 

of the longer pendants may be an aid in accommooating the binding (Section 

2.4.1). In this case, the stoichiometric binding constants can serve as a good 

c~ description of the bindipg affinity (34). As discussed in ~e text above, the 

binding involves a rather complicated interaction between the adsorbent (P), the 

ligand (L), the ions of the buffer and the water. However, from a thermodynainic 

point of view, the overall process of adsorption can be simplified to the hlnding 

"betw~n P and L, so that an equilibrium can be reached at the ;nd of the 

"adsorption. Thus 

K 
P +' L..... > PL 

The stoichiometric binding constant, K, is then expressed by 

[PL] 
K=--- (Equation 2.7) 

[Pl [L] \ ' 

The moles of ligand bound per equiv\tent of ~sin, X. can be expressed by 



c 

62 

[Pl] 
X=----

[Pl + [PL] 
(Equation 2.8) 

,.. From Equation 2.7 ~. [PL] = K [P] [L], so that Equation 2.8 can be written as 

K [L] 
X=---- (Equation 2.9) , 

1 + K [L] 

'Using a computer program With a deriv51tive-free least square curve-fitting 

procedure (35) for X as.a function of [Ll, the stoichiometric binding constant K 

can be calculated for each of the resin~ for the different ligands as the best fit to 

the adsorp:ion isot.l"enn. The results of the calculation are shown in Table 2.5. 
The free energy of the binding process can be calculated accordihg to 

Equation 2.5. The temperature for the adsorption was 20ce. The results of the 

calculation are also listed in Table 2.5. 

From Table 2.5, the folloWing conclusions may be drawn: :' 

(1) The binding affinity of the synthesized resins containing peptide 

sequ~ce~enerally follows tiR! order: TMG-LY~fAla3 > TMG-Lys3-Al~ .,. 

TMG-Lys-A\~ > TMG; .\ 

... (2) Th~quaternized peptide resins exhibit a similar affinity for the bile salt 
} 

in both tris and phosphate buffers, although the binding may be affected by the 

ionic strength of the buffer solution. This is an 'mdication of their high specificity 

for bile salt anions even in a p~osphate buffer where large amounts of inorganic 
~ . 
anIons are present; ,( 

(3) The binding affinity"(of cholestyramine_is strongly affected by the 

buffer system, and is especially low in phosphate buffer. Chloride counterions 

. are favorable for the binding; .\ 

(4) The binding affinity for glycocholate is lower than that forcholate .. 

" 
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Table 2.5 The Bincling Constants and Free Energy Changes for 
the Adsorption of Bile Salts at 20°C 

Re sin K x 10-3 ôG 
(M-l) 0cJ mol- l.> 

"c 

lîMG+·P 0.24 ·13 (NaC, tris) 
0.071 .j -10 (NaGC, co~c phos) 

TMG-Al~-P 0.094 -11 (NaGC, cone phos) 
TMG-Lys·A1~-P 0.22 -13 (NaC, tris) / 

/ 0.13 -12 (NaGC, co1c phos) 
TMG-Lys3-Al~-P 0.23i -13 (NaC, tris) 

0.11 -12 (NaGC, c~ne phos) 
TMG-Lys5-Ala3-P 

,.J 
0.43 -15 (NaC, tris) 
022 -13 (NaGC, cone phos) 

TMG-Lys5-Al~3·P (ground) 1.1 -17 (NaC, tris) 
1.1 -17 (NaC, phos) 
0.47 -15 (NaGC, tris) 
0.76 -16 (NaGC, phos) 

Cholestyramibe (9) 1.6 -18 (NaC, tris) 
0.36 -14 (NaC, phos) 
1.5 -18- (NaGC, tris) 

Cholestyramine f 1.2 -17 (NaC, tris) 
0.10 -11 (NaGC, cone phos) 

~lestipol (Cl) 0.24 -13 (NaC, tris) 
0.033 -8.S (NaC, phos) 
0.023 -7.6 (~aGC, phos) 
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TMG: the iodide form of trimethylglycine; P,; pOlyrher support; NaC: 
sodium cholate; NaGC: sodium glycocholàre; tris: tris buffer; phos: 
phosphate buffer; conc phos: concentrate<l phosphate buffer, which refers to 
the 0.050 M buffer; other ones are 0.005 M. 

{~ , 

2.5.4 Comments on the Resins • A Summary 
" 

The binding of bile salt with polïII1eric resins having 'quatemaîy 

ammonium functional groups is, in a general sense, an ion-exchange process 

which involves the replacemept of the mobile counterion of the resins, usually 

chloride and iodide, with the bile salt anions. This process is largely govemed by 

the electrostatic forces, as expressed in Equation 2.1. Therefore, the binding 

affinity of an ion depends on the relative charges and the ionic radii of the ions 

involved in the exchange. Generally, the organic anibns do not seem 10 he 
• 
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favorable for the binding since these anions are mostly large in size and carry 

relatively less electtic charge. However, the high molecular weight organic acids 

can precipitate, by fonning insoluble complexes, -with the stoichiomettic 

quantities of a polymeric ionic species of the opposite charges (36). The 

precipitation is atttibuted to their relatively low solubility in water because of the 

hydrophobie nature of the organic anions. 1J1erefore, it is not surprising that 

quaternary ammonium resins have a higher selectivity for bile salt anions than for 

the inorgapic anions. But this does not exclude the possibilitY, of a binding 

competition with inprganic species such as phosphate anions. 

~ The ion exehange process depends on the relative selectivity of the 

various kinds of anions in the adsorption system. However, it is certain that th,e 

quaternized peptide resins are not merely anion exchangers. The unusual binding 

affinity of the resin containing a lysin~-5 sequence i!ldicates that the secondary or 

even tertiary struCture of the peptide pendant also plays ap important role in the 

exchange process. As the peptide pendant becomes longer, the binding affinity 
( 

for bile salts is greatly improved. The confonnational arrangement of the longer 

peptide chain may enhance the binding capacity. The addition of amino acids 

with apolar side chains in the peptide sequence can enhance the binding between, 

the p~tide pendant and the bile salt. <r t 

Although the hydrophobie binding is evident, there is no doubt that the 

binding of bile salts onto the polymeric resins is predominantly an ionic 

interaction. From the experimental results, it is evident that the quaternary 

ammonium group is important in the binding as shown in the comparison between 

cholestyramine and colestipol. The strongly basic ion-exchangers such as 

cholestyramine has improved capacity than those ~f less basicity, such as 

colestipol. Therefore, a high substitution on the pol ymer support is crucial for an 

increased number of binding sites on the resin. 

The importance of the resin bead size in the adsorption indicates that' the 

matrix of the polyamide resin cannot be penetrated by bile salt. On the other 

hand, the water-swellability does not promote lî~drophobic interactions, but the 

probable improved biocompatibility of the se resins makes them the preferable 

choice as orally administered adsorbents for bile salts. With the qU3ternized 

peptide-containing pendants, the binding affmity for bile salt anions has been 
" 

improved. Moreover~\'unlike cholestyramine, the quaternized peptide resin has 
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shown specifie binding for bile salt anions. This implies that a water-swellable 

bactbone does not necessarily reduee the binding affinity for lhe bile salts sinee 

hydrophobie interaction is not the predominant force in the binding process. 

Nevertheless, the binding affmity may well he improved if part of the 

adsorbent has hydrophobie moieties. This hydrophobie moiety may be added 
( 

ehemieally ooto the backbone of the pol ymer support or on the functional 

pendants. This hydrophobie moiety should be relatively large in size so that it 

ean faeilitate hydrophobie interactions. 

Based on the adsorption experimeots, the three major types of interactions 

have also beeo discussed in detail in this ehapter. The experimental results are 

consistent with a combination of ionic and hydrophobie interaetio(ls. A 

thermodynamie ioterp~t\l:tion of the interactions was also attempted f~r:, fltrther 

insight of the binding process. 
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3 NMR Studies ofJBile Acids 
and Bile Salts 

\, 

3.1 Introduction 
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Modern nuclear magnetic resonance techniques provide a powerful tool 

for the stud~ of bile acids and salts in solution. In this chapter, an introduction is 

frrst given 'lb the NMR studies of bile acids in the literature and to NMlf 
relaxation rimes. Following the introducfÎtm - sçction are the results of the 

assignments of the NMR spectra. of bile acids, made by the use of DEPI' and two

dimensional correlation experiments, and of the studies of the interaction of bile 

acids with different bindirJg species by the application of the NMR spin-Iattice 

relaxation time detenninations. 

3.1.1 The NMR Studies of Bile Acids ' 

The IH and Ile NMR Spectral Assignme~ts: The study of bile acids 

[j4nd bile salts by nuclear magnetic resonance specttoscopy dates back to the 1ate 

1960's, The proton spectra of bile acios were partially assigned by Small et al. 

(1). A full assignment for the proton and I3e spectra of' sodium chola~ in , 
aqueous solution was fust given by Barnes and Geckle (2). Following this report, 

the same group published complete IH and Ile NMR assignments for selecthd 

bile acids as determined by the application. of two-dimensional NMR 
heteronuclear correlation methods (3). In the mean rime, other researchers 

published the NMR spectra\~f'bile acids and related steroids. The 13e spectra of 

bile acids in organic solvents. mainly in dichloromethane. were studied by 

Leibfritz and Roberts (4). They found that the chemical shifts of the Ile signaIs 

of rings A and B are affected by the configuration. of the molecules while th(\se of 

rings C and D are not. Iida et al. reported a Ile NMR study of the hydroxyla~ 

bile acid stereoisomers (5). These studies have been summarized in a review by 

Barnes and Kirk, in 1985 (6). 

----------.----------------------~--
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In the proton spectra of bile acids, the methylene and methine proton 

signals of the steroid skeleton are mos?y overlapped. However, the methyl 

pr~ton signals are sharp and clear, and tqus can easily be differentiated. 

Therefore, proton NMR spectroscopy can be used as a rapid and simple method in 

the analysis of bile acids (7). Small quantities of the common bile acids have 

been identified by proton NMR speetra after conversions to their methyl esters or 

trimethylsilyl ethers (8). 

(y Thç Study of Micelle Formation of Bile Salts: Another useful feature of 

~ 

/ 
the NMa.' technique is in the study of the aggregation of bile salts and the 

formation of micelles in solutions. The aggregation of certain bile salts in 

aqueous solutions has been studied by use of a fluorescent probe combined with 

NMR spectroscopy (9). The NMR results suggested that the formation of 

micelles leads to a greater immobilization of'the methyl groups on C18 and C19 

as compared to the C21 methyl group. 

The concentration dependence of the 13e chemical shift of sodium 
\ 

deoxycllate upon formation of mtcelles was reported by Murata et al. (10). In 

that stu y it was found that, in ~ddition to the concentration effec4 micelle 

" fonnati n is related to the pH of u\e solution. At low pH' s bile salts such as 

sodium 'deoxycholate do not form aggregates or gels. ,The Be chemical shifts of 

the skeleton carbons indicated that hydrogen ,bonding and hydrophobie 
, 

interac~ons are responsible for the formation of micelles. Another study by 

Campredon et al. bas shown that the changes in chemical shifts are more 

pronounced for sorne groups, such as the carbons bearing the hydroxyl groups and 
b 

the methyl groups, when the solutions of bile salts approach the critical micellar 

concentration (11). It was postulated thereby that both the bydrophilic and the 

hydrophobic interactions within the micelles are enhanced at higher 

concentrations (11). 

The study of the micellar aggregates of deoxycholate by proton and IJc 
NMR, combined with the X-ray technique, bas helped to confirm a helical model 

of the bile salt micelles (12). It bas been shown that the micelles are formed 

mainly through ionic interactions and hydrogen bonding; although hydrophobie 
d, 

interactions can also occur among the helices, they are not crucial to the 
'~ 
'~'formation of the micelles. 
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The ionization behaYi:9lof bile acids in aqueous environments' has been 

studied by 13e NMR experi~e~ts/:O~, The apparent pK,'s for some of the bile 

acids have been estimated, by monitoring th~/~hemical shift, changes UpOil 

altering the pH of the solutions, to be in the range of 4.2 to 7.3. 

Interaction Studies: From Chapter 1, it is evident that bile salts and their 

conjugales can form mixed micelles with lipidic compounds such as cholesterol 

aÎld lecithin. In fact, the fonnation of mixed micelles represents a specific 

interaction between bile acids with other substances. The solubi1ization of 

benzene and alkylbenzenes in sodium eholate by forming mixed m!celles has 

been studied by proton chemical shift changes of the NMR spectra (14). 

NMR techniques have also been used for the study of the interaction of 

bile aci4s with proteins. For example, the interaction of bile salt with porcine 

colipase was studied by proton NMR spectroscopy (15). The hydrophobic 

1 domain of this protein interacts with the hydrophobic side of the bile salt, as 

shown by the tine broadening effect. The specific shifts and broadening of the 

proton signals of the methyl groups a~ positions 18 and 21 on the taurocholate 

skeleton were observed, indicating their involvement in the interaction with the 

protein, The changes in pK 's of bile acids complexed with bovine serum , -'-

albumin have been determined by monitoring the chemical shifts with 13C 

enriched samples below the critical micellar concentration (13). An NMR pulsed

gradient spin-echo technique was used to obtain the aggregate self-diffusion 

coefficients for the coalescence of bile salt with lecithin in aqueous solutions (16). 

This study eonfrrmed the coexistence of simple bile salt micelles and mixed 

micelles with lecithin under physiologie conditions. The association of sodium 

and calciuIlÎ'iens to bile salts in dilute aqueous solutions was characterized by the 

induced chemical shift changes upon addition ofparamagnetic lanthanide (17). 

A series of studies of the bile salt-phosphatidylcholine mixed micelles 

have been carried out by Stark et al. using various NMR techniques (18-20). 

Phosphatidy1choline, a major component of lecithin, consists of a long acyl chain 

on one end and a quatemary amine group on the other (21). This compound was 

selectively deuterated at various acyl chain sites and the interaction with 

deoxycholate was determined by deuterium NMR techniques (18). The 2H NMR 
relaxation' time measurements provided ~~ evidence for the sluggish segmental 

motion and tight packing of the acyl Chr1 of phosphatidylcholine in the mixed 

1 
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micelles. Restricted motion of taurocholate, as monitored by the line width of the 

proton signals, was observed as the solubilization limit for phosphatidylcholine is 

~pproached (19). Recently, the same authors have reported the measurements of 

the nuclear Overhauser effect with the aid of proton spin-lattice relaxation 

experiments in the study of the simple and mixed micelles of bile acids and 

phosphatidylcholine (22). 

3.1.2 NMR Relaxation Times 
A brief introduction to the general concepts of NMR relaxation is given in 

this"section, before proceeding to the discussion of the application of the spin

lanice relaxation rime measurements in Section 3.4. For a detailed bii>liography, 

reference may be made to Appendix 3 of this thesis. 

If a system at equilibrium is perturbed temporarily, it will return to its 

original condition when the perturbance is removed. This relaxation process 

takes a certain time, whlch depends on various factors in the physical state of the 

system. In the case of nuclei with spin 1 = 1/2, there are two energy levels at 

equilibrium, corresponding to m = -1/2 and ID = +1/2. The population 

distribution follows the Boltzmann Law. When the system is perturbed by lJll 

additional radio frequency pulse, the population will be redistributed between the 

two energy lev.els. Mter the pulse, the spin system will resume its previous 

equilibrium by transferring its energy to the lanice (spin-Iattlce relaxation) or to 

another spin system (spin-spin relaxation). The rates of the relaxations can he 

characterized by the spin-lattice relaxation time (fI' alias longitudinal relaxation 0 

rime) and Jpin-spin relaxa.io'n time (T2, alias transverse relaxation rime). In 

NMR spectroscopy, the spin-Iattice relaxation time, Tl' is a measure of the rate at 

which the longitudinal component of nuclear magnetization retums to its 

equilibrium value after perturbation by a radio frequency pulse. 

For a nucleus directly bonded to another nucleus with a magnetic spin, 

such as a carbon atO'm bearing protons, the dominant mechanism of yelaxation is , , 

the dip'Ole-dipole interaction. This is the most efficient and often the only 

significant relaxation mechanism. The spin-rotation mechanism can become 

effective for small highly symmetrical entities, such as methyl groups. Contrary 

to the dipolar mechanism, the spin-rotation relaxation leads ta an increase _in 

relaxation time. As the temperature rises, the dipolar mechani~ becomes less 

important but the spin-rotation relaxation becomes increasingly significant. 
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Protons and 13C nuclei next to quadrupolar nuclei (e.g., 14N, 2JI, Cl and Br) or 

paramagnetic species (such as dissolved oxygen) can also undergo electric 

quadrupolar or paramagnetic relaxations. Chemical shift anisotropy and scalar 

r coupling are generally less important to the relaxation mechanisms of the organic 

Molecules. 

For a molecule in Brownian motion, the average time that it remains in 

any gi ven position before any changes are caused by its random molecular motion 

occur is called the correlation time, 'tc' This correlation time ~s typically 10-11 

se~onds in liquids of low viscosity, corresponding to a frequency of lOS MHz. 

For a polymer it is usually several orders of magnitude longer. In molecules 

where motion about one axis or internaI rotation can occur, tWo or more 

correlation times are applicable. In more complex Molecules or molecular 

species, such as water in biological cells, several translation al arid rotational 

correlation times may he pertinent (23). 

The spin-lattice relaxation time, Tl' can be related to the correlation rime, 

'te' by the following equation (24): 

(Equation 3.1 ) 

~ '. 
where co is the resonance frequency and C is a constant The conelation time te 

can be expressed by 

'te = "Co exp (E/RT} (Equation 3.2) 

where E is the activation energy, R is the univers al gas constant and T is the 

te~perature. 

~e effect of the molecular correlation time te on Tl and T z for a molecule 

undergoing dipolar relaxation is shown in Figure 3.1 (25). As the correlation time 

increases, which is ~sua1ly ~ consequence of increasing molecular weight, Tl 

decreases and passes through a minimum around 5 x 10-10 to 10-8 seconds, 

depending on the frequency, and then increases when the molecular motion is. 

very slow. Unlike Tl' Tz generally decreases with increasing 'te. Molecules of 

small molecular weight lie almost exclusively to the left of the minimum on the 
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Tl curve, unless the viscosity of the solution is'very high. Therefore, at relatively 
« 

"high" temperatures, the condition rote « 1 is generally met. This condition is 

called the extreme narrowing condition. Under this condition, the relaxation 

time~ are frequency independent. Larger molecules with molecular weights of 

10,000·25,000 lie in the vicinity of the minimum. Polymer [!,lolecules of still 

higher molecular weight are always on the right sicle. 

63 Tesla 

10' 

21 Tesla 

i 1 

lit 
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.: 

10.5 

10' '0 

TC s/rad -

Figure 3.1 The relationship between me molecular correlation 
time 'te and the dipolar relaxation times, ':1 and T 2 (reference 25). 
Frequency dependence of Tl is also shown (The magnetic field 
strengths 2.1 and 6.3 Tesla correspond to the proton frequencies of 
about 90 and 270 MHz). . 

At the extreme narrowing condition, where rot « 1, Equation 3.1 can he c • 

simplified as ' 

1 10 
-=-C't 
T 3 c 

1 

(Equation 3.3) 

Substitution of Equation 3.2 into 3.3, and reanangement yields 

E 1 
ln Tl = - - -+ ln [3/(10C'to)] 

R T 
&\ 

(Equ~tion 3.4) 

, , 
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Thercfore, ~ linear relationship should be obtained when ln Tl is plottcd as a 

"'function ofreciproc~ T. 

The spfn-lattice relaxation time Tl can he measured easily by either the 

inversion-recovery or the progressive saturation technique. A detailed description 

of the measurements is given in Appendix 3. The measurement of T 2 is more 

difficult since it can he influenced severely hy inhomope~ties ln the magnetic 

field. Under the extreme narrowing condition, as can he seen in Figure 3.1, the T 2 

values are very similar to those of Tl (26). 

The dipolar. relaxation of a specifie group derives from its interaction with , 
the other nuclear magnetic dipoles of the same molecule or of neighboring 

mdlecthes. Under the,'e,,:tteme narrowing condition, the intr~olecul~ Tl of 13(;

can be "related to the correlation time of the molecule (27), taking into account .. the 

number of directly honded protons, nH, by the following equatiop 
, <. 

,'.' < •• 

1fTl = r)H X 2.0325 x 1010 'te (Equation 3.5) 

Other empirical eqvations are also available. The correlation rime can be 

estimated from the measured Tl hy applying these equations. 

3.1.3 Tbe Application of the Spin-Lattice Relaxation Tim~ Measurements 
The NMR relaxation times provide important information about· the 

molecular state of various compounds. They are very useful in the determination 

of the se~ental motion, rotation and association of molecules in solutions. 

Based on the characteristic relaxation times of the vario~s groups, the measured 

Tl values can serve as an aid in assigning the NMR spectra. The intensity of an 

NMR signal also depends on the relaxation time of a specifie group, besides the 

nuclear Overhauser enhancement, which is usually a consequence of dipolar 

interactions. 

In solution the freedom of motion for molecules interacting wit}t other 

molecular species will he decreased, resulting in a longex: correlation rime. 

Except for molecules with a very large molecular weight, this increase in 

correlation time generally leads to a decrease in the spin~lattice relaxati<;)O time 

(Tl) for molecules undergoing mainly dipolar rel,axation. The specific groups 
, ' 

involved in the interaction, in particular, will tumble less freely, thus having a 

higher relaxation rate and, of course, a shoner relaxation time. The change in 
,) 

'-
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relaxation time of a specific group can be c~used~increaSed dipolar interltctiOIls 

with the nucleus dipoles in the immed.iate vicinity., 

Jardetzky ~ al. studied the binding of. drugs such as sulfonamides and 

penicillin to bÇ}vine serum albumin in aqueous solutions by the determination of 
-_/ , 

spin-lattice relaxation rimés (28,29). It was found that the TI's for the protons o~ 

the functional groups involved in the binding decreased significantly. Therefore, 

it was concluded that the phenyl groups of the drugs are p~y involved in the 

interaction. Subsequently, Tl measurements have been reported ~orthe ~tudies of 

the lipid-protein interactions (30), cellulose-water interactions (31), and calcium

parvalbumin bindings (32). Theoretical explanations, supponed by experimental 

resuIts, were attempted for·, the interactions between different molecular species 

(33). The pinding of small ligands to macromolecules has also been explored 
1 

experimentally and theoretically (34). 1--

The NMR relaxation ~les of the various groups of the bile acids..,;and salts 

generally refleet the freedom of segmental motion and eonformational state of 

the se molecules in solution. It thus provides a very useful probe.in the study of 

the physieal state of bile acids and salts in solution and their interactions with 

selected binding Ugands. 

'3.2 Experimental Techniques 

3.2.1 Instrument and Materials 
j 

The NMR experiments were performed on a Varian XL-300 NMR 
spectrometer, opexiting at 300 MHz f~ IH and 75.43 MHz for 13e. The 

experiments were normally carried out at 25OC, unless otherwise mentioned The 

temperature was eontrolled· by the heater of the NMR probe installed with the 

spectrometer. 

Deuterated solvents, dimethylsulfoxide (DMSO-dJ and deuterium 

hydroxide (D20), were purchased from MSD Isotopes. As mentioned in Chapter 

l, the bile salts are readily soluble in water while their aeid forms can he' 

dissolved in a variety of organic solvents, such as DMSO. Therefore, DMSO-d6 

was used for the study of bile acids and D20 was used for bile salts in the NMR 

\~xperiments. For the NMR studies with betaine, deuterated· phosphate buffer 

solution (0.05 M, pH=7.6) was used since it is relatively easy to obtain weIl 

~solved 13C signaIs for this compound even at high ionic strength. 
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J'he reference materials were also purchased from MSD Isotopes. In D20 

solutions, sodium trimethylsilylp~opionate-2,2,3,3-d4 (TSP) was used as Vte 0 _ 

ppm reference for the chemical shift. For the DMSO-d6 solutions. the chemical 

'Shift (in ppm) was correlated ta tetramethylsilane , (TMS), except at high 

temperatures where TSP was used as a reference. The chemical shifts are 

accurate ta about 0.005 Ï>pm. Ta avoid complications, no internaI reference was . 

used for the interaction experim~nts. 1 

___ _ _ - Chotic acid? glycocholic aeid, chenodeoxycholic acfd and sodium ~ 
.~ 1 

glycocholate were purchased from Sigma, and deoxycholic aeid. lithochotic acid 

and sodium cholate were purchased from Aldrich. The bile acids and salts were 

used without further purification. Most of the samples were prepared in 10 mm 
l , 

NMRtubes. 

Benzyltrimethylammonium chloride was purchased from Aldrich. L

Lysyl-L-lysine (HBr salt) was purchased from Vega, poly-L-lysine (HBr salt, 

DP= 17) and bo,Jlne serum albumin (BSA) from Sigma. 

3.2.2 DEPT and Two-Dimensional Correlation Experiments 

DEPT and two-dimensional correlation experiments were conducted ta 

assign the lH and 13C NMR spectra of bile acids in DMSO-d6 and 020. A 

detailed description of these techniques can be found in Appendix 2. The DEPT 

(Distortionless Enhancement by Polarization Transfer) sequence is usually used 

ta differentiate the carbon-13 signaIs bearing a different number of protons (35). 

This sequence is shawn beIow: 

D -(1CI2) -0 -(x) -0 -(el -0 -DEC 1 y2 y2 x2 
1 

(1CI2)-D.z -(X)-02-ACa 
.. 

(The OEPT pulse sequence) 

where Dt is a preparation delay. An average C-H coupling constant IJCH of 140 

Hz was used. Based on this value, the D 2 delay was set as 3.57 ms (l/(21JCH»' 
The 900 pulse width and lH de coupler 90° width were calibrated prior to the 

experiments. The a-pulse is dependent on the number of protons attached to the 

carbon. The spectra were recorded at e-pulses of 45°, 900 and 135°. The first 

spectrum gives rise to all the signais of the protonated carbons, the second shows 

the CH carbons and the third gives positive signaIs for CH and ~ groups and 
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negative signais for CHz groups. - Recalculation of the NMR spectral data ~ves 

four spectra showing the carbons bearing different numbers of protons. 

Two-dimensional heteronuclear ÇQJrelation (l3CJH) and 2-D homonuclear 

_ correlation (IH_IH) experiments were perfonned to confirm the assignments of 

the NMR spectra of bile acids, Proper delay rime and pulse width were calibrated 
,/ 

prior to the experiment arld were carefully selected to optimize the NMR spectra. 
J 

T 

3.2.3 Measurements of Spin-Lattice Relaxation Times 

The inversion-recovery technique (Appendix 3) was used for the Tl 

measurements. The NMR signaIs were inverted nonselectively by a pre-
1 

calibrated 1800 pulse (typically 40 ~ec for 13C on the XL-300). Immediately 

_ after the pulse, the magnetization was aIiowed to recover its equilibrium condition 

over a preselected period of rime (D2)' A 900 pulse was then applied to tilt the 

signaIs to the xy plane to he detected. The delay (D 1) is added to allow maximum 

recovery of the magnetization. The entire pulse sequence is shown below. 

Experimental parameters, e.g., the delay time array and irradiating pulse width, 

were caIibrated prior to the experiment. 

(0 - 1t - 0 - rc/2 - ACQ) 1 2 D with ACQ + DI > 5TI 

- ' (The inversion-recovery pulse sequence) 

The Tl values were calculated using the computer software installed with 

the Varian instrument. The uncertainty in the Tl values was usually within:l:5% 

for the 13C signals. At higher temperatures, sorne 13C signals, such as the 

carboxyl group, had longer TI's, therefore the uncertaintie~ 'a1so tended 10 he 

larger, but still within ±lO%. 

?/he concentration of the bile acids and -saIts are expressed in molality (m) 

and varied from 0.1-0.5 m for TI studies. The 13C spin-lattice relaxation times 

can ..... be measured within a short period of time for samples at a concentration 

above 0.1 m. The DMSO solutions werè degassed by bubbling nitrogen through 

the NMR tube to remove possibly dissolved panimagnetic oxygen in the solution. 

The D20 solutions were usually prepared under nitrogen atmosphere to prevent 

oxygen from dissolving in the solution. However, the degassing was found ta 

have little or no effect on the measured Tl values. The NMR tubes were normally 

sealed during the experiments. For interaction studi~ding SUbstrlllè._~ .. 
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added into the solution to obtain a desired molar ratio, following the tirst 

measurement. Mter the resulting solution had been degassed, the second 

measurement was performed immediately to maintain experimental conditions 

ideptical, to those for the fust measurement. Selected measurements were 

repeated to ensure that the results were reproducible. 

3.3 NMR Spectral Assignments for Bile Acids and Salts 
The assignment of the IH and 13Ç spectra of bile acids 1s still of 

remarkable importance in the NMR study since it serves as a !cey in the 

elucidation of the structure and conformation of bile acids in solution. Although 
"-

'certain assignments for the 13C spectra of bile acids in aqueous -solutions have 

been reported, as discussed in Section 3.1.1, sorne of the reported spectral data 

differ from each other and no systern:ttic studies has been done for the solutions 

above the critical micellar concentration (CMC). Few NMR spectroscopie 

studies for bile acids in organic solvents have been reported. It is certainly of 

interest to compare the behavior of bile acids' in organic solvents, where they do 

not f<?rm micelles, with that in aqueous solutions,. where different micelles can he 

formed. 

Deuterated water and DMSO were selected as solvents for this research as 

two distinct kinds of systems: aqueous and organiè media. The dependence of the 

13C chemical shifts on temperature and concentration above CMC in water were 

studied. Complete assignments of bile acids in DMSQ-d6 and DzO were 

establ~shed by the appllcation of various available NMR techniques. The carbon 

atoms bearing 1,2, 3 proton(s) and the quaternary carbons were differentiated by 

use of the DEPT sequence. Two-dimensional spectra were recorded as an aid in 
the assignment of the NMR spectra of bile acids. 

3.3.1 The Assignments of the NMR Spectra of Bile Acids and Salts 

The chemical structures of sorne of the primary and secondary bile acids 

are shown in Figure 3.2. The number and the position of hydroxyl groups ~ 

represent the only major difference in their structures. 

The 13C Assignments Using DEPT: 
The 13C spectra of sodium cholate and sodium glycocholate in D 20 are 

shown in Figure 3.3. The carbonyl groups are most easily assigned since they 

; 
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appear at the very low field. The three CHOH carbons are located at a low field 

of about 70~76 ppm, and lherefore tan also be easily recognized. The 

assignments at a molal concentration of about 0.25 m in DzO 'were made \ in 

accordance with the DEPT and 2~D experiments and -are shown in Table 3.1. 

These assignments . were further .verified by the characteristic spin-Iattice 

relaxation rimes of the respective peaks. The assignments for the chollc acid salt 

are in good agreement with the previously reported results (3,11). The~e spectra 

were recorded at concentrations above the critical micellar concentration (CMC) 

of bile salts. Even under such conditions, a dependence of the chemical shifts on 

concentration as weIl as on temperature was observed (Sections 3.3.2 and 3.3.3), 

e.g., the peaks for the quaternary carbon 10 and the 23 methylene carbon 

exchange positions at higher temperatures. This is true"for both chollc and 

glycocholic aeid anions in aqueous salutions. 

,-{ 

OH 

RI Rz ~ 

Cholic Acid: OH OH OH 
Chenodeoxycholic Aeid: OH H OH 
Deoxychollc Acid: H OH OH 
Lithocholic Aeid: H H OH 
Glycochollc Acid: OH OH NH~COOH 
Methyl Cholate: OH OH O~ 

Figure 3.2 The chemical structure of- bile acids and chollc acid 
methyl ester. 
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Figure 3.3 The 13C/!'lMR spectra of sodium cholate and 
glycocholate in D20: (a) sodium cholate (molal concentration: 
0.27 m);,Cb) sodium glfcocholate (0.25 m). < 
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Table 3.1 13C NMR Spectral Assignments for Bile Salts in D20 

Carbtç\ 
Chemical Shift Umm) 

n' Sodium Cholate Sodium Glycocholate 
25°C l000C 25°C l000C 

j, 
-, 

24-C 186.75 185.87 179.20 178.55 
Glycyl COOH 179.39 178.83 
12-CHOH 75.48 75.52 75.37 75.44 
3rOlOH 74.06 74.03 74.03 74.03~ 
7-ŒlOH 70.59 70.69 70.54 70.67 

,9 

17-CH 48.90 4~.36 '48.57 48.90 
13-C 48.77 - 4 .86 48.76 49.16 
Glycyl ~ 45.97 ,.46.26 
14-CH 44.01 44.13 43.97 ,,'tW.14 
5-ŒI 44.01 44.04 43.97 ' 44.03 
8-ŒI 42.23 42.27 42.22 42.27 
4-CHz 40.97 41.~7 40.98 '''41.41 

20-CH 38.42 38.15 37.99 37.76 

O~ 22-~ 37.90 37.78 37.87 37.76 
10-C 37.13 37.10 37.10 37.09 
23-~ 36.95 37.23 34.84 35.38 
6-~ 36.76 36.83 36.72 36.84 

2"~ 34.91 35.01 34.11 34.05 
1- 31.86 32.14 31.89 32.17 
11- 30.55 30.59 30.56 30.62 
16- 30.02 29.78 29.94 29.70 
9-ŒI 28.98 29.19 28.95 29.20 
15-~ 25.78 25.57 25.72 25.53 

19-~ 25.04 24.81 25.01 24.77 
21-~ 19.46 19.55 19.38 19.48 
18- 14.97 14.84 14.93 14.81 

Sample molal concentration: aboul 0.25 m; Reference: TSP. Assignments 
were made with the aid of DEPT and Tl experiments. 

Glycoch6lic acid is fonned by the addition of a glycine residue on the side 
chain of chollc acid The addition of glycine causes an upfield shift for the 
cal'bonyl group at position 24. Moreover, it also creates a shielding effect on the 

0 Methylene group at position 23, causing an upfield shift of about 2 ppm (Table 

3.1). However, the chemical shift of the 22-methylene group, being at the P-

I 
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position of the carbonyl group, is less affected than that of the 20-methine group 

('Y-position), which has an upfield shift of about 0.4 ppm. 

The Ile DEPf spectra of cholle aeid in the forro of the sodium saIt in D 20 

are shown in Figure 3.4. The three methyl carbon signaIs are located at the upper 

field of the spectrum. The CH carbons signais are spread over a range of about 10 

ppm from 3849 ppm, except the CH group of position 9, which appears around 

29 ppm. The remainder of the 13C signais belong mainly to the methylene (~ 
\ 

groups, appearing in the region of 25-41 ppm. The quaternary carbons are 

suppressed in the DEPT spec'tra since they cannot be enhanced by proton 

polarization transfer. 

The l3e spectra of bile acids in DMSO-d6 also show very sharp and clear 

signais. Although these spectra were recorded using solutions of similar molal 

concentrations as those in D20, it is unlikely that the bile acids form micelles in 

DMSO-d6• Using the DEPT sequence, the huge DMSO-d6 peaks around 39-40 

ppm can be suppresnèd so that the peaks of bile acids hidden under the solvent 

peak are clearly identifiable. This is shown in the DEPT spectra o} chollc aeid in 

Figure 3.5. Figure 3.6 shows the Ile spectra of some of the primary and 

\)secondary .bile acids in .DMSO-d6• In this figure, the solvent peak region is 

selectively replaced v.:ith the spectra obtained with DEPT. ' 

The majority of the peaks in the spectra can be assigned, especiaIly the 
1 

carbons bearing hydroxyl groups by comparing the spectra for chollc, 

deÇ,xychollc, chenodeoxycholic and lithocholic acids. Table 3.2 shows the 

assignments of the Ile spectra of selected bile acids in DMSO-d6• The 

assignments are supported by the DEPT experiments and the characteristic TI 

values of the 13e signais. The substitution of the carboxyl group of cholle acid 

, affects the chemical shift of the 24-C, causing ~pfield shifts. This is accompanie<! 

by chemical shift changes of the side chain carbons. 

In Table 3.2 it can,~.be seen that the addition, of the hydroxyl groups to Ûle 

steroid rings usually affects the chemicaI shifts of nearby llC nuclei. The addition 

of an electron-withdrawing group often has a deshielding effect on the carbons at 

(l- and f3-positions, ~s causing a downfield shift. However, carbons at the "'(

positions of the substituent are usually affected by a shielding effect, sometimes 

even more significant than the deshielding effect on the ~carbons. This is known 

in NMR spectroscopy as the 'Y-effect. As indicated in Table 3.2, the addition of an 
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Figure 3.4 Th DEPT spectra of sodium cholate in D20 (molal 
concentration: O. 7 m): (a) the normal 1~ NMR spectrum; (b) the
carbons with attac ed protons; (c) the CR's; (d) the ~'s; (e) the 
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Figure 3.5 The DEPr spectra of chollc acid in DMSO-d6 (molaI ~ 
concentration 0.23 m): (a) the normal 13C NMR spectrum; (b) the JO 

carbons with attached protons, the two 13C signaIs hidden under 
the DMSO-d6 peaks are clearly shown; Cc) the'CH's; (d) the ~'s; 
(e) the ~'s. ' 
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Figure 3.6 The I~C NMR spectra of selected bile llCids in DMSO
d.:. (molal concentration: about 0.25 m): (a) cholle acid; (b) 
enenodeoxycholic acid; (e) deoxycholic acid; (d) lithocholic acid ' 
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Table_ 3.2 I3C NMR Spectral Assignments for Bile Acids and 
Methyl Cholate in DMSO-d6 

'"l 

f ~ 

Carbon Chemiea! Shift (ppm) 
CA CD€A DCA LCA GCA CAME 

24-C 174.90 174.27 174.83 174.73 171.35 173.72 
GlycylCOOH 173.01 
12-C 70.96 39.55 70.96 39.69 70.98 70.94 
3-CHOH 70.40 70.29 69.91 69.83 70.39 70.39 
7-C 66.21 66.11 26.05 26.13 66.19 66.19 
~ ,/ 51.09 

.. 
17-CH 46.03 . 55.47 46.09 55.52 46.07 45.96 
13-C 45.70 41.85 45.94 42.23 45.67 45.70 
14-CH 4l.49' 49.92 47.39 56.02 4l.46 41.48 .n 1 
5-CH 41.30 41.38 41.58 41.53 41.29 41.30 
Glycyl CHz 40.47 

, 

,t~ 39.52 39.35 36.23 36.25 39.45 39.50 
~ 39.47 39.08 35.61 35.37 39.45 39.44 

( 
1-~ 35.28 35.27 35.10 35.14 35.24 35.26 
20- 35.01 34.88 34.91 34.79 35.05 34.97 

- 6-~ 34.82 34.75 26.94 r~6.88 . 34.80 34.81 
- 10-C 34.32 34.65 33.74 34.16 34.30 34.3J 

23-~ 30.85 30.66 30.75 30.66 32.11 30.41 
22- 30.77 30.66 30.69 .30.66 31.49 30.67 

~~ 30.35 30.48 30.18 30.33 3Q.32 30.34 
11- 28.47 20.20 28.54 20.39 28.47 28.46 
16- 27.23 27.73 27.13 27.68 27.21 27.20 
9~ 26.15 32.22 32.87 39.96 26.14 26.15 
15-~ , 22.74 23.08 23.44 23.80 22.73 22.73 

19-~ . .• 2.54 22.62 23.00 23.21 22.53 22.53 
21- 16.88 18.07 16.84 18.06 17.02 16.83 
~8-œ; ~2.25 If·56 12.35 11.79 12.26 12.23 

'" CA: cholle acid; CDCA: ehenodeoxycholle acid; DCA: deoxycholic aeid; 
LCA: lithocholie aeid; GCA: glyeocholic aeid; CAME: cholle aeid methyl 
ester (methyl cholate). Mola! concentration: about 0.25 m; CAME,: 0.15 m. 
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axial hydro 1 group causes a downfield shift of about 30 ppm for the a-carbons. 

ene_ carbons are affected by a downfield shift of about 8 ppm, the 

methine and uaternary earbons about 3.5-4 ppm. The y-earbons, mostly methine 
1" • 

groups, are ectcd by an upfield shift of about 6-8 ppm. However, the carbon at 

)X>sition 5, bei~g the y-position of the hydroxyl groups at positions 3 an~ 7, does 

not appeat to show such an effect. The reason for its indifference is probably 

related to the stereo structure of bile acids. In the 5J3-configuratiC!n (Figure 3.2), 

the C5 is stericaIly located al a position &se to the hydrophobie side and' further 

away frOID the hydroxyl groups. Therefore, it is not affected by the alterarion of 

the -chemical structure on the other side (hydrophilie siQs!) of the' molecule. This 

is also true for the carbons at positions 1, 10 and 19, as evideneed by the limited 

change in chemicaI shifts for these carbons upon structurhl alternations. These 

carbons are located on ring A of the 5~·steroid skeleton. 

Two-Dimensional Correlation: 

The aSliignment of the proton spectra for bile acids are difficult because of 

the severe overlapping in the methylene and methine regions. High resolution 
, 

NMR has been used in the recording of the proton NMR spectr.l of bile acid in 

aqueous solutions and assignments have been made with the aid 'of two

dimensional correlation v.r.'m the 13C spectrum (3,11). 

Two-dimensional spectra of chollc acid and glycochQlic acid were 

recorded to confrrrn the assignment of the l3e spectra of bile acids in DMSO-d6• 

The heteronuc1ear~ correlation (l3C· IH) spectrum of cholle acid in DMSO-d6 is 

shown in Figure 3.7. The correlation between the methyl carbons and protons at 

positiQns 18, 19 and 21 can be clearly seen in the contour plot. Other signaIs of 

high intensity)are mostly' metllin'e groups. The correlation of the methine groups 

bearing the hydroxyl group at positi~ns 3, 7 and 12 is clearly identified. ~ . 

The homonuclear correlation (lH_IH) spectrum of chollc acid in DMSO-d6 

is showp in Figure 3.8. Because of the severe overlapping of t-IJe methylene and 

methine protons, the differentiation of the proton signaIs of this region is difficult. 

However, the coupllng between the methine and hydroxyl protons is clearly 

"''l shown in this contour plot. The assigned protons of significance are shown in 
l ,t\ _of' 

'Figures 3.7 and 3.8. Since the study is concemed, in the main, with 13e NMR, 

detailed proton assignments will not he discussed. 
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Figure 3.7 The 13C_IH heteronuclear correlation spectrum of 
chollc acid in DMSO-d6 (molal concentration: 0.14 m). 
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Figure 3.8 The IH_IH homonuc1ear correlation spectrum of cholle 
acid in DMSO-d6 (molaI concentration: 0.09 m). -

3.3.2 The Effect of Temperature on the Cbemical Sbifts 

As discussed in Section 1.2.2, b~e salts form micelles fu aqueous solution 

when the concentration is above CMC (0.6-10 mM) at room temperature. Phase 

separation May occur at temperatures lowever than CMT. In this study, the 

concentration of the bile salt samples was always higher than 0.05 m, which is 

weIl above the CMC of the bile salts. A variable temperature study was 

conducted for sodium choiate and glycocholate in D20. The temperatllre of the 
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experiments was in the range of 25-1000c, which is also above the CMT of the 

bile salts. 

As. temperature increases, there is a general change in the chemical shifts 
""-

for the 13C signals of bile acids, as shown in Table 3.1. The carboxyl group 

undergoes an upfield shift (ca. 1 ppm from 2'5ot to lOOOC), indicating the 

dissociation of hydrogen bonds with the solvent molecules. As a general rule, 

when the, tempemture increases, the carbons on the side chain and on ring D of 

the chollc acid skeleton are affected most in terms of the chemical shift. The 23 

methylene group, appearing at about 37-38 ppm, undergoes a downfield shift as 

the temperature increases and ~asses the CIO peak from right to left, as shown in 

Figure 3.9, while the chemical shift for the carbon at position 10 remains 

unchanged. Therefore, the relative peak positions of C23 and C.10 interchange at 
10 

d 
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Figure 3.9 The 13c NMR spectra of sodium cholate in D 0 
showing the temperature effect (0.27 m): (a) 25OC; (b) SOOC; ~c) 
7SoC; (d) l000C. 
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elevated temperatures. The carbons at positions 14 and 17 aIso have similar 

downfield shifts, which leads to the separation of the two signais between 48-50 

ppm and the splitting of the large peak around 44 ppm. These changes are 

probably related to the dissociation or rearrangement of the bile salt micelles in 

aqueous solutions at higher temperatures. Similar temperature" effects are also 

observed for glycocholate in D20. 

It was of interest to observe the change in the 13e spectra of sodium 

cholate with other interacting species. The addition of benzyltrimethylammonium 

chloride (BTMA) to the aqueous solution caused the changes of the chemicaI 

shifts with temperature 10 occur at much lower temperatures (between 4O-70OC), 

. as shown in Figure 3.10. This is an indication that the addition~of a quatemary 

b 

17 13 

a 

1 1 1 ~blili jl 1 1 ~~ 1 Iljl 1 1 ~~ 1111 1 1 1 ~~IIII Il 1 1 ~kllllili 1 ~blllili 1 1 ~~I 1 111 1 Il ~bll,!,;~ 

Figure 3.10 The 13e NMR spectra of sodium cholate with 
benzyltrimethylammonium chloride in D20 showing the 
temperature effect (0.27 m, molar ratio 1:1): (a) 25OC; (b) 50OC; (c) 
75°C; (d) l000C. 
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ammonium salt accelerates the dissociation or re-ammgement of the bile salt 

micelles, possibly by fanning more compllcated mixed micelles with the 
~ 

interacting substrate. The benzyl group of BTMA is hydrophobie and can 

possibly enter the' "head" .of the micelles with the quaternary ammonium group 

forming ionic linkage with the nearby carboxyl groups of bile salt on the "tall" 

part of the micelles. 

Interestingly, the effect of increased temperature is equivalent to that of aJ 
decreased concentration of biJe salt in aqueous solutions. This is further 

discussed in the fôTI~g-secfion. ~ 

3.3.3 The Effect of Concentration on the Chemical Shifts 

It is known that, in the vicinity of the CMC of bile salts, the chemical 

shifts, of the methyls and the carbons bearing the hydroxyl group depend 

significantlyon the concentration (11). In this study, the concentration range of 

bile salts was chosen to be above the CMC. Therefore, a dependence of the 

chemical shifts on concentration changes was not expected However, as shown 

in Figure 3.11, sorne of 13C signais of bile salt are still affected significantly by a 

variation in the concentration above the CMC. The concentration effect is once 

again most significant for the c~bons on the side chain and on ring D of chollc 

acid The most obvious changes of chemical shifts involve C23, C17 and C14. 

If Figure 3.11 is compared with Figure 3.9, the dilution effect of the 

sample of sodium cholate is seen to be aImost identical to that of an increase in 

temperature. It is known that the aggregation number for the micelle of bile salts 

may change as the concentration of the solution varies (36). This provides further 

evidence for the variation of the size of the bile salt micelles at different 

concentrations. Therefore, the Strllcrures of the micelles are similar for dilute ... 
solutions or more concentrated solution at higher temperatures. , 

ln conclusion, the bile salt micelles may und.ergo re-organizations upon 

variations of the concentration and temperature of the solution. The addition of 

BTMA cao promote such re-organizations. indicating a possible formation of 

mixed micelles. It is important to be reminded that the structure of the micelles 

formed by bile salt anions is different from that of the siIrifle micelles since bile 

salts 'also have hydroxyl groups in addition to the carboxyl ~up. This property 

of bile salts is important in the study of their interactions ~th various other 

binding species. It can be expected that the moleculés -fhat.~~t with bile salts 



92 

can involve in the fonnation of mixed micelles, where, poth hydrophilic and 

hydrophobie interactions may occur. 
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Figvre 3.11 The 13C NMR spectra of sodium cholate in DO 
showing the concentration effect: (a) 0.06 m; (b) 0.12 m; (c) O.~S 
m; (d) 1.25 m. ~ 

3.4 The Determination of Spin-Lattice Relaxation Times and 
Interaction Studies 

3.4.1 The Spin-Lattice Relaxation Times of Bile Acids and Salts 

The spin-Iattice relaxation times of the various groups of the interacting 

species were determined using the inversion-recovery technique. Cholle acid and 

glyeocholle acids, the two major primary bile aciéis in the human body, were used 

for the Tl studies. As a eomparison, the Tl values were measured in both aq~eous 

a 'Id DMSO solutions. The spin-Iattice relaxation times of the 13C NMR signals of 

choUe acid and glycocholic acid in DMSO-d6 and their sodium salts in D20 are 

listed in Table 3.3. 

) 
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Table 3.3 The 13e TI Values (in Sec) of Chollc Acid and 
Glycochollc Acid in D20 and DMSO-d6 

Carbon 
InD20 

NaC NaGC • 
InDMSO~ 

CA CA 

24-C 4.0, 11 2.7 3.3 
GlycylCOOH 2.9 - 2.3 
12-OfOH 0.19 0.17 0.21 , 0.20 
3-CHOH 0.19 0.16 0.23 0.20 
7-CHOH 0.19 0.18 0.20 0.21 

17-Of 0.20 0.27 0.23 0.22 
13-C 1.75 1.6 1.9 1.9 
GIyeylOl2 0.43 0.24 
14-CH 0.18 0.19 0.18 0.20 
5-ŒI 0.17 0.16 0.26 0.21 
8-CH 0.20 0.18 
4-~ 0.084 0.10 

20-CH 0.20 0.18 0.26 0.20 
22-~ 0.087 0.10 0.17* 0.13 

C 10-C 1.54 1.48 1.7 1.6 
23-~ 0.20 0.16 0.22 0.15 
6-~ 0.11 0.08 0.12 0.11 

~~ 
0.12 0.12 0.088 0.098 

1- 0.10 0.08 0.11 0.11 
11- 0.091 0.10 0.10 0.11 
16- 0.088 0.11 0.10 0.10 
9-Œ 0.19 0.17 0.27 0.22 
15-~ 0.097 0.14 0.13 

19-~ 0.60 0.62 0.55 0.56 
21- 0.56 0.36 0.47 0.51 
18- 0.63 0.62 0.79 0.71 

i- , 
NaC: sodium cholate; NaGC: sodium glycocholate; CA: chollc acid; GCA: 
glycocholic acid. 
Samples (molaI concentration): NaC/D20: 0.12 m; NaGCID20: O.14m; 
CAlDMSO-d6: 0.14 m; GCA!DMSO-~12 m. Temperature: 25°C . 
... This peak is overlapped with the 23- signal. The value is estimated 
from the variable temperature studies. 
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Owing to the spin-rotation relaxation mechanism, the methyl carbons have 

longer Tl values. For the remaining carbons, the T1's increase as the number of 
, -

attached protons decreases, following the order: methylene < methine < 
quaternary carbons. This fact is clearly due to the dipolar relaxation with the 

nearby protons, which leads to decreases in TI 's. The carbons on the backbone of 

the 'Steroid skeleton generally have shorte~ TI' s because of their limited 

flexibilities in motion and rotation; however, the carbon's on the side chain tend to 

have longer Tl' s, indicating increased freedom of motion. Glycocholic aeid, 

while having a longer side chain, exhibits shoner Tl' s for the corresponding 

carbons. The long TI's of the carbonyl of the amide group and the glycyl 

methylene of glycocholate are possibly attributable to the quadrupolar relaxation 

mechanism involving the neighboring 14N nucleus. The C=Û and methyl carbons 

show decreases in their TI values going from D20 ta DMSO-d6• 

The Dependence of Tl on Temperature: 

The spin-Iattice relaxation times of bile acids in DMSO-d6 and bile salts in 

D20 were measured at different temperatures from 25-100°C. The carbons on the 

bile acids skeletan show general increases in TI' s with increasing temperature. 

As indicated in Equation 3.4, if the logarithm of Tl is plotted against the 

reciprocal temperature. l(f, a straight line should be obtained. Figure 3.12 shows 

the plot of ln Tl as a function of l(f for the carboxyl and methyl groups of 

sodium cholate in D20 solutions. The methyl carbons manifest a better tinear 

relationship than the carboxyl carbon. The deviation from the linearity of the plot 

is probably a result of other minor relaxations than the dipolar mechanism. Il 

appears that the dipolar relaxation represents the major relaxation mechanism of 

the NMR relaxation process. Figure 3.13 shows the same linear plot for the 

carboxyl and methyl groups of cholic acid in DMSO. 

The Dependence of TI on Concentration: 

The spin-lattice relaxation times were measured for aqueous solutions of 

bile aeids at different concentrations. The TI values for sodium cholate in D20 in 

a molal concentration range of 0.1-0.5 m are shown in Table 3.4. It was found 

that the values of Tl depend, to sorne extent, on the solution concentration in the 

concentration range of this study. There is a general trend for the T 1's to decrease 

as the concentration becomes higher, although this dependence is small compared 

( 
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Figure 3.12 The temperature dependence of Tl of the various 
groups of sodium cholate in D20 (molaI concentration 0.35 m): the 
plot oflogarithm of Tl as a function of reciprocaI temperature: • 
carboxyl; 018- methyl; 019-methyl; !J. 21-methyl. 
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with the temperature effect. Since the concentration range ... of the solutions is 

above the critical micellar concentration, the aIteration of the concentration 

resuIts in a transfer from smaIler micelles ta larger ones while the basic structure 

of the micelles remains largely unchanged. The small dependence of T l'S on 

concentration can be â consequence of a combination of the se factors and the 

experimental eITors directly derived from the measurements. At even higher 

concentrations (e.g., molaI concentration 1.6 m), the Tl for the carboxyl carbon 

remain unchanged within experimental error (3.9 sec), while those for methyl 

... 
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Figure 3.13 The temperature dependence of Tl of the various 
groups of cholic aeid in DMSO-d6 (molaI concentration 0.33 m): 
the plot of logarithm of Tl as a function of reciprocaI temperature: 
• carboxyl; 018- methyl; 019-methyl; À 21-methyl. 
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carbons become even higher. It is known that the simple bile saIt micelles are 

fonned by a back-to-back structure. At very high concentrations, the micelles of 

higher aggregation numbers can be formed by changing the back-to-back 

structure, thus allowing a higher degree of freedom of motion for the hydrophobie 
" 

moiety of the bile salt molecules. Cholic acid in I?l\1S0 solution was also studied 

Md similar resuIts were obtained (Table 3.5). 
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Table 3.4 The 13C Tl Values (in Sec) of Sodium Cholate in D20 
at Different Molal Concentrations 

Carbon 0.12m 0.27m 0.35m 0.50m 

24-COOH 4.1 3.8 3.2 3.8 
12-QfOH 0.19 0.20 0.18 0.20 
3-œOH 0.19 0.18 0.18 0.18 , 
7-CHOH 0.20 0.19 0.20 0.19 

J 
17-QI 0.20 0.20 0.21 0.19 ;" 
13-C 1.75 1.74 1.65 1.56 
14 & 5-CH 0.18 0.19 0.18 0.19 

0.17 
8-01 0.20 0.19 0.19 0.20 
4-~ 0.084 0.098 0.088 0.10 

20-Œ 0.20 0.20 0.19 0.20 
22-~ 0.087 0.10 0.089. 0.10 c- 100C 1.54 1.52 1.46 1.47 
23-~ 0.20 0.20 0.20 0.18 
6-~ 0.11 0.10 0.12 0.11 

2-~ 0.12 0.12 0.12 0.12 
1- 0.10 0.086 0.095 0.089 
11- 0.091 0.096 0.092 0.096 
16- 0.088 0.11 0.098 0.10 
9-01 0.19 0.19 0.19 0.20 
15-~ 0.11 0.10 0.097 0.10 

l' 

19-~ 0.60 0.63 0.63 0.67 
21- 0.56 0.45 0.45 0.44 

- 18- 0.63 0.66 0.62 0.66 .. 

! ., 
Temperature: 25°C. 
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Table 3.5 The 13CT1 Values (in Sec) of Cholle Acidin DMSO-d6 
atIijfferent~olalConcenttations 

Carbon 

COOH 
12-CHOH 
3-CHOH 
7-CHOH 

17-CH 
13-C. 
14-CH 
5-CH 

l-CR, 
2O-Cfl 

r~ 
23-~* 
2-~ 

11-~ 
16-g:I2 
9-CH 
15-CHz 

19-9!J 
21-Q"!; 
18-CH; 

0.14m 

2.7 
0.21 
0.23 
0.20 

0.23 
1.9 
0.18 
0.26 

0.11 
0.26 
0.12 
1.7 
0.22 
0.088 

0.10 
0.10 
0.27 
0.14 

0.55 
0.47 
0.79 

O.24m 

3.25 
0.21 
0.21 
0.22 

0.22' 
2.0 
0.20 
0.22 

0.12 
- 0.23 

0.13 
1.7 
0.18 
0.11 

0.12 
0.12 
0:24 
0.13 

0.59 
0.51 
0.79 

/ 

0.32m 

3.32 
0.20 
0.19 
0.21 

0.22 
1.89 
0.19 
0.21 

0.11 
0.22 
0.12 
1.68 
0.17 
0.10 

0.11 
0.11 
0.21 
0.13 

0.59 
0.54 
0.70 

0.47 m 

2.97 
.0.19 
0.18 
0.19 

0.20 
1.77 
0.17 
0.19 

0.11 
0.20 
0.11 
1.54 

~.15 
0.099 

0.10" 
0.11 
0.19 
0.12 

0.59 
0.50 
0.70 

* The 22-C~ peaks are not listed since they are mostly overlapped with 
23-CHz. Temperature: 25°C. 

3.4.2 Interaction with Benzyltrimethylammonium Chloride 
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Benzyltrimethylammonium chloride (BTMA) is an organic compound 

eontaining a quatemary ammonium group. The molecular struetures of BTMA 

and cholestyramine are similar and this compound has good solubilities in both 

aqueous and DMSO solutions. Therefore, both the ionic moiety, i.e., the 

quatemary ammonium group, and hydrophobie moiety, i.e., the benzyl group, can 

h~ probed by solution NMR studies. The Tl vai'ües of the interacting species were 

measured to detect any specifie interactions between the bile acids and BTMA. 
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TI Studies in Aqueous Solutions: 

The values of Tl were measured in D20. The addition of equivalent 

BTMA to the sodium cholate solution did not result in significant changes in TI's 

for the carbons of cholic aeid anions, as shown in Table 3.6. Although the 13C TI 

values of-bile salts in aqueous solutions tend to decrease upon mixing with other 

compounds. the se changes are generally very small, usually within the 

experimental error, even upon mixing with compounds which are known to 

interact with bile salts. . r--

Table 3.6 The Changes in 13C Tl Values (in Sec) of Sodium 
Cholate in D20 upon Interaction witli BTMA 

Carbon NaC NaC+BlMA Dif~rence (%) 

COOH 3.2 3.0 6.3 
12-CHOH 0.18 0.19 
3-CHOH 0.18 0.18 
7-CHOH 0.20 0.19 
19-~ 0.63 0.65 • 
2.1- 0.45 0.45 
18-œ; 0.62 0.60 

... 

NaC: cholic acid; BTMA: benzyltrimethylammonium chloride. 
Molal concentration of NaC in DzO: 0.35 m; NaC/BTMA mollir ratio = 1:1. 

On the other hand, the compounds, which interact with bile salts show 

changes in their TI's, e.g., the 13C signais of the BTMA after mixing with sodium 

cholate showed significant Tl changes (Table 3.7). The large decrease of TI 

values for the carbons of the phenyl group provide direct evidence of the 

involvement of the hydrophobie moiety of the molecule. The methy! carbons of 

the quaternary ammonium group aIso manifest large decrease'5 in Tl' indicating a 

likefy involvement of thyse groups in 'the interaction. It has been known that bile 

salt micelles can solubilize aromatics such as alkylb~zenes by forming co-
to 

micellar aggregates (14). Therefore, a similar interaction may occur by forming 

mixed micelles with bile salts: the benzene ring, which is the hydrophobic moiety 

of BTMA, may become a part of the core of the micelles, while the quaternary 

--



100-

ammonium groups point toward the environment, easily fonning an ionic linkage 

with the nearby carboxyl groups of chollc aeid 

Table 3.7 The Changes in 13C Tl Values (in Sec) of BTMA in 
D20 on Interaction with Sodium Clïolate 

Carbon BTMA BTMA+NaC Difference (%) 

I!> 

" onho-C 5.19 1.74 66 
para-C 3.18 1.16 64 
mera-C 5.06 1.69 61 
1-C 26 7.1 10 

~ 
2.79 0.96 66 
1.80 0.85 53 

'ÇTMA: benzyltrimethylammonium ehloride; NaC: sodium cholate. 
Molal concentration of BTMA in D20: 0.36 m; BTMA/NaC molar mtio = 
1:1. ' 

Tl Studies in DM~O.d6: 
-

DMSO is an organic solvent with a high dielecnie constant. Bile acids do 

not form micelles in this solvent. Therefore, it is of interest to carry out similar 

studies in DMSO;:d6. Unlike in aqueous solutions, on mixing BTMA wjJ1t chollc , 

aeid in DMSO-d6, the earbons of chollc aeid showed signifieant changes in TI's, 

especially the earboxyl and methyl groups. These results are listed in, Table 3.8. 

, The most remarkable change of the Tl values is related to the carboxyl 

group of cholic acid. This is' an indication of its resnicted freedom of motion 

upon interacting with BTMA. The carbons bearing hydroxyl groups can he 

solvated by DMSe molecules by forming intermolecular hydrogen bonds before 

the addition of BTMA. The small change in Tl after mixing with BTMA, 

indicates a relatively small change to the physical state of these groups, namely. 

these groups remain solvated by DMSO. The methyl groups, however, exhibit 

more signifieant changes in their Tl values after being mixed with BTMA. This 

hydrophobie interaction is also confirmed by Tl changes of the benzyl carbons of 

BTMA. 

The changes in TI' s of bile acids are more evident in DMSO solutions 

than in aqueous solutions. This difference in behavior of the bile aclds in an 
" 

( 
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organic solvent is thought to be due to th~ faet that micelles are not formed in 

DMSO. Therefore, the small change in Tl' s of bile salts in aqueous solutions is 

likely related to their mieellar properties. 

Table 3.8 The Changes in 13e Tl VaIues (in Sec) of Cholle Acid 
in DMSO-d6 upon Interaction wiili BTMA 

COOH 
12-ŒOH 
3-CHOH 
7-CHOH 
19-~ 
21-Q"!; 
18-CH; 

CA 

2.9 
0.21 
0.23 
0.20 
0.55 
0.47 
0.79 

CA+BTMA 

1.7 
0.18 
0.21 
0.18 
0.34 
0.33 
0.51 

Difference (%) 

41 
14 
9 

10 
38 
30 
35 

CA: cholle acid; BTMA: benzyltrimethy1ammonium cbloride. 
MolaI concentration of CA in DMSO-d6: 0.14 m; CAlBTMA molar ratio = 
1 :1. 

The cholle aeid methyl ester was aIso studied and the results compared 

with that of chotic acid-BTMA interactions. The 13e signaIs did not show 

o significant changes in Tl' except for the ester group (OC~) (Table 3.9). The 

relatively larger decrease in Tl for the carbons on the side chain of the methyl 

ester (such as the 21-methyl and O~ groups) indicate a possible increased 

dipolar interaction which leads to shorter Tl' s. However, since there is no ionic 

bond formed in this solution, the hydrophobie interaction is also markedly 

teduced. 

The Tl values of 13C signaIs of BTMA were also measured when chollc 

8Cid was added ta the solution. The various poups of BTMA generally show~d 

decreases in their Tl values (Table 3.10). The methyls on the quatemary 

(,:. anupOniUID functional group showed a large decrease. On the other hand, the 

freedom of motion for the carbons at the para, meta and ortho positions on the 

benzene ring are also restricted upon the interaction. These changes confirm both 

the electrostatic and hydrophobie interactions proposed in the ptevious 

discussions. 



Table 3.9 The Changes in 13e Tl Values (in Sec) of Methyl 
Cholate ~ DMSO-d6 upon Interaction with BTMA 

Carbon CAME CAME+BTMA Difference (%) 

24-C 
12-QiOH 
3-CHOH 
7-CHOH 

?9~ 
2l-~ 
l8-CH; 

6.26 
0.26 
0.24 
0.2~ 
2.10 
0.69 
0.67 
0.87 

6.00 
0.24 
0.23 
0.23 
1.72 
0.63 
0.57 
0.87 

4.2 
7.7 
4.2 

12 
18 
8.7 

15 

CAME: chotie acid methyl ester». BTMA: benzyltrimethylammonium 
chloride. 
M~lal concentration of CAME in DMSO-d6: 0.14 m; CAME/BTMA molar 
ratio = 1:1. 

Table 3.10 The Changes in l3C Tl Values (in Sec) of BTMA in 
DMSO-d6 upon Interaction with Cholic Acid and Its Methyl Ester 

Carbon BTMA BTMA+CA Diff (%) BTMA+CAME Diff(%) 

ortho-C 1.15 0.93 19 1.02 11 
para-C 0.91 0.73 20 0.77 15 
meta-C 1.15 0.79 31 1.01 12 
l-C 6.28 5.50 12 5.84 7.0 

~ 
0.57 0.50 12 0.54 5.0 
0.43 0.32 25 0.39 9.3 

CA: eholic acid; ÇAME: chotie acid methyl ester; BTMA: 
benzyltrimethylammonium chloride; Diff: differenee in T . 
M~lal concentration ofBTMA in D~SO-df 0.17 m; BiMNCA molar 
ratio = 1: 1; BTMA/CAME molar rano = 1: . 

"... 
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When chollc acid methyl ester, instead of cholic aeid was added to the 

solution, the changes in Tl values listed in Table 3.10 were evident It can he 

seen that the carbons on the benzyl group are still involved in the interaction, but 

ta a lesser extent, while the methyl carbons of the quaternary ammonium group 
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are much less affected than in the chollc aeid solution. From these changes, two 

intqresting points can be perceived: [1] The hydrophobie interaction still exists in 

the interaction of BTMA with methyl cholate while the ionic interaction is absent; 

[2] The lack of ionic interaction leads to a decrease in hydrophobie interaction. In 
other words. the ionic linkage plays a predominant l'Ole in the binding with bile 

acids. The secondary binding force is mainly hydrophobie interaction. However, 

the hydrophobie interactions only become significant in the presence of ionic or 

electrostatic interactions. These hydrophobie interactions probably strengthen the 

ionic linkages, without which the possibility for such an interaction is greatly 

reduced. This is to say that in the binçiing betWeen bile aeid with BTMA, the two 

kinds of interactions take place cooperativelyand simultaneously. 

The results presented in Tables 3.7 and 3.8 in fact suppon this argument. 

A comparison of the data in the two tables indicates the absence of ionic 

interactions and reduced hydrophobie interactions in the mixture of chollc acid 

methyl ester and BTMA. 

3.4.3 Interaction of BiI.e Salts with Betaine and Peptides 

Interaction with Betaine: In order to determine the specifie interactions 
r 

of bile salts with betaine, or trimethylglyeine, which is the functional group of the 

quaternized peptide-containing resins (Chapter 2), Tl values were measured in 

both DzO and deuteratep phosphate buffer solutions. 

The spin-lattice relaxation times of the various groups of sodium cholate 

in deuterated phosphate buffer in the presence of small amount of betaine were 

compared with dlOse of sodium cholate. The Tl values of the 13C signals of 

sodium cholate in the phosphate buffer show no significant changes, as shown in 

Table 3.1~. Similar results were obtained in D20. As discussed in the previous 

section, the small change in Tl values in aqueous solutions is related to the 

micellar properties of bile salts. This is observed in both DP and phosphate 

buffer solutions upon interaction with BTMA or betaine. 

The Tl values of the betaine carbons were measured before and after the 

addition of glycocholate (Table 3.12). The ex~rime1}ts were performed in a 

deuterated buffer (0.05 M, pH=7.6) since it was relatively easy to obtain good l3e 
signals for this compound though solutions of high ionic strengths usuaIly affect 

the detection of the 13e signals. Obviously the involvement of the carboxyl group 

of the betaine molecule is very limited in the interaction with this bile salt. The 

.. 
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interaction between betaine and bile salts, if any, involves primarily the 

quatemary' ammonium group, while the involvement of the carboxyl group of 

betaine is limited. It is unlikely that mixing with betaine could alter the structure 

of the bile salt micelles since it is not lipid soluble. 

Table 3.11 The Changes in ne Tl Values (in Sec) of Cholate in 
Deuterated Buffer upon Interaction with Betaine 

Carbon NaC NaC+Betaine Difference (%) 
G 

1 

COOH ~ 4.0 3.6 10 
12-CHOH 0.16 0.19 
3-CHOH 0.16 0.15 
7-CHOH 0.20 0.18 10 
19-~ 0.53 0.48 9.4 
2l-Q!; 0.48 0.45 6.3 
l8-CH; 0.53 0.50 5.7 

N aC: sodium cholate. 
MolaI concentration of NaC in deuterated phosphate buffer (0.05 M, pH = 
7.7): 0.35 m; NaClbetaine molar ratio = 1:1. 

"'-'" 

cVTabÎ~ 3.12 The ~~anges in nC TI Values (in Sec) of Betaine in 
Deuterated Buffer upon Interaction with Glycocholate 

)earoon Betaine Betaine+NaGC Difference (%) 

COOH 

~ 
66.8 
4.66 
3.0i 

NaGe: sodium glycocholate. 

60.9 
3.84 
2.63 

8.8 
17.6 
14.0 

Molal concentration of betaine in deuterated phosphate buffer (0.05 M, pH, 
= 7.6): 0.45 m; betaine/NaGC molarratio = 10:1. 

It should he noted that betaine, or trimethylglycine, is an inner salt, very 

small in size and lacking hydrophobicity; therefore, the interactions are limited tri 

possible ioniè or hydrophilic interactions. It is interesting, however, that lecithin, 

J 
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a similar quatemary ammonium compound Mth a long hydrophobie acyl chain 

connected to the choline residue, can participate by hydrophobie interactions in 

forming mixed micelles (18). 

Interaction with Dilysine: To study the possible interaction of bile salts 
" with peptides in aqueous solutions, a simple basic oligopeptide, dilysine, was 

'\......; mixed with sodium cholate in DzO. The Tl vaIues of the groups of sodium 

cholate show more significant changes upon the addition of dilysine than 

manifested for the other systems. The Tl values listêd in Table 3.13 demonstrate 

the participation of the carboxyl group of cholate in the interaction with this basic 

peptide. The Tl changes fCl!' the carbons adjacent to the hydroxyl groups of the 

bile salt skeleton are generally too small to be of any significance. However. the 

carbon of the 21-methyl group' on the side chain shows a large decrease in Tl 

when dilysine is added. This can he explained by the possible involvement of this 

group in hydrophobie interactions with the corresponding moiety of the peptide. 

Table 3.13 The Changes in 13C Tl VaIues (in Sec) of Cholate in 
D20 upon Interaction with Dilysine 

Carbon NaC NaC+DL Difference (%) 

COOH 4.05 2.79 30 
12-OIOH 0.19 0.19 0 
3-CHOH 0.19 0.18 5.3 
7-CHOH 0.20 0.18 10 

19-~ 0.60 0.56 6.7 
21- 0.56 0.42 25 
18- 0.63 0.59 6.3 

NaC: sodium cholate; DL: dilysine. 
Mola! concentration of NaC in DzO: 0.12 m; NaC/lysine residue molar ratio 
= 1:1. 

It is interesting that the addition of dilysine tq the aqueous solutions of 

bile saIt, unlike in the cases of BTMA and betaine, has caused detectable Tl 

decreases for the sorne of the l3C signaIs. This s~ggests a specifi~ interaction 

between the peptide and bile salt, which probably alters the structure of the 

existing micelles in the bile salt solutions. The ionic interaction is obvious as 
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shown by the significant decrease in the Tl of the earboxyl group of sodium 

eholate. The ionic linkage occurs between the carboxylic acid group of the bile 

salt anion and the side chain amino group of the lysine residue of dilysine. This 

linkage seerùS to be facilitated by hydrophobie interactions, evidenced by the 

decreased freedom of motion of the methyl groups. 

As already discussed in the previous chapters, it is known that the 

confonnation of peptides may be important in their binding of bile acids. In order 

to investigate further the interaction between the peptide containing lysme and 

bile acids, polylysine (DP=17) was added to a glycocholate solution in D20 (0.14 

m) at a glycocholate-lysine residue molar ratio of 1:1. However, the addition of 

polylysine resulted in a cloudy, milky solution and caused a phase separation of 

the aqueous solution of bile salt. Both phases were in the liquid state; and the 

bottom layer eonsisted of a small drop of liquid. The supernatant, a mixture of 
1 

_ glycocholate and polylysine, was used for a Tl measurement . The Tl of the 

carboxyl group exhibited a 25% decrease (from 2.9 to 2.2 seconds); and the 

amide carbonyl had a remarkable decrease of 63% (from Il to 4 seconds). The 

remaining carbons did not appear to be affected within the experimental error. In 

fact, the phase separation phenomenon represents a unique interacting process 

between the peptide and the bile salt. Upon the neutralization of the negative 

charges of the bile salt and the positive charges of the lysine residues, the 

solubility of the neutralized molecules is reduced in the aqueous solution and 

precipitation takes place. The undissolved complex of polylysine and bile salt 

fonns a separate phase in the mixture. 

In Chapter l, the binding of bile acids to serum albumin was diseussed . 

..,. Although dilysine has been shown to interact with bile salts by' the Tl 

measurements, similar effeet was not observed for bovine serum albumin (BSA) 

with bile salts. Upon the addition of BSA into the aqueous solution of 

glycocholic aeid (0.04 m GCA, GCA-BSA molar ratio 20:1), the Tl values of 

glycocholic acid show no significant changes. The experiment ,,\Vas repeated at a 
," 

wfferent concentration (0.13 m GCA, GCA-BSA molarratio 40:1) and again little 

dilference was observed. Although interactions may occur between BSA and the 

bile acid, the binding of bile acids by albumin is not efficient This is probably 

related to the large molecular weight of this protein (ca. 66,000). The percentage 

of the bile aeid molecules involved in the interaction with BSA is thus not 

j 
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sufficieni to account for any observable changes in Tl's in the 13C signaIs. Under 

these experimental conditions, the interaction between BSA and glycocholate was 

minimal. However, the interaction between bile acids ~d basic peptides such as 

dilysine was easily detectable. This gives a clear eviderlce of the inefficien-cy of 

BSA in the binding of bile acids. 

3.5 Summary 
The NMR:i!P tra of bile acids in D20 and DMSO-d6 have been analyzed 

with the aid of D and by comparison of the spectra of different bile acids. 

The TI ~easure nts and two-dimensional correlation experiments confmned the 

assignments. A dependence of the chemical shifts of bile salt in DzO on 

temperature and concentration above the critical micellar concentration was 
, 

observed, indicating dissociation and refonnation of micelles under different 

conditions. ./ 

The int~tiOn studies of bile acids in D20 by measurements of the NMR -

spin-Iattice relaxation times demonstrate a. predominantly ionic interaction with 

selected binding species. The binding of bile salts from aqueous solutions is 

characteri~ combination of ionic and hydrophobie interactions. The 

binding of bile acids with the basic peptides containing lysine ar~ much more 

efficient than the binding of bile acids with albumin. 
1 

The interaction studies in DMSO reveal more interesting aspects of the 

interaction betw~en bile acid and benzyltrimethylammonium chloride. By 

comparison of the binding of cholie acid and its methyl ester, direct evidence of 

ionic and hydrophobie interactions is deri ved from the relaxation data. The . 
interaction is predominantly via ionic linkages with the hydrophobie bonding 

being of secondary importance. In the absence of the· ionic linkages, the 

hydrophobic interaction is also significantly weakened. Thus, the two kinds of 

interactions occur simultaneously and eool'èratively in the binding process. 

b"<l • 
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4 Introduction 

4.1 Metabolism of Bile Pigments 
Bile pigments are Metabolites of hemoglobin in the blood. The 

predominant bile pigment, bilirubin, is camed by serum albumin and excreted to 

the bile via the liveT. These biological Molecules are not only widely distributed 

in animaIs but aiso exist in plants (1). Their formation in manu:nalian systems has 

been extensively studied, mainly because of the toxicity properties associated 

with most of the bile pigments, especially bilirubin. Disorders in the metabolism 

of bilirubin may cause jaundice, a yellow discoloration of the skin and other 

tissues, which is usually an indication of a-disease of the blood, liver or biliary 

tract. This disease is called hyperbilirubinemia since it is usually related to an 

elevated bilirubin level in the blood. It is especially seen among newbom infants 

(2). 

Based on their tetrapyrrole structures, bile pigments are generally 

classified as porphyrin compounds. Protoporphyrin IX, which is of central 

importance in beme proteins such as hemoglobin and cblorophyll, is a common 

precursor for the bile pigments. Protoporpbyrin itself is synthesized biologically 

from a simple amine aeid, glycine, and succinyl-coenzyme A, as shown in Figure 

1 4.1 (3). 

Bile pigments occur in nature mostly as the IXa isomers. Depending on 

the position at which the protoporphyrin is split, there are aIso ~, 'Y and ô isomers. 

The basic structures of these isomers are shown in Figure 4.2. Since bile 

pigments occur in the mammalian systems as their IXa isomers, unless otherwise 

specified, the terms bilirubin and biliverdin in this thesis refer to the common 

unconjugated bile pigment IXa isomers, bilirubin !J'a and biliverdin IXa. 

4.1.1 Formation of Bile Pigments 

L 
The pigments in the hUman body are products of the metabolism of 

hemoglobin of senescent red blood cells. Under normal physiologic c~nditions, a 
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70-kg buman adult produces approximately 6 grams of hemoglobin daily. When 

hemoglobin is broken down in the body, the protein portion, globin, may be re

utilized either as a protein or in the fonn of its constituent amine acids. The iron 

of the berne is aIso stored for reuse. Under the catalysis of enzymes, the iron-free 

portion of the berne, wbich is protoporphyrin, is degraded rnainly in the 

reticuloendothelial cells of the liver, spleen and bone marrow (4). 

cOOH 2 &.Aminolevulinate 

tHs ~ porphobll,noRen 

1 Succinyl-CoA \ 2HtO "nth ... 

CHI ~ 

1 HOOC CHa-COQH Os-C-S-CoA 
1 1 
CHI CH. 

+ ~-i cH,-NH2 

Glycine /c.....~cH 1 f'"t H 
Porphobilinogen 

cOOH 

~ .mlnot,·,uh"o'. 
NHt 

CoA <l'n.I .. ,,, (4 mOlecules) 
COOH 

1 

1 
CH, 
1 a-Amino-l3-keto-CHI 

t=o adipic acid 

> CH-te( 

1 
H?-NH2 

cOOH 

ro2~ 0\-11, /~~ 
COOH I NH Hf'\ 

1 r- -j -CH-CH, 
CHt CH. N,.,. 1 8-Aminolevulinic 

tOOH HC-t~-=CH T"I 
acid c-o 1 1 

1 ~ CH, 

1"1 Protoporphyrin IX 
<fHs NHs 
COOH 

Figure 4.1 Biosynthesis of protoporpbyrin IX from glycine and 
succinyl coenzyme A (p. 1i26, reference 3). 
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COOH COOH 

Bilirubin IXy 

Bilirubin IX~ Proroporphyrin IX Bilirubin lXô 

Bilirubin IXa 

Figure 4.2 The structures of the bilirubin IX isomers, formed by 
spIitting-at different positions of the protoporphyrin IX ring. 

1:l3 

As shown in Figure 4.1, protoporphyrin is a cyclic compound consisting 

of four pyrrolé rings linked through methine bridges. Further addition of oxygen 

to the protoheme results in the splitting of the tetrapyrrole ring with the release of 

... 
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carbon monoxide and the formation of an equimolar quantity of a 'green pigment, 

biliverdin !Xa (5). In birds and amphibia. biliverdin seems to be the main bile 

pigment and is excreted in its uneonjugated fonn (6). Most of the biliverdin in , 
human and rabbit bile is deteeted as a mono- or diglucuronide, probably formed 

by oxidation of eonjugated bilirubin in the bile duets (7). However, in mamma]s 
Oô'. 

the methenyl bridge between rings B and C of biliverdin is reduced to a 

methylene group, under the eatalysis of an enzyme called biliverdin reduetase, 

thus forming bilirubin IXcx., a reddish yellow pigment. The formation of bile 

pigments is schematically shown in Figure 4.3. Approximately 250-350 mg of 

bilirubin is produced daily by normal human adults (5). 

4.1.2 Excretion of Bile Pigments 

Only trace quantiti.~s of unconjugated bilirubin can be excreted in bile and 
-

urine because- of its insolubility. Bilirubin is normally released ioto the plasma 

and is fmnly bound to serum albumin, a protein aeting as a carrier for a multitude 

of substances in the blood (8). In normal cases, the amount of the unbound 

bilirubin in plasma is very small (?,). Despite the high affmity binding to serum 

albumin, bilirubin is Tapidly transferred from the plasma into the liver. 

The uptake of bilirubin by the liver ceUs is rapid and saturable with the aid 

of carrier proteins in the membrane of the hepatocyte. Most of the bilirubin is 

then bound to cytoplasmic anion-binding acceptor proteins; of which ligandin "-

(alias Y protein) appears to be the most important (10). Z protein, which has a 

lower affinity fot organie anions, is aIso responsible for the hepatic uptake of 

bilirubin (11). 

Under the catalysis of uridine diphosphate glucuronate (UDG) 

gAucuronyltransferase in the liver, the propionic aeid groups of bilirubin are 

esterified with sorne sugars, rnainly glucuronic acid, to form bilirubin mono- and 

diglucuronide (12) (Figure 4.4). The eonjugated- forms of bilirubin are water 

soluble and thus can easily be excreted. Although other forms of bilirubin 

conjugates may exist, bil~bin mono- and diglucuronide constitute the' 

predominant bile pigment fraction in normal human bile (13, 14). 

The conjugated bilirubin is then. excreted easily into the bile. The 

bilirubin conjugates can aggregate with cholesterol, phospholipid, bile salts and 

pràtein (15)., When the macromolecular aggregates become supersaturated, 

stones cornposed mainly of pigments and cholesterol can be formed in the 
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Figure 4.4 The conjugation of bilirubin \\Tith glucuronide undcr 
the eatalysis of UDG-glucuronyltransferase. 
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gallb~r oi common bile duet, whieh in turn may cause jaundice in the patien~ 
(16). 

In normal cases, the conjugated bilirubin joins the enterohepatic 

l irculation, together with the o,ther constituents of bile. The glucuronides of the 

coiljugated bilirubin are removed by bacterial enzymes in the terminal ileum and 

the pigment is subsequently reduced to sorne colorless tetrapyrrolic Cl1IllPOun~ 
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Figure 4.5 The possible degradation products of bile pigments in 
the gastrointestinal tract (reference 17): M = ~; V = œ~; E 
= CHz~; p = C~~COOH. 
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called urobilinogens (Figure 4.5) (17). Unlike bile salts, only a small fraction of 

the urobilinogens formed in' the gastrointestinal tract is reabsorbed into the portal 

circulation (8). The remaining urobilinogens are oxidized in the coloit to some 

~ 
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closely related colored compounds, urobilins, and are finally excreted in the feces. 

This overall process is shown in Figure ,~.6 (18). 

Most of the absorbed urobilinogens are re-excreted by the liver, and a 

small fraction is re-excreted by the kidney (19). Therefore, increased urinary 

excretion of urobilinogen is an indication of either liver disease or abnormal 

bilirubin production. 

Urobllinooen 127mg/d 
(47-276rnQ/dl 

Figure 4.6 The enterohepatic circulation and excretion of bile 
pigments under physiological conditions (reference 18). 

4.1.3 Function and Toxicity of Bile Pigments 

The physiological functions of bile pigments in the human body have not 
1 

been understood to date. Biliruhin seems 10 be merely a waste product of heme 

catabolism although it has been found to be toxic to sorne bacteria (20). 

However, Stocker et al. suggested, based on in vitro results, that bilirubin 

probably serves as a physiological, chain-breaking antioxidant (21). Bile 
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pigments such as bilirubin and bili~erdin may possibly protect vitamin A and 

linoleic acid from oxidative destruction in the intestinal tract (22,23). Biliverdin 

~erves a possible omamental or cryptic function in birds' eggshells or fishes' 

scales. It has similar functions in sorne insects and lower animals (24). 

The bile pigments of plants, however, are very important since they 

~ photoreceptors for photosynthesis, photomorphogenesis and many 1 

'Oiher phbtobiological responses. Naturally, the se pigments differ slightly in 

structure from the bile pigments found in animals (25). 

Bile pigments do not have toxic effects on the human body provided that 

the metabolism process functions normally, Le., theyare bound tightly to proteins 

in the plasma and in,.side the ceUs. However, bile pigments, especially 

unconjugated bilirubin, have been found to be toxie to the central nervous system 

an~ to all tissues during prolonged retention in the body (26). Biliverdin appears 1 

to be less toxic than bilirubin (27). Human neonates, especially prematurely bom 

infants, have an undeveloped capability of conjugation and excretion of bile 

pigments, which results in the accumulation of bilirubin in the blood. This 

disease is c1inically known as hyperbilirubinemia. About 50% of neonates are 

clinically jaundiced during the frrst five days of life (19) since the production of 

,bilirubin is usually two or three times that of an adult on a body weight basis (2). 

li the serum albumin and the liver in the body are unable to handle the load of 

endogenous bilirubin, it is deposited in the tissues resulting in a yellow staining of 

the skin and icterus neonatorurn. In serious circumstances, it can escape to the 

brain where it may result in lasting brain damage which interferes with learning 

functions at a 1ater age or even death in seriously jaundiced newboms (27, 28). 

Hyperbilirubinemia is not a disease restricted to newboms, it also occurs 

in adults. It can be a consequence of any. abnonnalities in the rnetabolism process 

of bile pigments since these malfunctions may cause blockage to the elimination 

of bile pigments from the body. This disease can also be a result of treatment 

with drug~, such as sulfonamides, which can be bound to serum albumin and 

occupy the bilirubin binding sites on the protein. Therefore, competitively bound 

drugs should be avoided when treating jaundiced patients (29). 

Hyperbiliverdinemia has also been reported (30,31). This condition 

results from complications of the indomethacin therapy ànd phototherapy for 

hyperbilirubinemia. The complications of phototherapy in the neonates, such as 
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green jaundice or the bronze baby syndrome (32,33), are usually associated with 

an elevated biliverdin level in serum (32). 

4.2 Properties of Bile Pigments 

4.2.1 Structure and Solubility 

The basic structure of bilirubin IXa was proposed by Fischer et al. in 

1941 (34). The structure and conformation of bilirubin have been extensively 

studied by various techniques and the structure shown in Figure 4.7 was proposed 

(35) and has been generally accepted (36). Hemoperfusion and phototherapy 

studies have sùmulated the investigations of the structure and conformation of 

bilirubin by various available physical techniques, e.g., nuclear -magnetic 

resonance, infrared., electron spin resonance, mass spectra, and X-ray diffraction 

(24). 

() " , ' 

-- 0' 

---- " HO-C--a 

~-C-()H 

ft ----() -, , -
, -, , 

, -

Figure 4.7 The chemical structure of unconjugated bilirubin lXa. 
Six intramolecular hydrogen bonds are formed between the 
carboxyl and NH groups. 

/ 

Bilirubin, as shown, is a tetrapyrrole compound with two propionic 

carboxyl groups. In its unconjugated form, shown in Figure 4.7, it has six 

intramolecular hydrogen bonds in the solid state (37) as well as in" sorne organic 

s~ents such as chloroform (38). As a consequence of its hydrophobicity, it is 

~ery hard to dissolve in aqueous solutiofis. In strong alkaline solutions the internai 
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hydrogen bonds are disrupted, rendering it quite soluble. The solubility of 

bil.ùubin in aqueous solution decreases as the pH of the solution decreases so that 

it is vinually insoluble in water when the pH is below 7 (29). However, in the 

presence of detergent the solubility of bilirubin in water can be enhanced by 

fonning mixed micelles (39). The formation of mixed micelles with bile salts is 

important for the transport of bilirubin in bile and prevents the fonnation of 

gallstones (40). In aqueous solutions, bilirubin dianions undergà'\dimerization, 

probably by fonnation of hydrogen bonds between the NH and ~ar~onyl groups 

with the possible participation of the 1t-electrons of the dipyrro~hromophores 
(~9). In aqueous solutions, the bile pigments tend to aggregate and precipitate by 

fonmng colloids (41). This process can be accelerated by vigorous shaking of the 

solution. 

Bilirubin dissolves in a number of organic solvents, such as DMSO and 

chloroform. The solubility increases as the polarity of the solvent increases. In 

general, polar, aromatic solvents dissolve more bilirubin than aliphatic, apolar 

solvents. 

The molecular structure of biliverdin is different from that of bilirubin 

only by the replacement of the central methylene bridge by a methenyl group with 

concomitant rearrangement of the double bonds. The properties of crystalline 

biliverdin .differ from that of bilirubin. Unlike bilirubin, biliverdin is only 

sparingly soluble in chlorofonn and dichloromethane but soluble in acetic acid, 

dimethylformamide and methanol, an indication of the presence of sttong 

intermolecular hydrogen bonds in the crystal that are disrupted by the hydroxylic 

component of the solvents (24). 

4.2.2 Acid-Base Properties 

The structures of bile pigment indicate that they should express bath 

acidic and basic equilibria, depending on pH. Because of the poor solu~ility of 

bile pigments in aqueous solutions, their acid-base properties are poorly 

understood. 

t~~eak ac~dit~ of. the. bile p~gments is ~bviously deriving fro~ ~e 
presencJf9fct!te proplOfilc aCld slde chams. There 1S aiso a more feeble acldity 

associatcl\.~th the lactam groups. In strong alkaline solutions, the propionic acid 

groups are deprotonated and thus dianions of bile pigments are formed. A 

solution oJ bilirubin turns deep red when excess base is added, while biliverdin 
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turns yellowish green. In addition, the color changes indicate the ionization of at 

least one of the lactam NH protons (24). 

The pK. values for the propionic aeid group i:il-- bilirubin has been 

investigated in many ways, often measured or estimated in mixtures of aqueous 

and organic solutions; therefore, the published rçsults manifest confusion and 

controversy (42). It is extremely difficult to titrate bilirubin because precipitation 

occurs upon changes of the pH of the solution. From potentiometric titration of 

bilirubin in dimethylformamide and comparison with the other dicarboxylic aeids 

with known pKa it was estimated that the pKa} and pKa2 for the carboxyl groups 

of bilirubin in water are 4.3 and 5.3, respectiyely (43). Biliverdin can he titrated 

more easily than bilirubin and gives a pK. l of 5.0 and pKa2 of 7.2 (44). The states 

of dissociation of the groups of bilirubin at various pH' s are shown in Figure 4.8 

(44). 

Hansen et al. (45) estimated the pK. of bilirubin by l3C NMR co-titration 

studies in which bilirubin was titrated in DMSO with acids of known pK. in water 

in or?er to relate the apparent pK.:s of bilirubin to those of the aeids. Analysis of 

the chemical shifts of the related carbons in the spectrum shows that the COOH 

protons of bilirubin are titrated simultaneously with m-hydroxybenzoic aeid. 

Thus, they have eqùa1 pK. values in DMSO. Conversion of the pK. values to a 

different solvent yields a pK. of 4.4 for the bilirubin carboxyls in water, which is 
"" the average pKa of the two COOH protons of bilirubin. Similar titration and 

calculation gave an average value of 13.0 for the lactam protons in bilirubin. 

It is often overlooked that bile pigments are not only\ weak acids but also 

weak bases. Hydrochloride salts of both bilirubin and biliverdin have been 

isolated. Bilirubin turns red in strongly acidic media, indicating protonation of 

the chromophore. The absorbance of biliverdin in the visible regions also 

increases upon treatment with strong acids (24). The protonation of bilirubin 

probably oecurs on the lactam rings by forming lactim ammonium cations (46). 

Biliverdin has shown stronger basicity than bilirubin. Protonation of biliverdin 

presumably occurs at the single unprotonated nitrogen atom (47). 
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Figure 4.8 The possible configurations and electrochemical states 
of bilirubin in aqueous solutions at different pH's (reference 44): 
A: pH > 13; B: pH = 11-13; C: pH = 7-11, around neutral and 
slightly basic pH's; D: pH = 4-6; E: pH < 4. 

4.2.3 Chemical Properties 

Commercially, the bile pigments are prepared from their natural sources. 
, 

C 'e.g., bilirubin is obtained from gallstones or from bile. The purified bilirubin can 
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be crystallized from ehlorofonn-methanol. Biliverdin is ùsually prepared by 

dehydrogenation of bilirubin. It can be crystallized from methanol. Since the 

purification of biliverdin is very difficult, the commerCial sample usually contains 

up to 20% isomeric impurities (24). 

One of the most distinct characteristics of bile pigments is their instability. 

e bile pigments and their derivatives, in general, are sensitive to oxygen, light 

erature. The ideal conditions for the storage of these compounds and 

their sol tions can be best described as cold, dark and air-free. Even under these 

conditi ns they may be subject to change with time. 

Bilirubin is more stable than the other bile pigments, due to the 

stabilization effeet of the intramolecular hydrogen bonds. However, because of 

the sensitivity of the central bridge to eleetrophilic and oxidative attacks, bilirubin 

is unstable at room temperature. It may undergo oxidation when exposed to air or 

isomerization when exposed to light The crystalline form of bile pigments can 

he stable for a year or two provided that they are pure and dry and are kept in cool 

dark places. 

Bilirubin can be oxidized in the presence of trace amounts of ?xygen to 

yield biliverdin and a number of other de gradation products. It retains its 

intramolecular hydrogen bonds in most organic sol vents, thus the solution can be 

stable for a limited period of time. However, the hydrogen bonding is interrupted 

in DI\'fSO solution, thus leading to a slow decomposition of biIirubin al room 

temperature. Nonetheless, at lower temperatures bilirubin in DMSO suffers 

minimal degradation for periods of three days to one week. 

Biliverdin is more stable in respect to autooxidation and photooxidation. 

Even so, solutions of biliverdin should still be protected from light and heat to 

avoid possible degradation. 

The commonly occurring bilirubin is intramolecularly hydrogen bonded, 

having a Z,Z-configuration at the two double bonds of the methenyl groups which 

connect the two outer rings. Illumination with blue light (480 nm) can cause cis

trans isomeri~.ation. The formation of E,Z-, Z,E- or E,E-configuration of 

bilirubin partially or entirely breaks the intramolecular hydrogen bonds (36), as 

depicted in Figure 4.9. Photocyclization of bilirubin can produce other isomers of 

bilirubin (48). These bilirubin isomers, generally ref~ to as photobilirubin, 

are water soluble and can be excreted easily \Vithout conjugation. Therefore, a 
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phototherapy method has been used clinically for the treatment of 

hyperbilirubinemia (see Section 4.4.1). Photooxidation and photodegradation can 

also ocêur upon irradiating with stronger light and longer time (49,50). The by

products of photodegradatien include small amounts of dipyrroles and biliverdin, 

which are soluble in aqueous media and can be excreted easily in bile and urine 

(SI). 

4Z,15Z 

0 

o "'0 

4Z,15E 4E,15Z 

,,-. O'H 
;/ 

4E,15E 

Figure 4.9 Photoisomerization of bilirubin IXa, depicting the Z-E 
transition which involves the disruption of the intramolec,ular 
hydrogen bonds. } 
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Studies on derivatives of biliverdin have also shown that the all-Z 

confonnation of the molecule can be transformed into many different isomers by 

rotation about any of the C-5, C-IO and/or C-15 double bonds upon irradiation 

with light (52). 

Various derivatives of bile pigments can be prep'ared by reacting the 

respective groups of bile pigments with other reagents. Mesobilirubin can he" 

prepared by the addition of hydrogen to the vinyl groups of bilirubin (53). 

Bilirubin esters and other conjugates can be obtained by esterification (54) and 

conjugation of the propionic carboxyl groups of bilirubin. Most of the derivatives 

of bilirubin are also unstable. Bilirubin dimethyl ester, a compound with an 

orange yellow color, is even more sensitive to light and oxygen than bilirubin, 

due to the absence of intramolecular hydrogen bonds. 

4.3 Detection and Analysis of Bile Pigments 

4.3'.1 Light Absorption Spectroscopy 

The bile pigments are colored compounds which, at certain wavelengths 

in the UV -visible region, absorb light with large molar extinction coefficient. The 

bilirubin absorbance spectrum shows a strong absorption maximum at 438-440 

nm. The absorbance is in sensitive to pH changes in the region of pH 8 to Il (29). 

, There is another weaker absorption band at about 280-300 nm. The maximum in 

the absorption band of free bilirubin in organic sol vents varies little, while that of 

the dimethyl ester is sensitive to solvents (24). 

The absorption spectrum of biliverdin in neutral solutions shows an 

absorption maximum between 380 and 400 nm with a second broad maximum at 

about 640-665 nm. In hydrochloric aeid or in methanolic hydrogen chloride, the 

formation of the hydrochloride causes increased absorption of both bands and a 

bathochromic shift of the maximum in the visible region, together with a slight 

hypsochromic shift of the maximum in the ultraviolet region (55). 

Addition of albumin to the bilirubin aqueous solution causes a red shlft to 

a maximum absorption at around 460 nm, depending on the source of the protein 

and the method of preparing the solutions (56). The formation of complexes with 

pr9teins causes no pronounced change in the spectrum of biliverdin (57). 
, 

When the concentration is low (S 0.20 mM), the absorbance of bilirubin 

has a large extinction coefficient of 4.7 x 104 } mol-1 cm-} and obeys Beer's law 

1 , , 
~ , 
j 

'1 

1 



c 

( 

127 

(58). Therefore, the UV-visible absorbance spectroscopy serves as a simple and 

rapid tooi in the quantitative analysis of bile pigments. It is important to no~ that 

the presence of impurities can interfere with the bilirubin absorbance, since many 

substances also absorb in fuis region. 

4.3.2 Chromatography 

Thin layer chromatography (TLC) is still widely used for the separation of 

bile pigments and their derivatives (59-61). The conjugated and unconjugated 
~ ,~ 

biÏirubin in bile has been reported to be determined quantitatively by the TLC 

method (62). In this method, azo-derivatives of the pigments are obtained and 

measured on a dual wavelength nc scanner after diazo reactions. 

High performance liquid chromatographY (HPLC) has been used for fue 

separation and quantitative analysis of bile pigments, mainly conjugated and 

unconjugated bilirubin (63-65). An eluent consisting of acetonitrile and water is 

generally used with a reverse-phased HPLC system. The HPLC analysis is 

usually a rather lengthy procedure, requiring as long as two hours (66), in addition 

to the treatment of samples prior to the injection into the HPLC system (65). 

Photoproducts of bilirubin have been separated successfully with ion-pair HPLC 

method on a reversed phase system at a detection wavelength of 455 nm (67), the 

relatively shoner separation rime makes it useful for the analysis of bilirubin aiter 

its conversion to the corresponding photoproducts. 

4.3.3 Infrared, Raman and NMR Spectroscopy 

Various available physical techniques have been employed in the 

determination and analysis of bile pigments. Infrared (IR) spectroscopy has been 

used for the structure det~rmination of bile pigments. The advantage of IR 

analysis is that it requires a small quanrity of the bile pigment sample. Most of 

~" the studies have been done with solid samples (68,69). ,The IR spectroscopy is 

useful in detecting the bile pigment constituent in gallstones (70).. In the IR 

spectrum, the carboxyl C=O appears at 1680 cm-1 (71), Ûle N-H stretching is 
i.l 

thought to be around 3410 cm-! for the lactam groups and at 3265 cm-1 for the 

pyrrole groups (24). The band at 2500 cm-1 belongs to the carboxyl OH and the 

dimethyl ester does not have this characteristic band (71). It has also been' 

observed that the IR spectra of the esters of bile pigments are shifted toward , 

higher wave numbers, indicating the disruption of the hydrogen bonds formed by 
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the carboxyl groups. The ester bond has an absorption at 1740 cm-l . The IR 

spectrum for bilirubin bound to human albumin, which suggested possible 

hyclrogen bonding of the NH groups of bilirubin to albumin, was recorded by 

using dried films on thallium iodide windows (29). 

There have been few reports on the analysis of bile pigments with Raman 

spectroscopy. The resonance Raman spectrum of biliverdin dimethyl ester has 

been recorded without b~d assignment (72). Hillig and Morris bave recentIy 

reported a study of bilirubin and some derivatives by inverse Raman spectroscopy 

(73). The assignment was made by comparing with the Raman spectra of model 

compounds. The bilirubin spectra were recorded il} 'organic solvents and 
\ 

compared with bilirubin ditauride in aqueous solution. The results confmned the 

internaI hydrogen bonds of bilirubin in chloroform. The solvation effects of 

bilirubin in DMSO and of hs conjugates in water were evidenced by the hydrogen 

bonding with the solvent molecules. Very recently, a study of the binding of 

bilirubin with albumin has been reported using the surface-enhanced Raman 
(: ~ 

spectroscopy (74). In this report, it was suggested that bilirubin is completely 

enclosed by albumin in the binding. 

Nuclear magnetic reSOlUlnce (NMR) spectroscopy has proven to he the 

most useful tool in the determination of the structure and properties of bile 

pigments. This pan of the work has been reviewed by Kaplan and Navon (75). It 

will be further discussed in Chapter 6 of this thesis. 

4.4 Treatments for Hyperbilirubinemia and the Binding of Bile 
Pigments 

4.4.1 Treatments for Hyperbilirubinemia 

Phototherapy is one of the most commonly used treatments for 

hyperbilirubinemia. The photoisomerization process was tirst observed in 1958 

when the yellow pigmentation in the skin of jaundiced babies was found to he 
faded R\lief'exposure to sunlight (76). Subsequently this method has been applied 

widely in the treatment of hyperbilirubinemia (77). The patients are usually 

iiluminated with visible light, preferably blue light, over an adequate period of 

time (78). This is thougl}t to render the normally occurring 6ilirubin into a water-
" 

soluble form, photobilirubin, which can be excreted more easily (see Section 

4.2.3 for more details). However, it had been observed that photooxidation 

. , 
1 
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/ produa: of bilirubin can cause ~mplications such as greeo jauodice (32) and the 

/ :Onze baby syndrome (79). as mentioned above. 

~rbilirubinemia can also be treated by hemoperjusion; in this 

techniq~e~!,)poo is passed through a column packed with sui table_ sorbents to " 

remove the tbxic substances (80). Actiyated charcoal (81,82) and agar (83) have 

been .tested for the adsorption of bilirubin. Charged and uncharged resins have 

also been used (84,85). However. the application of the se materials is limited by 

theœ poor biocompatibility. lacK of specificity and low capacity. Immobiijzing 

albumin improves the biocompatibility and selectivity of the se materials but does 

not improve the capacity (86). 

Since bilirubin also joins in the" enterohepatic cireulation. it is expected 

that hyperbilirubinemia can be treated by an orally adminisrered adsorbent which 

binds bilirubin in the gastrointestinal tract and thus blocks the re-entry of bilirubin 

or its metabolites into the portal veins. The reabsorption involves only a small 

fractio~ of the bilirubin metabolite, urobilinogen, while most of the urobilinogen 

is excreted in the feces (87). Therefore, tests with charcoal and cholestyramine 

have met with minimal success (88,R9). The feeding of agar to jaundiced infants 

has been reponed '9,reduce the bilirut:m level in plasma and enhance the fecal 

excretion of bilirubin (90). ' ~: 

4.4.2 Binding of Bile Pigments to Proteins 

It is universally accepted that the bile pigments are bound to protein-in the 

body. Biliverdin also binds to the common bilirubin-binding proteins and 

bilirubin can be displaced by biliverdin on ligandin (91), although there seems to 

be no competition between bilirubin and biliverdin for a common site on albumin 

(92). The following text is focussed mainly on the discussion of the binding of 

bilirubin since the biliverdin binding is of less significance in medical 

applications. il ' 

Serum albumin is known to be the natural carrier of bilirubin, along with 

many other bio-substa.t1ces and drugs in the blood, including bile acids. The 

binding of bilirubin ta albumin has been reviewed by Brodersen (29). Bilirubin is 

tightly bound to serum aluumin with high affinity. Nonetheless, the binding is 

not very efficient in tenns of binding capacity. Although the reporied results have 

been controversial, it is generally agreed that each albumin molecule, with a , ' 

molecular weight of over 66,000, can only bind two bilirubin molecule strongly. 
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The binding aftmity of albumin for bilirubin is high. It is genbrally agreed that 

binding constants of the primary site is in the order of 107 for the flI'St ligand and 

about 106 for the second (93-95). There are aIso numerous secondary binding 

sites w~idr bind bilirubin loosely (96). It is possible that bilirubin can he 

replaced by some drugs, such as sulfonamides, ~d sorne of the bile acids, such as 

choliç and lithocholic bile acids (97). 

Figuré 4.10 shows the structure of human serum albumin as established by 

Brown (98). The amino acid sequence in serum aIbumin is mainly in the a-helix 

fonn with three domains on the basis of the secondary structure. This has been 

supported by the calçulated probabilities of helical structure of the amino acid 

sequence of albumin by McLachlan and Walker (99). 
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Figure 4.10 The primary structure of human seruIQ albumin 
(HSA) showing the''atIlino aeid sequence and disultide bridges 
(reference 29). 

The exact locations of the binding 'sites on serum albumin have not becn 

clearly elucidated. However, evidenœ suggests that basic amino acids, such as 

..-
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arginine, lysine and histidine, are in the immediate vicinity of the binding sites 

(100-102). This suggestion is supponed by the observation that polymer resins 

with peptide pendants containing arginine and lysine are very good adsorbents for 

bilirubin (103,104). Although certain mechanis!Ds have been proposed for the 

binding proces8, the precise details are currently not fully understood. Adsorption 

studies, using polymerie supports with peptide pendants, indieate that the basicity 

of the amino acids in the pendants is an important fearure. In addition, 

cooperative effeets within the pendant are indicated,· probably involving 
'" eonformational changes of the peptides (104). 

The lipophilie nature of the bilirubin molecules can facilitate the apolar 

interactions?between bilirubin and albumin. Hydrophobie interactions were 

believed to be important in the binding process (105). Evidence suggests that the 

high affinity site on albumin for bilirubin is at a hydrophobie creviee located 

about 28 A from the tryptophan ~idue (106,107). Figure 4.11 shows the 
- 1 

enclosure of bilirubin moleeules by the primary binding sites in the tbree-domain 

structure of albumin. The limited importance of ~boxyl groups in the binding 

was supported by the binding of bilirubin dimethyl ~ster to albumin., (108,109). 

However, the aftmity of this kind of binding can be lower than that of bilirubin. 

Hydrogen bonding between the lactam groups of bilirubin and the amine groups 

on the protein may also contribute to the binding (110). 

\ 

Based on the negative 'entropy changes found by Jacobsen (111), 

Brodersen questioned the importance of hydrophobie interactions in the binding 

process (29). The negative entropy ehange is consistent with salt linkage and 

\ other polar, interactions, but it does not exc1ude hydrophobie interaction. As 

MeDonagh has pointed out, it may be inappropriate and misleading ta consider 
bilirubin mere/y" as a typical organic anion with respect to its complexation to 

". 

albwnin, at least at the high affinity site (24). It seems safe to conclude that the 

binding of bilirubin to albumin at the ÎlISt stage is the attraction of the oppositely 

eharged groups of the interacting species and the subsequent conformational 

adjustment of albumin can aecommodate the bilirubin molecule at a hydrophobie 

binding site. It appears that both the ionic miture and hydrophobicity of bilirubin 

contribute to the binding process at different stages. 

There are a number of other bilirubin-binding proteins. Ligandin is 
~ -

known to bind bilirubin and other organic anions, 8ueh as bile acids in the liver. 
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With respect to organic anion transport, ligandin may function withln the 

hepatocyte much as albumin does in the circulation (19). Compared with serum. 

albumin, the purified ligandin seems to have a lower binding affmity for bilit;ubin 

(112). Nonetheless, the binding affmity ofligandin in nature is higher than in the 

purified form since its biological activity can be reduced after purification. It has 

been reponed that Z protein (alillli fany acid binding protein), which, along with 

ligandin, is responsible for the binding of bilirubin in the liver. also has a high 

binding affmity for bilirubin (113). 

Ha If - domolns Sites 

2 AB -------~~~ 

3 C------- Folty ocid 1+ n . 

3 AB -------.ê~rn 
Bllirubtn - j[ 

2C ------•... 

Figure 4.11 The simpHfied arrangement of albumin, showing the 
combination of six half-domains to fonn two binding sites for 
bilirubin and one site for fatty acid (reference 29). 

4.4.3 Binding of Bilirubin with Polymerie Resins 

For the treatment of hyperbilirubinemia, synthetic polymers have bœn 

developed for two purposes: hemoperfusion and oral administration. 

• 
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Basic. io~xch~ge resins were mostly used for this purpose (84,85). 

Uncharged resins (84,114) can also adsorb bilirubin from aqueous media, 

indicating that bilirubin can be adsorbed without ionic salt linkage. On the other 

hand, charged resins are much better adsorbents for bilirubin than uncharged 

resins (115-117). This is an indication of the importance of the electrostatic 

attrac~ during the bin~g. 
, The porous resins generally have a higher capacity for bilirubin. 

Therefore, the degree of crosslinking of the resin is crucial for the binding Qf bile 

pigment~. It was found that the uncharged polystyrene-divinylbenzene with large 
.'~ 

pore sire and surface area has a much higher capacity than its counterpart with 

smaller pore size and surface area. This is supported by the results of Tong et al. 

(114), who have found that the porous non-ionic resins with an average pore 

--- diameter larger than 120 A exhibit a higher capacity th~ins with smaller pore 

sizes. indicating that bilirubin is probably trapped in the màcroporous matrix of 

the resin. Similar pore size effects have also been observed with charged anion 

exehange resins by\ Sideman et al. (118,119). When albumin is coated on the ", hemoperrusion column, the compatibility can be enhanced (120). However, the 

adsorption capacity of the albumin coated pOlymep1s usually very low (121). 

Many polymerie materials have been te~ted in hemoperfusion to bind 

bilirubin from plasma. Others have been developed as orally administered 

sorbents for bilirubin in the gastrointestinal tract. The drawbacks of these 

polymerie materials are obvious in respect to biocompatibility, capacity and 

speeificity. Based on these observations, water-swellable resins with peptide 

pendants mimicking the binding sites of albumin have been developed for the 

adsorption of bilirubin. Colleagues in our laboratories have been able to 

demonstrate that the pepl,ide resins with arginine and, lysine pendants are good 

adsorbents for bilirûbin (103,104,122). The increment of the number of arginine 

and lysine residues on the pendants can augment the binding affinity of these 

resins. The binding of bilirubin with the arginine containing resins is of higher 

affinity while the lysine-containing resins demonstrated a cooperative binding 

cffeet (103,104). 

The binding of biological molecùles is usually a complicated process, with 
" 

various interactions being very different in their nature. It May also involve 
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confonnational rearraQgements for both the macromolecules and bilirubin. 

Although extensive resea.rch has béen conducted in the study of bilirubin binding 

to proteins and the removal of bilirubin with different adsorbents, there is still a 
\ 

gap between the understanding of the binding mechanism and the development of 

the novel adsorbents. The objective of this research is to apply the available 

knowledge of bilirubin binding in the preparation of polymerie materiaIs with 
~ 

.improved binding capacity and specificity, and at the same rime to understand the 

nature of the interactions. 

Previous studies have shown that bilirubin can be bound to oligopeptide 

pendants consisting of basic amino acids and that polymer resins with longer 

peptide pendants have enhanced binding affinity for bilirubin. This leads to the 

consideration of immobilizing polypeptides of basic amino acids onto the surface 

of a water-swellable resin for the study of the binding of bilirubin. This work is 

presented in Chapter 5 of this thesis. To understand better the nature of the 

binding between bilirubin and peptides, NMR experiments have aIso been"'-J 

condueted to study the mechanism of the interaction studies of bilirubin with 

oligopeptides and other substrates. Chapter 6 describes the application of the 

detennination of the NMR spin-Iattice relaxation rimes eombined with nitrogen-

15 NMR experiments in the study of the interactions between bilirubin and 

dilysine . 

< 
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5 Adsorption of Bilirubin with 
Polypeptide-Coated Resins 

5.1 Introduction 

140 

This chapter describes the immobilization of selected polypeptides ooto a 

polymer support and the use of the se materials in the adsorption for one of the 

taxie bile pigments, bilirubin. The fust section introduces sorne general 

background and the methods used for the studies. 

5.1.1 Binding of Bilirubin to Lysine-Containing Peptides 

The binding of bilirubin to various proteins has been discussed in Chapter 

4. It is important to recall that the basic amino aeids snch as lysine and arginine 

are thought to be located at or close to the high afftnity binding site for bilirubin 

00 albumine The importance of the lysine residne of albumin in the bindiog of 

bilirubin was demonstrated by Jacobsen in an affinity labeling experiment (1,2), 

)n which bilirubin v.:as covalently attached to albumin by reacting the bilirubin

albumin complex using a carbodiimide reagent. When the amino aeid contents of 

this 'albumin complex were analyzed, following enzymatic hydrolysis, it was 

found that the bilirubin was bound to lysine 240. 

Based on the se observations, water-swellable polyamide resins with 
", 

peptide pendants containin'g lysine residu~ were prepared previously in this 

laboratory and demonstrated good binding mities for bilirubin (~). The binding 

is remarkably enhanced as the peptide pen ts become longer, an indication of 

the possible existence of positive cooperative binding, especially in the case of 

lysine-containing peptide pendants (3). Based on those results, it is of interest to 

consider the use of polymers with even longer polypeptide pendants, such as 

polylysine, for the adsorption of bilirubine 

Woolley el al. reported the binding of bilirubin to basic polypeptides, such 

as poly-L-Iysine and poly-L-arginine in 1975 (4). The bilirubin binding to 

polylysine in alkaline solutions was later studied by circular dichroism (5,6). 
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The intrinsic dissociation constant (PK,) for the E-amino groups of 

polylysine is about 10.44 (7). At neutral pH's, the side chain groups are 
positively charged and the repulsion between these groups prevents the peptide 

from forlning interchain hydrogen bonds. Therefore, the polylysine chains exist 

as irregular random colis instead of forming a-helices. However, between pH 10 
and Il, as the charges pn the side chains are neutralized, polylysine chains are 

transfonned to the a-helix conformation, as shown in the titration curve in Figure 

5.1 (8). On heating polylysine undergoes conformational changes to adopt the ~

sheet form (9). Polylysine cao combine electrostatically with various anionic 

electrolytes, which usually leads to precipitation except in solutions of high ionic 

strength \10.1 1). 
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Figure 5.1 The effect of pH on the conformation of polylysine. 
The transition between the a-helix and the random coll 
confonnations occurs around pH 10-11 and the unfolding of the 
helix is accompanied by a large change in optical rotation to a 
more negative value (reference 8). 

Due to their excellent bi9Compatibility, polypeptides have found lnap.y 
\, 

applications in the medical and biochemical fields. The term poly/ amino acids] 

is often used for the polypeptides in -which all the amino acid residues are 
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identical. Polylysine, being a polybase, is especially useful for medical purposes. 
\, 

Crosslinked and non-crosslinked polylysine bave been used successfully as drug 

carriers for a number ofphannacological purposes' (12). 

5.1.2 Polypeptide Coating onto Polymerie Supports 

Klotz and Harris have reported that linear polylysine has a lower affinity 

than serum albumin when tested for the binding of small molecules. However, 

crosslinked polylysine bas a much bigber affmity than albumin (13). This effect 

has been attributed to the çonformational changes of the polypeptide chains. It is 

believed that the compact confonnation of the peptides increases the local 

concentration of the amino ~id residues and there~y enhances the binding 

between the peptide and the substrates (13). 

The enhancement of the local residue concentrations can be achieved by 

crosslinking of the polypeptide chains with an appropriate reagent (13), or by 

preparation of multichain clusters of polypeptides (14)., Another way is to 

immobilize polypeptides onto the surface of a resin by fo~ covalent chemical 

bonds. This ensures relatively stronger adherence of the polypeptide to the resin 
J 

surfaces. 

.. The immobilization of serum albumin (15) and polylysine (16,17) dates 

back to the early" 1960's. Polylysine was reported to be coated noncovalently to 

columns for use in RNA fractionations (18). 

( One disadvantage of noncovalent coating of polypeptides is that it can 

, '\ result in significant losses of the coated materials from the solid polymer support 

(19). Therefore, covalent coupling of the peptide to the resin support is 

preferable. Polylysine has been coated covalently onto polystyrene beads, by 

reaction with glutaraldehyde, for the study of Rctin assembly interactions (19). 

Upon chemical modification, water swellable polyacrylamide resins and 

positively charged-glass beads are also good carriers ofpolylysine (20,21). These 

materials has beeq used in plasma membrane isolation (22). 

""'" 5.1.3 The Present Study 

This research concems the binding behavior of peptide coated resins for 

the adsorption of bile pigments, especially unconjugated bilirubin. A watcr' 

swellable polymerie support has been selected for biocompatibility. 
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,Polylysine can be coupled to the resin surface by forming covalent bond 

linkages. An amide bond can readily be formed by reacting some of the side 

chain amino groups with carboxyl groups on the resin support. Since the length 

of the peptide chain is likely to affect its confonnation, and hence have an effect 

on its binding behavior. polypeptides of different molecular weights were chosen 

to test for the effect of the degree of polymerization of the polypeptides. 

While' it is expected that the amount of coating will affect the absolute 

binding ci\pacity of the peptide resins, it is not known if the amount of coating can 

influence the local concentration of the lysine residues, thus leading to different 

binding affinities. To test this factor, different amounts of polypeptide can be 

coated on the resin to verify the activity of the polypeptide coated resins during 

the adsorption of bilirubin in solution. 

It is weIl known that the amine acids in nature exist mainly in the L-form. 

The peptide consisting of the D-amino acids can he resistant to cenain enzymatic 

hydrolysis (Appendix 2). Therefore, poly-D-Iysine was 60ated onto the pol ymer 

support. Being the stereoisomer of the chiral lysine residue, it is ~xpected that 

poly-D-lysine will have a similar binding affinity for bilirubin ta that of poly-L

lysine. 

As a comparison to polylysine, poly-L-ornithine, aIso a basic polypeptide, 

can aIso be used for coating onto the polymer resin. The structure of omithine is 

similar to that of lysine except that ornithine has three rather than four Methylene 

groups on the side chain. Ornithine is usually obtained as a degradation product 

of arginine. In spite of its rare existence in humans, it is aiso a naturally oc~urring 

amino acid. In the ureotelic animais, which possess large amounts of arginase, 

omithine is fonned after the cleavage of urea from the guanidine group of 

arginine in the cytosol under the action of arginase, as shown in Figure 5.2 (23) . .,. 

The stereostructures of L- and D-lysine, L-ornithine and L-arginine are 

shown in Figure 5.3. 

The polypeptide coated resins have been prepare<! and used for the 

adsorption studies of bilirubin. The characteristics of these resins in the 

adsorption for bilirubin are discussed in Section 5.3. These results are aIso 

compared with the previous experimental data obtained using cho1e~tyramine and 

the resins with oligopeptide pendants. 

( 
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Figure 5.2 The formation of omithine frorn arginine under the 
, acùon of arginase. 
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Figure 5.3 The stereosttuctures of lysine, ornithine and arginine. 
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c 5.2 Preparation of Polypeptide-Coated Resins for Adsorption 
Experlments 
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A polyacrylamide resin (Bio-Gel P-2, mesh size 200-400. from Bio-Rad), 

in its porous bead fonn, was used as a support for polylysine. The resin, which is 

a copolymer of acrylamide and N,N' -methylene-bis-acrylamide (Figure 5.4) (24), 

has amide groups as functional groups and is water swellable. 

-CH -CH -CH -CH - CH - CH-
1 2 1 2 1 2 

c=o C=O c=o 
1 1 1 
NHz NB ~ 

1 
CHz 
1 
NB 
1 
C=O 

, 
1 

-CH-CH-CH-CH-CH-CH-
1 2 Z 1 Z 

C=O c=o 
1 1 
NHz ~ 

. \ /- / 

Figure 5.4 The structure of) the polyacrylamide resin (Bio-Gel P), 
copolymer of acrylamide and N,N' -methylene-bis-acrylamide. 

The preparation of the polypeptide coated resins is shown schematically in 

Figure 5.5. It was expected that lysine residues of the, polylysine chain would be 
lJ 

selectively coupled covalently to the solid pol ymer support. This coupling wOuld 

ensure strong attachments of the polypeptide to the resin. Meanwhile, sufficient 

free lysine residues would be left as functional umts fer binding with bilirubin. 
r 

5.2.1 Treatment of the Polyamide Resin 

Since the polyamjde resin was obtained in the amide forro, the amide 

functional groups were pattially hydrolyzed to form free carboxyl groups onto 

which sorne of the amino gro,ups on the side chains of the polypeptides were 

selectively coupled. 

It is known that the hydrolysis of polyamide polymers at its fll'St stage 

results in a conversion of a portion of the amide groups to carboxyl groups (25). 

'] 
, 
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The hydrol~sis of the polyamide resin' was j'; performed according 10 a 

cations of the procedure reported by Jacol)son (20). The resin was first 

~"I"""" with deionized water at 85-90OC for three hours. The supematant was 
irated and the mixture was cooled to 6OOC. A relatively we base, 0.5 M 

carbonate, was used for the partial hydrolysis of the de functional 
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groups. When it was added to the resjn and stirred at 60OC, an odor of ammonia 

escaped from the solution. After 3 minutes, the supernatant was aspirated. This 

procedure was ~peated three rimes, followed by incubation at 600C for 100 

minutes. The resin was then washed three rimes with deionized water, acetone 

and ether, repetitively__ Finally the resin was dried under vacuum at room 

tempefture for 24 hoUTS. " 

sy ~OUPling of Polypeptide to the Resin 

,/ The next step was the coupling of the polypeptide to the carboxyl groups 

of the polyaffiide resin. AIl of the polypeptides used were purchased from Sigma 

Chemical Co. These polypeptides included poly-L-Iysine (OP = 67, MW = 
14,000), poly-L-lysine (OP = 2700, MW = 564,000), poly-D-lysine (DP = 1070, 

\ 

MW" = 220,000), poly-L-ornithine (DP = 1000, MW = 200,000). The solvents 

were redistilled or pre-treated as described in Section 2.2. é1 

r 

About 1.5 grams of partially hydrolyzed polyamide resin was ?1iixed with 

~~:th:::r;:;, ~=:ed ;~~~:g ::b!~Y~;:;:Oo:W~~ ~::s::: 
~e~Cally isolated, it was difficult to form the anhydride between these groups. 

Therefore, I-hydroxybenwtriazole (HOBT, from Sigma) was use\! along 'YÏth 

1,3-dicyclohexyl-carbodiimide (DCC) to form active esters. The amount of 

HOBT added to the resin was calculated to render one flfth, on a molar basi~, of ' 

the available side chain amino. grou~s acti~e for coupling: The solution of HOBT 

was allowed to mix with the resin for about 10 minutes. Saturated DCÇ (equal 

molarity with HOBT) solution in DMF was then added to the mixture. AboutilOO 

mg of polypeptide was then dissolved in DMF and the solution was poured into 

the mixture with the resin. The coupling with the HOBT active esters is usually 

slower than the coupling with anhydride. Therefore, the mixture was agitated 

ovemight at room temperature to ensure complete coupling. After coating with " 

the polypeptide, the resin was washed with 10% N,N-diisopropylethylamin~ 

(DEA) solution in dichloromethane, DMF, dichloromethane and anhydrous" ether 

several times. The resip. 'was finally dried under vacuum ovemight. The 

ninhydrin test gave a blue color which indicaied that free primary "amino groups 

of the lysine side chains were present on the resin. 

Poly-L-lysines (PLL) of dffferent degrees of polymerization were selected. 

Poly-D-lysine (PDL) and poly-L-ornithine (PLO) were also coated onto the 
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hydrolyzed resin, using the same procedure. The ount of coating was 

increased by prolonged coupling of polypeptide or by th addition of extra DCC 

solution to the mixture. The former is preferred since th latter alters the number 

of the covalent linkages between the resin and the pOI~Ptide chains, which, in 

turn, decreases the number of free amino acid residues dn the resin surface. 
l ' 

The coupling of poly-L-omithine appeared to jbe more difficult than the 

coupling of polylysine, since it tended to precipitate dom the solution. Coupling 

was repeated once to ensure enough poly-L-ornithine ~oating on the resin. 

5.2.3 The Cbarac!erization oC Ihe PO\ypePlideo5baled Resin. 

The polypeptide-coated resins showed blre colors upIDn testing with 

ninhydrin. The amino acid contents of the resins 'rere ânalyzed using the HPLC 

method described in Section 2.2.1. An internai starldard of L-norleucine (Aldrich)' 

was used. The resins were hydrolyze~ with 6N Jel solution (Pierce) for at least 

48 hours. An extemal standard containing lysinJ was used as a reference for the 

analysis of the lysine containing resins. An 07ithine standard was prepared by 

dissolving L-omithine (hydrochloride salt, ft1lm Aldrich) in the samè citrate 

buffer and was used as a reference for the analysis of ornithine. The amount of 

~ polypeptide coating was calculated in terms of moles of amino aeid residue per 

gram ofresin and the results are shown in Table 5.1. 

Table 5.1 The Amount of Coating for the Polypeptide Resins 

Polypeptide-Coated Resin 
Resin # Polypeptide 

Amount of Peptide Coated 
(mmol amino acid residue/g resin) 

5-1 
A5-2 
5-3 
5-4 
5-5 

Poly-L-Lysine (DP=2700) 
~f.._1Poly-L-Lysine (DP=2700) 

~ Poly-L-Lysine (DP=67) 
Poly-D-Lysine (DP=1070) 
Poly-L-Ornithine (DP=1000) C 

DP: degree of Rolymerization 
(" 

0.018 
0.18 
0.093 
0.28 
0.077 

In the coupling process, about 100 mg of polypeptide were added to 1.5 

grams of resin, corresponding to approximately 0.30 mmol/g resin. However, the 

amount of coating for the resins did not reach this value. A considerable amount 

" 
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of polypeptide was 10st during the coupling with the resin. TIris loss could be a 

consequence of the in efficient reaction of the polypeptide side chain amino 

groups with the resin carboxyl groups. The coating of polyomithine was 

especially difficult, probably due to the shoner length of the side chain, which is 

less accessible to the resin backbone. 

5.2.4 Qua'ternizati0!1 of the Poly-L-Lysine Coated Resin 

The functional groups of the polypeptide-coated resins are primary amine 

groups. To test the effeet of functionality of the resin in the binding of bilirubin, 

oné!'; of the resins, poly-L-lysine (DP = 67) coated resin, was quatemized by 

reâcting it with methyl iodide in methanol in the presence of potassium 

bicarbonate for 48 hours (26). The reaction was monitored by the disappearance 

of the free amino gro~,ps on the side chains of lysine residues using the ninhydrin 

test. A quantitative measure of the extent of the quatemization of the resin was 

~btained by a potentiomctric titration of the iodide with standard silver nitrate in a 

solution containing potassium nitrate. 

5.2.5 Adsorption Experiments 

The polypeptide coated resins we~ tested for the adsorption of bilirubin iD' 'j 
a phosphate buffer, 0.050 M ~P04-NaOH solution (PH = 7.8). The buffer was / 

usually de-oxygen~red with nitrogen and kept below 5°C in a œfrigerator for a 

m~um storage of one week. The adsorbate was prepared by fust dissolving ) 

bilirubin in small amount of 0.10 M NaOH solution in which it dissolves well. 

The solution was then diluted carefully with the phosphate buffer to reach a final / 

concentration about 0.20 mM (10 mg/dl). ,This was used as the stock solution and! 

was always freshly prepared for the adsorption experiments. Aliquots of the stock 

solution were diluted to different concentrations, ranging 0.02-0.20 mM (1-10 

mg/dl). Each of the se solutions were deaerated with nitrogen. 

An aliquot of 20 ml of each of the sample solutions was mixed with abo t 

10 mg of polypeptide coated resin. ll The adsorption was conducted ût OOC unde a 

constant flow of nitrogen. Kinetics experiments for the adsorption, perfo 

previously by Henning (27), showed that the adsorption eqhilibrium could be 

reached within 60 minutes under such conditions. Therefore, the mixture as 

stirred for one hour. Vigorous stirring was avoided since it can cuse 

precipitation of bilirubin. To pre vent any possible photodegradatio or 

1 

! 
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photoisomerization of bilirubin, the whole process was carried out in a dark room, 

usmg a dim red light when needed. 

. Since..the ,absorbance of thè bilirubin solutions obeys the Beer's law in the 

concentration range used for the adsorption (~ee Section 4.3.1), the solution of the 

adsorbate was analyzed using a Beckman 25 Double Bearn Spectrophotometer at 

a wavelength of 438 nm by comparlson with the standard bilirubin solutions. 

::- Neither the polyamide resin support or the hydrolyzed form of the resin 

adsorbed bilirubin under the conditions described above. 

5.3 Adsorption of Bilirubin Using the Polypeptide-Coated Resins 

5.3.1 Poly-L-Lysine Coated Resins 

(1) Tbe Effect of tbe Amount of Coating 

It is expected that the capacity of the resin to adsorb bilirubin should he 

greatly affected by the amount of polypeptidt attached to the resin. As shown in 

Figure 5.6, the capaeity of the resin on' a per gram of resin basis is greatly 

enhanced as the amouc~f eoating increases. However. when calculated on a 

basis of per mole of lysine residues, the capacities of the resms with different 

amounts of eoating remain unehanged for the binding of bilimbin (Figure 5.7). 

" On this basis, the adsorption isotherms for the (polylysine eoated resins are almost 

identical. If the polymer matrix of the resin were also involved in the binding of 

bilirubïfi, the calculated amount of adsorption based on the number of lysine 

residues in a unit weight of the resin should be different for the resins with 

different amounts of coating. Thus, this is consistent with the previous 

experiments that indicated the binding of bilirubin by the polymer matrix is 

min!mal (Section 5.2.3). Since the Bio-Gel resin support, itself a polymer 

conÛrining both aliphabc chain and hydrophilic groups, does not adsorb bilirubin 

from the phosphate buffer solution, it is obvious that the hydrophobic interaction 

or hydrogen bonding are not crucial factors in the adsorption process. 

Even when the resin is coated with polypeptide, it is not likely that 

hydrogen bonding or hydrophobie interactions can dominate in the binding 

process. On the other hand, Figure 5.7 indicates that the number of bound 

ligands, Le., bilirubin molecules, is directly related to the number of lysine 

residues, which suggests a specifie interaction between bilirubin and the 'lysine 
\--. ,-
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residues. This relation is consistent with an electrostatic interaction, which is 

evidenced by the NMR relaxation time measurements as discussed in Chapter 6. 

It is also known that the amino groups of the lysine residues are protonated under 

the experimental conditions (pH = 7.8). Therefore, it is possible that these groups 

can form ionic linkages with the carbo>i.yl groups of bilirubin. The ionie linkage 

makes an important contribution to the binding, although other kinds of 

interactions such as hydrophobie interaction and hydrogen bonding may play 

lesser roles. 
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Figure 5.6 The adsorption isotherms of the polylysine-coated 
resins for bilirubin comparing the amount of coating. • Resin 5-1 
(PLL, DP = 2700, 0.018 mmol!g); • Resin 5-2 (pLL, DP = 2700, 
0.18 mmol!g); !J. Resin 5-3 (pLL, l2P = 67, 0.093 mmol!g); [J 
Resin 5-4 (pDL, DP = 1070, 0.28 mmoll~/ 

TWt concentration of lysine residues at a certain defmed area was reported 

to be important in the binding (13). If this is true, the result is an indication that 

the amount of coating does not alter the distribution of lysine residues in a defmed 

local area. In other words, the local concentration of lysine residues is not 

·affected by the amount of coating. In general, the amount of polylysine coated on 
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the polyamide resins is still very low. ,JIence, an increase in the amount of 

coating within a certain range is not sufficient to change the local concentration of 

lysine residues at a specific area. The adsorption behavior of these resins also 

indicates that the coated polylysine is completely permeable to bilirubin under the 

\ experimental conditions. Therefore, improved resins can be expected if more 

-' 

polylysine can be coated onto the surface of the resin. It can be pred.icted that the 

$1.. local concentration, of lysine residues can.pe saturated when the resin bead is fully 

covered with the polypeptide chains. In practice, it is ideal to maintain the largest , 
possible amount of polypeptide coating on the resin so that the absolute capacity 

of the resins in binding would be enhanced. 
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Figure 5.7 The adsorption isotherms of the polylysine-coated 
resins, calculated on a per lysine residue basis. • Resin 5-1 (pLL, 
DP = 2700,0.018 mmoVg); • Resin 5-2 (PLL, DP = 2700,0.18 
mmoVg); • Resin 5-3 (PLL, DP = 67, 0.093 mmoVg); Il Resin 
5-4 (PDL. DP = 1070, 0.28 mmoVg). 

(2) The Effect of the Molecular Weight of Polylysine 

It has been shown that the length of oligo~eptide pendant consisting of 

lysine can affect its binding affinity for bilirubin (3). It is of interest to know if 
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the number of basic amino acids (i.e., the ,degree of polymerization) in a 

polypeptide chain is still important in their role as adsorbents. To study this 

effect, polylysines with different degrees of polymerizati,on (OP = 67 and 27(0) 

were chosen for the experiments. j' 

Since the amount of coating does not affect the adsorption capacity o( the .. 

resin on a Ber amino acid residue basis, Resin 5-3, coated with polylysine of 

lower molecular weight (OP = 67) can be compared with Resin 5-2, coated with 

polylysine of a higher molecular weight (OP = 2700), to indicate the effeet of the 

molecularweight ofpolylysine. As shown in Figure 5.7, the capacity of Resin 5-

3 seems to be slightly lower than that of Resin 5-2, indicating that the resin coated 

with pâi'ylysine of higher molecular weight has~' slightly increased capacity for 

bilirubin. 

Although the polypeptide chains are randomly attached ta the resin 

surface when coated, the number of lysine residues which are attached ta the resin 

is still smaII as compared ta the free lysine residues of long polypeptide chain. At 

the pH of the phosphate buffer (pH = 7.8), the side chain amino groups are 
positively charged and the peptide chains of polylysine exist mainly as random 

coils because of mutuaI repulsion. However, the existence of random coil does 

not exclude the possible conformationaI rearrangement of the peptide chain upon 

interaction with bilirubin. A higher molecular weight of polylysine, namely, an 

increase in the length of the peptide chain, is expected to improve the flexibility 
\ 

for any conformation al changes. Thereforc, it is reasonable that the polylysine of 

higher molecular weight would exhibit a high~r ca~acity for bilirubin. This effect 

is consistent with the experimental results obtained in the binding of bilirubin 

with oligopeptide attached as pendant on the resin (3). 

5.3.2 Poly-D-Lysine Coated Resin 

Poly-D-lysine was used ta replace poly-L-Iysine ta de termine if there is 

any steric structural effeet in the binding of bilirubin. A large amount of poly-D-
1 

lysine was easily coated onto the resin and Resin '5-4 has the highest amount of 

coating. Renee, its binding ca~,acity on a per gram basis also ranks the highest, as 

shown in Figure 5.6. Each gram of this resin can be expeeted to adsorb as much 

as 80 mg of bilirubin at an adsorbate equilibrium concentration of about 0.14 mM 

(ca. 8 mg/dl). 
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When calculated on per mole of lysine residue basis, as shown in Figure 

5.7, the affmity of the poly-D-lysine coated resin (Resin 5-4) is, within 
\ 

experimental error, identical to that of the poly-L-lysine coated resins (compare 

with Resins 5-1 and 5-2 in Figure 5.7). This is an indication that the binding o( 

bilÏ11!bin depends solely on the number of lysine residues and that the 

stereostructure of lysine does not affect the binding behaviors of the polypeptide 

resin. 

5.3.3 Poly-L-Ornithine Coated Resin 

The structure of poly-i-omithine differs from that of poly-L-lysine only by , 
the shoner side chain of the amino acid residues. This difference appears to lead 

to a decreased solubility of polyornithine in the organic solvents. As a 

consequence, the ninhydrin test showed 'poor coupling of polyornithine after 

prolonged reaction, indicating the coupling of polyomithine was more difficult 

than that of the othèr polypeptides. As was seen in Table 5.1, the arnount of 

coating for polyornithine resin is lower than that of polylysine coated resins. 
"-

Figure 5.8 shows the results obtained for the binding ofbilirubin using the 

polyomithine coated resin. The binding capac1JY of Resin 5-5 is significantly 

lower than that of the polylysine coated resins. This decrease in adsorption is 

attributed to the shoner length of the side chain amino groups of the omithine 

residuçs, which is expectéd to reduce the accessibility of the amino groups toward 

the binding ligands, the bilirubin molecules. On the other hand, repeated 

coupling during the coating of polyornithine can incre/a~te the~ number of linkages 

between the polyornithine and the resin, which, in turn, le to a decrease of the 

number of free amino groups on the side chains. This c contribute. in pan, to 
--- " the decreased binding capacity of the polyornithine coated resin. ' 

5.4 Comparison of Polylysine-Coated Resins with Other Resins 

5.4.1 Comparison with the Resins Containing Lysine Pendants 

A series of polymeric adsorbents with oligopeptide pendants consisting of 

an alanine-3 spacer and lysine residues were previously prepared in this 

laboratory (3,27), using the method described in Section 2.2 of this thesis. The 

three resins prepared had 1, 2, and 5 lysine residues in the sequence, respectively. 
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Figure 5.8 The adsorption isotherms of the resins coated with 
polyornithine and polylysine. • Resin 5-5 (pLO, DP = 1000, 
0.077 mmoVg); !J. Resin 5-2 (PLL, DP = 2700, 0.18 mmoVg). 
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Figure 5.9 shows the adsorption isotherms, calculated on the basis of the number 

of lysine residues. The resin containing ij.ve lysine residues has the highest 
"-

bi~ding capacity per lysine residue (ca. 0.35 moVeq lysine residue). In thi~ 

figure, it is clearly seen that the binding capacity for bilirubin is. not directly 

proportional to the number of lysine residues in a unit weight of the resins. Thus, 

longer peptide pendants have a higher capacity on a per lysine residue basis than 

the shoner ones, Le., the longer peptide pendants are more effective in the binding 

of bilirubin. If it is/assumed that the fesin backbone and the alanine spacer are 

not involved in the binding, i.e., that it is only the lysine residues in the pendants 

that contribute to the binding of bilirubin, .. this ca~ be explained as an increased 

binding interaction when the local concentration of the lysine residues is 

enhanced. On the other hand, upon the binding of the first bilirubin molecule, the 

binding of the second ligand molecule may become easier. This is termed as the 

positive cooperativity in binding (28). The three isothenns in Figure 5.9 indicate 

increased binding capacity as the peptide chain grows longer. This was shown to 
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be a result of a positive cooperativity in binding, especially for the resin with 

lysine-5 pendants (29). This effect seems 10 he characteristic for the binding of 

bilirubin with lysine-containing peptides since it was also observed when a 

peptide sequence (containing lysine) from albumin was immobilized for the 

adsorption of bilirubin (30). It is assumed that the binding of bilirubin can he 
"" , ~nhanced when bilirubin molecules in close proximity inter8.ct ~y stacldng, whicb 

permits the interaction of the 1t-electrons on the pyrrole rings of bilirubin. 

" 

If the adsorption isotherms of the oligopeptide resins are compared with 

Ü)e polypeptide coated resins (sucb as Resins 5-1 and 5-3) in Figure 5.9, it is clear 

tbat, as a general trend, the polylysine coated resins demonstrate an increased 

binding capacity over that of oligopeptide pendants for the adsorption of bilirubin. 

Resin 5-3, coated with polylysine of lower molecular weight (OP = 67), shows a 

similar capacity to the resin with lysine-5 pendant, e.specially at higher 

equilibrium concentration. 
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Figure 5.9 The adsorption isotherms of the resins with 
oligopeptide pendants containing lysine in comparison with tbose 
of the polylysine-coated resins. • Lys-Al~-P; Il. LYS2Al~~P; 
o Lyss-Al~-P; • Resin 5-1 (PLL, DP,= 2700. 0.018 mmoUg); 
• ~esin 5-3 (PLL, DP = 67, 0,,093 mmoVg). 
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In the °preparation of the polypeptide coated resins, the coupling reagents 

were added such th~ for every five lysine residues one lysine side chain would he 

coupled to the resin. Although it was impossible to control the number of free 

lysine residues in a sequence during coating, the average number must be no less 

, than five. Therefore, it is very reasonable that the polylysine coated resins 

demonstrated simiiar, or slightly better, adsorption capacities than the resin with 

LysçAl~- pendants. 't 

It has been shown that the peptide containing resins, especially those with 

lysine, h(Îve a positi~ely cooper~tive effect in the binding of bilirubin (30,31). 

One of the obvious advantagès of the polylysine coated resins is the enhanced 

• possibility of cooperative binding. When cooperative binding ex.j.sts for smaller 

peptides, the possibility of this effect can only be .enhanced when the peptide 

chain becomes much longer. In fact, this effect may well be maximized in such 

circumstances, which, in tum, explains the fact that the degree of polymerization 

of polylysiny does not affect its binding behavior significantly (Section 5.3.1). 

, The cooperativity ID{lY he maximized as,e peptide 'chajn reaches a certain 

criticallength., ~ 

5.4.2 Comparison with Quaternized Polylysine-Coated Resin 
li . 

Cholestyramine type of resins, i.e., pol ymer resins with quatemary 
, , 

ammonium groups, have heen used for the binding of bilirubin. As mentioned in 

r; Chapter 2 concerning the adsorption of bile sâlts, there is again a question about 

'the impo~ce of the qu~ternary ammonium group in the binding of bilirubin. 

To answer this question, one of the resins coated with poly-L-Iysine, Resin 

5-3, was quaternized by reacting with methyi10dide in organic solvent (Section 

- ,5.2.3~. It is assumêd :rat the amino groups on the side chains of the lysine 

residues are methylated to form quatemary ammonium groups. This resin was 

also tested for the binding of bilirubin. When calculated on a per gram of resin 
'"1 

oasis, the adsorption capaCity is slightly enhanced for the binding of bilirubin as 

shown in Figure 5.10. 

The qu:uemary ~onium groups of the cholestyramine type of resins are 
considered to be the active units in thel'binding of organic anions. Based on the 

larown poor capacity' of cholestyramine on a per active site basis (see Section 

5.4.3), it seems reasonable to conclude that, compared with other forms of 

protonated amines, !he quatemary ammonium group has the same or slightly 
, . -

\, 
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higher affinity for bilirubin. This limited importaI1ce of the quaternary 

ammonium groups is one00f the charatteristics for the adsorption of bilirubin 

which is different from the adsorpti<?n of bile salts. As discussed cartier in 

Chapter 2. the basicity of the resin functional groups is very 'important in the 

binding of bile salts, therefore. the quatemary anpnonium groups are preferred for 
"' , 

these ligands. This result indicares that the binding of bile sal18 is different from 

the binding of bilirubin in term of mechanism because of the different intrinsic 

propetties associated with the se different species. bile salts and bile Pigments. 

~ 
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Figure 5.10 The adsorption isotherms of the P~Jylysine-coated 
resin before and after methylation .• Resin 5-3 after methylation; 
11 Resin 5-3 (PLL, DP = 67,0.093 mmoVg) . 

0.20 

5.4.3 Comparison with Cholestyramine ! 

Cholestyramine (Dowex lX2, Aldrich, mesh size 200-400) was tested 

previously in thls laboratory for the adsorption of bilirubin at various 

temperatures (2i!). 118 binding capacity on a per gram basis at OOC is shown in 

Figure 5.lla in comparison with Resin 5-4. The binding, capacity of 

cholestyramine on a pet gram basis is generally lower tlla.ri that of the 
l, 
'1 

1 

.".' 
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Figure 5.11 The adsorption isotherm of cholestyramine in 
comparison with that of the polypeptide coated resin: (a) on a 
weight basis; (b) on per active site basis. • Cholestyramine; À 
Resin 5-4 (pDL, DP = 1070,0.28 mmoVg). 
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eptide-coated resin. \ 

Assuming the q~~~ary ammonium groups are responsible for the 

,bin . g, the number of active ~ sites, or functiqnality, of cholestyramine 

wa detennined to be 3.3 mmoVg. Based.,on the discussion above, the active site 

of e polypeptide-coated resin can be regarded as the positively charged amino 

gro p on the side chain of the amino acid residue. When the se results are 

cal ulated on a per active\ ~ltc basis, the active site being th~ quaternary 

aID.f0nium group of cholestyrainine and the side chain amin~ group of the lysine 

res~~ue, the capacity of cholestyramine is much .lower than ~y of the polypeptide 

coa~ed resins (Figure 5.llb). This result is an indicatio~ that th~ qu~ternary 
, onium groups are not verY effective in the binding or bilirubin. This poor 

( 

of cholestyramine for bilirubin is largely aiributed to the lack of 

spe ificity in the binding of organic anions. ,This phenomenon was also observed 

pre iously for the binding of bile salts, as discussed in Chapter 2. It is known that 

the strongly basic anion exchange resins have a high selectivity for phosphate 

ani ns (32). In a '0.050 M phosphate buffer solution at pH 7.8, large 

co centrations of phosphate anions, existing mainly as HPO 4 2- and HzPO 4- anions, 

present The quatemary ammonium groups of cholestyraminé' can be 

ne;: traliitd by the se phosphate ions, resulting in a reduced charge density on the 

re in surface. Therefore, it is expected that hydrophobie interactions between ...,. 
ch lestyramine and the binding ligands will become increasingly important in this 

c' cums tance. On the other hand, the peptide containing resins ha-..:e a high 

s~ecificity for organic acids, as a1ready demonstrated in the binding of bile acids 

(Section 2.4). 

A variable temperature study for the adsorption of bilirubin was conducted 
1 

in this laboratory (27). The previously reported adsorption isotherms, calculated 

on a weight basis, for t'he' binding o~ bilirub~ with, cholestyramine at four 

different temperatures are recalculated on a basis of per mole of active binding .. 

sites and are shown in Figure 5.12. An enlarged scale Is used ... to show the 

differences in binding capacity at various temperatures. As depicted in Figure 

5.12, the binding affinity for bilirubin increases as the temperature rises. 

This variable temperature study provides infonnation on the 

thermodynamic aspects of the binding of bilirubin with cholestyramine. If the 

discussion on the thennodynamics of the binding ~ess in Section 2.5.2 is, 

, 
1 
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Figure 5.12 The a,dsorption isotherms of cholestyramine for 
bilirubin at different temperatures (recalculated from reference 27). 
• QOC; Â l00C; • 200C; • 25°C. 
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~ontinued, the stoichiometric binding constant, which is in fact the equilibrium 
" -

\ 

constant for the binding process, can be rela~ed to temperature as follows: ~ 

Substituting Equation 2.2 into Equation 2.5 followed by rearrangement ) 

yields 

.68 .6H 1 
ln K =-----'

ART 
(Equation 5.1) 

If both AS and Ml are constant within the temperature range studied, a straight 

line will be obtained by, plotting the logarithm of K (ln K) as a function of 

reciprocal temperature (lff). From the slope and intercept of the fine, the 

enthalp~ change .Mi and entropy"' change .6S for the binding, within the 

temperature range of the study, can be calculated. 

When ln K is plotted as a function of ur, as shown in Figure 5.13, the 

negative slope of the line indicates the enthalpy change for the overall binding 

l 
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Figure 5.13 The plot of ln K as a function of reciprocal 
temperature for the binding of bilirubin with cholestyraniine. The 
plot is characterized with a positive entropy change. It aIso 
indicates that the binding is an endothermic process. 
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process is positive, about 24 kJ mol-l . Thus, "'t'he binding is an endothermic 
1 • 

process. Since the formation of, an ionic linkage is usually associated with a 

negative enthalpy change, this result suggests that, in the binding of qilirubin, the 
1 

desolvation of the bilirubin molecules and of the binding sites on/ the resin is 
f 

sufficiently endothermic. so that the pverall enthalpy change of the binding is 

positive. On the other hand, it is knoWn from Chapter 2 that cbolestyramine bas a 
f f 
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high selectivity for the phosphate ions, such as H;04- and HPOl-, ·n/s'olution. 

Therefore, the adsorption is a competitve binding process among aIl ~e existing 

anions in' the solution. The binding of phosphate ions is exp ted" to be 

exothermic since it is a typical ionic bond fonnation process. Thus, as 
temperature increases, t~e binding of the phosphate ions J,:lecomes 1 ss favorable 

, and this' leads to an enhaneed interaction between the rçsin and biliru in. 

From the int~rcept of this line, the ilS is es~'Y?<i ta be ~pproximately 
• 1 

130 J K-1mol-1, which strongly favors the binding. This indicates that the 

adsprption of bilirubin using cholestyramine resin is an entropy-diiven process. 

The binding of bilirubin to the polymer is favored by a positive eJtropy change, 

probably related to the rearrangements of the water structure s unding the 

bilirubin molecules. On the other hand, cholestyramine is hydrophobie 

copolymer; therefoFe, its interaction is also favor~ by à positive ntropy change 

for the water molecules surrounding the resin beads. Thus, the interaction 

between cholestyramine and bilirubin is largely determined ,y the positive 

entropy change. which is usually an indication of hydrophobic int ractions. It can 

be condnded that the binding of bilirubin to cholestyrami~ involves other 
1 

processes in addition to the ionic bond formation since a stron er base, such as 

the quaternary ammonium group. does not enhance the adsorp 'on of bilirubin. 

This hydrophobic effect involved with cholestyramine 

similar effect in the binding of bile salts (Section 2.3). 

, 

5.5 The Evaluation of the Polypeptide .. Gsated Resin -
A Summary ~ 

5.5.1 The Stoichiometric Binding Constants and Free Ener Changes 
1 

Previous results indiëate that the binding of bilirubiq with lysine-

containing peptides is a cooperative process (3,30,31). The compbson betwéen 

/ the polylysine-coated re~1ns and the resi~s with oligopeptides pen~ts (sec~ 
5.4.1) reveals th~t the binding capacity of the polylysine coated ~sins on a per '-'~ . 

lysine tesidue basis is somewhat higher than that of the resin ·th lysine-5 

pendants, indicating an improved binding affmity. Since the ex ct length of 

peptide sequence consisting of free lysine residues is not known, the binding 

capacity was calculated on a per lysine residue basis. Thus, the st }~,hiometric 

binding constant better describes the binding of bilirubin with pOIYPe~de coated 

\ 
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resins. The binding constants of the various resins for bilirubin were calculated 
~ 

using a derivative-free least square curve-fitting program as described in Chapter 

2. The free energy changes of the binding process are calculated using Equation 

2.5. These results are listed in Table 5.2. 

Table 5.2 The Binding Constants and Free Energy Changes for 
the Adsorption of Bilirubin omo Various Resins 

Experimental conditions: OOC in 0.050 M phosphate buffer (pH=7.8), 
constant stirring in dark under nitrogen for one hour. 
DP: degree of polymerization; P: polyacrylamide resin. 
* Resu~t from Reference (27), recaIculated on 'a basis of per mole of lysine 
residues rather than per mole of pendants; cholestyramine binding constant 
was calculated in accordance with the titration result, i.e., 3.3 mmol 

, quatemary ammonium groups per gram ofresin. 

The polypeptide-coated resins, .though having low peptide contents, 

exhibit excellent binding affinities for the bile pigment, bilirubin. It is to be noted 
... 

that the binding constants listed in Table 5.2 are only average values for the 

binding equilibria with bilirubin and the adsorbents. It can be' seen from Table 

5.2 that the values of the binding constants for Resins 5-1, 5-2 and 5-4 are very 

close, indicating similar binding affinities. The difference between PolY-L-lysine 

and poly-D-Iysine is thus small in terms of binding affinity for bilirubin . 

The binding constant for Resin 5-3, which was coated with a polylysine 

with a lower degree of polymerization, is slighùy smaller than the other 

'IJ 
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polylysine eoated resins. In fact, this binding constant is èloser to but still higher 

than the binding constant of the resin with lysine-5 pendants. During the coating 

of polylysine, the HOBT and DCC was added quantitatively to forro one amide 

linkage for every five lysine residues. Therefore, it is possible. that the free lysine 

sequences in Resin 5-3 may have an average number of about five unattached 
, 

lysine residues. It can be seen that the free energy changes of these resins in the 

binding of bilirubin are aIso very similar. The polyomithine coated resin has a 

lower affinity for bilirubin than the polylysine coated resins. 

/ 
Comparing the binding constants for the resins with peptide pendants 

,/ containing lysine as shown in Table 5.2, the binding affmities of the se resins for 

bilirubin obviously fall in the order of Lyss > Lys2 > Lys. The binding affmity for 

bilirubin is increaSed as the peptide pendants beoomes longer. In the case of . 
polypeptides, this effect is maximized since the resins show even higher affinities. 

Cholestyramine resin has a greatly reduced binding affmity for bilirubin, 

as compared with peptide containing resins. Its poor water-swellability does not 

promote the diffusion of bilirubin molecules into its matrix and ~us can have a 

negative effeet on the ,tcessibility of the binding sites to the adsorbate. This can 

aIso be an indication 'ff the reduced importance of a stronger base. i.e., the 

quaternary ammonium groups, in the binding of bilirubin. On the other hand, 

hydrophobie interactions may play a more important role for cholestyramine than 

for the peptide resins. 

The amino groups on the polylysine side chains remain protonated at the 

pH used for the adsorption studies. It is thus expected that the bilirubin dibasic 

aeid fonns an aeid-base linkage with the sidq chains of the lysine residues. Due 

to the lack of infonnation about the confonnation of the polylysine chains on the 

surface of the polyamide resins, it is not known exacdy how the lysine residues in 

the polypeptide chain interact with the bilirubin substrates. Previous results have 

shown that a positive eooperativity exists in the binding of bilirubin with resins 

attached with lysine-containing oligopeptide pendants (29). Therefore, it could 

also exist in the binding of bilirubin with polylysine coated resins. 

The binding behavior of the immobilized polypeptides for bilirubin can be 

compared with that of albumin in a simplified way as follows. Human serum 

albumin, the natural carrier for bilirubin in serum, is also a polypeptide consisting 

of about 584 amino acid residues. Each aIbumin molecule, with a molecular 
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weight of roughly 66,300, strongly binds only two bilirubin molecules and loosely 

binds an addïûdh.1ll 9·~\3 bilirubin molecules (33). For the polylysine coated 

resms, each lysine residûe in the poIy/lysIne molecule can bind an average of 0.6 

bilirubin molecules, corresponding to approximately 350 bilirubin molecules for 

every 584 lysine residues. It is thus clear that the immobilized polylysine exhibits 

an overwhelmingly higher capacity than albumin. -

5.5.?- Summary 

In conclusion, the polypeptide coated resins, especially the polylysine 

coated resins, exhibit high binding affmities for the bile pigment bilirubin. The 

binding capacity of the resin is directly proportional to the number of lysine 

residues, which implies a specifie interaction between bilirubin and the- lysine 

residues. The replacement of poly-L-Iysine with poly-D-Iysine does not affect the 

adsOIption capacity of the resin, whlle the chemical and biological stability of the 

peptides can be enhanced (Appendix 2). The polylysine coated resins 

demonstrated improved binding affinity for bilirubin over the resins with lysine 

containing oligopeptide pendants, and much better affinity than cholestyramine. 

It can be expected that the polylysine coated resins, having a bener 

biocompatibility than the commerci?lly available adsorbents, can be applied for 

hemoperfusion or oral administraûo~ purposes in the elimÎhation of the toxic bile 

pigments. ". 
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6 
q. 

NMR Studies of Bile Pigments 

6.1 Introduction 

6.1.1 NMR Studies of Bile Pigments 
~ 

The study of bile pigments by nuclear magnetic resonance (NMR) 

techniques, even in its early stages has made a significant contribution in 

establishing and confmning the structure and conformation of bile pigments. 

These studies focussed mainly on bilirubin and its derivatives and have 

-been carried out since the 1960's (1-3). The proton spectra of bilirubin and other 

bile pigments were partially assigned by various authors, as reviewed by 

:McDonagh (4). The bis-Iactam structure, rather than the bis-lactim or mixed , 
lactam-lactim tautomers, of bilirubin was confrrmed by prottin exchange studies 

(5). Proton NMR spectra showed that bilirubin and its dimethyl ester adopt 

different confonnations in chloroform solutions, as manifested by the chemical 

shift of thë methyl group at position 2. The chemical shift ofthis methyl group of 

bilirubin is not affected by the addition reaction of the viny} group at C-18 with 

methanol, indicating that these two groups are sterically remote when bilirubin is 

in~molecularly hydrogen bonded. The chemical shift of the. same C-2 methyl 

~oup of bilirubin dimethyl ester, however, is affected by the methanol addition, 

which implies a p,ossible helical conformation (6). Bilirubin exists as two 

enantiomers because pf the dissymmetry of the molecule, as shown in Figure 6.1. , . ,.. 
A fast interconversion process was continned by the study of the effect of 

temperature in chloroform on the splitting of the proton signal of the C-lO 

methylen~ bridge (7,8). 

- OWlng to the instability and poor solubility of bilirubin in mast solvents, 

the early recording, and hence the interpretation, of the NMR spectral data led to 

different spectral assignments and questionable structures for the bile pigments 

(9-11). Nonetheless, the summation of these studies has contributed to the 
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establishment of the chemistl'y, of bilirubin as weIl as to the application of the 

JIiMR technique in the bio-medic!Ù field. 

UI 111) 

(a) (b) 

Figure 6.1 (a) The structure of unconjugated bilirubin IXa; (b) , 
The transition between the two hydrogen-bonded bilirubin 
enantiomers (reference 7). ' 

In recent years, the increasing interest in phototherapy and hemoperfusion ... 
treatments of hyperbilirubinemia has stimulated the investigation of the structure 

and confonnation of the bile pigments by a variety of physical techniques, such as 

infrared and Raman spectroscopy (Section 4.3.3), circular dichroism (12,13) and 
, ,-
optical rotatory dispersion (14), fluOrescence (15,16), electron spin resonance 

(17), and especially 9Y NMR. The ~velopment of the Fourier transform 

techniques has made possible more sophisticated NMR studies of these important 

. biocompounds. Detailed assignments of the IH and l3e spectra of sorne of the 

bile pigments have been made (18-23). The structures and conformations of 

bilirubin in organic solvents, such as DMSO and chloroform, have been studied ' 

eX,~~nsively by proton and carbon-13 NMR. Hansen et al. have estimated the 

acidity constants of bilirubin by monitoring the chemical shift changes upon 

titration of a solution of bilirubin in DMSO (21). These studies have been' 

reviewed by Kaplan and Navon (18). 

1 
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The intramolecularly hydrogen bonded structure of bilirubin in chlorofonn 

and the solvation .eff~t in DMSO, which disrupts these hydrogen' bonds, were 

confumed by, the nieasurements bf relaxation rimes and the nuclear Overhauser 

effect (24,25). Model compounds were prepared for the detennination of the 

hydrogen bonding of bilirubin and sorne of its derivatives (26,27). These studies 

hav.e provided the basis for the understanding of the structure and conformation of 
, ' 

bilirubin and related bile pigme~ts in organic solvents. In medical research, 

human bilirubin pigment gallstones were characterized chemically witH the aid of 

solid state Be NMR techniques (28,29), sincé other conventional methods can 

easily change the nature of bilÏn\bin. 

~ The association between bilirubin and oligopeptides has been studied 

"~ indirectly b~ ad~orption experiments (30-32); however, NMR\techniques can"very 

weIl provide useful probes for the stuêly of the specific interactions of bilirubtn 

with these oligopeptides and perhaps other sub~trates. 1 

)\'11 introduction to the general' concept~ of ~ relaxation and" its 

application in the interaction studies has been giv'èn,in Chapter 3. It is obvious 

that the binding or interaction between two molecular species in solution 

increases the effective molecular weight, and hence, the size of the molecule. 

This, in turn, leads to a longer molecular correlation rime. Under the extreme 

narrowing conditions, the relaxation rate is inversely proportional to the 
- \ 

correlation time, as indicated in Equation 3.3. Therefore, the res~cted freedom 

of motion can be detect~ by the changes in the NMR spin-lattice relaxation 

~ --~-times. 

The general principle of changes in relaxation rimes that result from 

binding can be applied to a study of the interaction of bilirubin with 

oligopeptides. The adsorption studies indicate that lysine residues in the peptides 

are involved in the binding. It is likely that a salt linkage is formed between the 

amino groups of lysine and the earboxylic groups of bilirubin. However, the 

mechanism of the binding remains open to dispute. Other interactions -sueh as 

hydrogen bonding and hydrophobie bonding may also contribute to the binding 

process. The determination of changes in the proton and 13C spin-Iattice 

relaxation times that msult from the addition of a simple dipeptide, L-lysyl-L

lysine, to bilirubin permits a detennination of the functional groups involved in 
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the bin~andshould ~ffer direct insight U;to the nature of the interactions, 
hence the- bindihg process. 

6.1.2 Nitrogen-lS NMR Studies "" 

Bilirubin is a rather large Molecule, _with a molecular wéight of 585. but it 

is made up of only four elements, Le., carbon, hydrogen, ni~sen and oxygen. 

Two of the four nitrogen atoms in the bilirubin motecule are located in the pyrrole 

rings with the remaining two in the lactam rings. The study of these nitrogen 

atoms, by NMR. should give interesting information concerning the copformation 

of ~ilirub~ and its interaction with various other molecules. 
Nitrogen-14, which is the Most abundant isotope of nitrogen, is I-not idcal 

for NMR studies because of~1fie line brç>adening (up to several kHz) ~sociated .. 
with its quadrupolar nature. The intrinsic NMR prope'--rt:ies of lSN are much less 

.. 

favorable than thos~ of 13e. The lSN nucleus has a spin of 1/2, but its low . 

frequency.low natura! abundance (only 0.365%), unfavorable gyromagnetic ratio 

(-2.7112 x 107• negative Overhauser effect and usually large TI's make the 

observation of lSN very difficult (33). Nonetheless, it is possible 10 obtain sharp 
lSN lines, especially when sufficient sample is available and an appropriate pulse 

sequence is applied. Modern enhanéement techniques, such as INEPT 
(Insen'sitive Nuclei Enhanced by Po!bzation Transfer) and DEPT (Di~tortionless 

.. " Enhancement by Polarization Transfer) sequences, can be used to improve the 

sigrtal. 

The recording of lS~ spectra for the porphyrin compounds using isotope 

enrijed samples has been reported in the literature sin~ the ~ 1970's Q4,35). 
\ 

Hansen et al. reported the ISN NMR spectrum for bilirubin in DMSO, with partial . 

assignments (36), obtained by the use of a pulse sequence called SINEPT (37). 

The lSN study for sorne of the pyrrole pigments at the natural abundance bas aIso 

been reported recently by Falk et al. (38). 

In this study the newly developed INEPT pulse sequence (39,40) will be 
applied to obtain enhapced lSN signals in NMR spectra. The lSN spectra of 

1 bilirubin and of some of the related pigments are assigned by means of two

dimensional heteron\lFlear correlation experiments. Studies of the interaction of 
bilirubin with benzyltrimethylammonium chloride, based on lSN spectra, 81'C aIso 

presented and compared with the intcJ;8Ction with dilysine. 

',. \ 

.. 
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6.2 Experimental Techniques 

6.2.1 Instruments and Materials 

172 

'. 

The proton Tl measurements were performed using a Vari~ XL-200 

NMR spectrometer with the samples contained'in 5 mm NMR tubes. Carbon-13 

and nitrogen-15 experinents wêre normilly done with samples in 10 Dun tubes 

using a Varian XL-300 NMR spectrometer (operating at 75.43 MHz and 30.41 

MHz for 13C and lsN, "'f"Cspectively), except for the measurements of Tl 'for 

dilysine, which were done using 5 mm broad band tubes. The proton and 13C 
'1 

chemical shifts w~re determined by setting the peak of the reference 

tcramethylsilane (TMS, from MSD Isotopes) to 0 ppm. For the lSN experiment, 

uitromethane was used as the 0 ppm reference for the chemical shift. The 

• reported chemical st«rts are accurate to about ±O.OO2 ppm. / 

Bilirubin IXa, purchased from Sigma, was of high purity as determined 

by thin layer chromatography (ne) and high performance liquid 

chromato~ (41). Biliverdin~a, of 85% purity, was also purchased from 

Sigma. Bi~bin dimethyl ester"and bilirubin conjugate (ditaurate sodium salt) 

were purchased from Porphyrin Products (Utah, USA). The bilirubin dimethyl 

ester commercial' product was impure as shown by a TLe test. The compounds . -

were used without further treatment or purification since' the NMR., spectra of 

these'compounds indicated acceptable purity for the desired experiments. 

Benzyltrimethyl~onium chloride was purchased from Aldrich. It 

dissolves weIl in both aqueous and DMSO solutions. L-~yl-L-Iysine 

dihydrobromide (Vega Biochemicals) dissolves readily in aqueous solution but is 

insoluJjie in organic solvents. To render it soluble in organic solvents it was 

converted to the salt of trifluoroacetic acid by dissolving it in trifluoroacetic acid 

(ca 1 g in 5 ml), warming the solution to 350C before it was poured into ethyl 

ether (45 ml). The resulting preéipitate was filtered and washed with ether (42). 

The product was freeze-dried overnight before use and handIed in a glove bag 

fùled with dry nitrogen to avoid moisture. 

1 Since bilirubin in te unconjugated form is not appreciably soluble in 

aqueous solution, the NMR studies were conducted in fully dcuterated 

dimethylsulfoxide (DMSO-d6, from MSD Isotopes). The solutions were prepared 

~ediately prior to the experiments and were covered with aluminum foU ta 
>-



, 

". 

• 

--------~-_____ ~_____ --j"C>-

, . ,~ 

.. 
173 

prevent exposure to light Degassed bilirubin solutions kept in a refrigerator. 

remained stable for about three etays to one week. 

~ . The solutions of bile pigments in DMSO-~ were prepared' in Nl4R tubes. \ 

The solutions were filtered' in a glove bag tU:led with dry nittogen and were • 
degassed Wlth nitrogen, for about 10 minutes. This process was performed in a . . 
clark room, using a dim red light when necessary. e. . . , 
6.2.2 Proton and Carbon-13 Tl Measurements 

The inversion-recovery Fourier transform me!hod (Appendix 3) was used 

: r' 

~ this study. For the 13e experjments, a red~ced spectrum window wllS used to r,' -1 ~ ~ 

ensure that the pulse was applied cqually to all of the signals. The error in the .. ' 

proton Tl values was always within ±5%, and in sorne cases less than 1~. For 

the 13C values ofT} the errors tended to he larger, but ~till within ±1O%. 

-" The contentration of the biIirubin was kept in the range of 0.015-0.028 M 

(10-15 mg/1l)l) for Tl studies. Although bilirubin is readily soluble in DMSO, 
relativel; l~ concentrations were used to minimize ~y visco~ity effccts. The 

measured 1'1' s remained unchanged within experimenUù error for different 

solutions in this restricted concentration range. The solution was degass~ by 

bubbling nitrogen through the NMR tube to remove dissolved paramagnetic 

oxygen in the solution. Howevèr, the degassing was found ta have little or no 

effect on the measured Tl values. The NMR tubes w~ normally sealed during 

the experiments. The relaxati6n times were measured at 20ce over a pcriod of 

about 6-8 hours. Following this measurement, sufficient dilysine was -added to 

obtain a molar ratio of about 1:10 (dilysine : bilirubin) .. Alter the resultilig 

solution had been degassed, the second meàsurement was performed immcdiately 

to - . maintain the experimental # conditions identical to those for the first 
~ . 

measurement The meas~ments were generally repeated ta ,ensure that the 

results were ~producible. , 

For th'e carbon-13 Tl measurements of difysine, the compound was 

dissolved in deuterated phosphate buffer (0.010 M, pH 7.8). The concentration of 

dilysine j.n buffer was about 0.20 M. 'l'1!e error for the measmements was less 

than 5% • 

... 
, , 
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6.2.3 Nitrogen-15 NMR Expe!Ïments 
The nitrogen-15 spectra were recorded with a Varian XL-300 NMR 

spectrometer operating at a lSN frequency of 30.4 MHz. The detected l~ signaIs 

all appeared upfield relative to the reference CH~02' therefore, acquiring a 

negative sign. -The stability of the magne tic field was v~ed by recording the 

lSN spectrum of dimethylacetamide (90% with DMSO-dJ. at its !'N natura! 

abundance with and without an extemal reference (nitromethane contained in a 

inn~ tube). Only a very ~mall change (ca. 0.02 ppm) was detected, ~cating an 
acceptable stability for the magnetic field. \ -

The refocussed INEPT pulse sequence shown below was used to detecf 

the lSN signaL A detailèd description of the..INEPT pulse sequence can he found 

in Appendix 3. 

o -(1tI2) -t -(1t) -t -(1tI2) -t -(x) -t -DEC 1 xD xD yR xR" , 
{1t} -tD-(x/2} -tR-(x) -tR-ACQ 

(The refocussed INEPT pulse sequênce) 

The 900 pulse width was calibrated using the reference sample and was . \... 

found to be about 22 ).1sec. The delays used in ~e sequence were bas~ on an 

average value of the N-H coupling constant (IJNlJ = 95 Hz) observed for bilirubin 
• 

(36). The value of tD in al1 cases was 2.63 ms (1!(41JNH». The refocussing period 

(~) was also set to 2.63 ms to ~ze the detection of the NH groups. One of 

the advantages of the INEPT e1C,periment is that the repetition rate of the sequence 
.' 

is based on the short proton spin-lanice relaxation rimes (1'1) of the NH poups 

(Table 6.1, measured at 200 MHz with the inversion-recovery experiment), thus 

permitting the use of a short preparation delay (Dl) of 0.4-0.5 seconds, which is 

usually set toJ.26 times of the Tl of the attached protons. 

Two-dimensional heteronuclear cœrelation experiments (Appendix 3) 

were then conducted to assign the nitrogen peaks for the bUe pigments. The 

proper delay time and pulse width were calibrated prior to the experiment and 

were carefully chosen to optimiZe the spectrum. 

AlI the IsN studies we~ c~ed out using DMSO-d6 solutions. Bilirubip 

solutions were J?repared witff 1he concentration of 0.03-0.04 M. More 
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concentrated samples for other bile pigments were used for 15N studies because of 
theit higher solubilities, e.g., the concentration of biliverdin was abOut 0.05 M. ,. 

Table 6.1 The TI Values of NH Protons of Bilirubin anq 
Biliverdin in DMSO-~ - ' 

.... , 

Proton Chemical Shift TI 
(ppm) (sec) 

8i1irubin 
PyrroleNH 10.49 " 0.18 

10.46 0.18 
LactamNH 10.05 0.26 

9.93 0.25 c1 
Biliv~rdin 
LactamNH 10.79 0.34 

f Pyrrole~ 10.67 0.32 

Samples: . Bilirubin, 0.015 M; biliverdin, 0.020 M. 

6.3 'Interaction Studies of Bilirubin with Dilysine by TI 
Determinations . 

6.3.1 Proton Tl Measurements of Bilirubin 

The proton NMR spectrum of biijrubin' in DMSQ..d6 is shown in Figure 

~?2. The proton peaks of bilirubin, including ~e carboxyl proton, are very weIl 
resolved. nie stacked plot of the relaxation process of bilirubin in DMSO-d6, 

de~rmined by the inversion-recovery Fourier ttansform technique, is shown ÎIl 
Figôré 6.3a. The gradual-relaxation of the proton signals after a 1800 inversion is 

clearly shown in this figure. Generally the protons on the methyl and vinyl 

groups of the b~bin Molecule hav~ longer TI's than the protons of the 
Methylene groups and of the NH groups (Table 6.2). 

Upon addition of dilysine, the relaxation times of certain protons change, ' 
as shown in Figure 6.3b .. The derived values of Tl' 1xJfore and after mixing the 
dilysine with -bilirubin, for the affected protons are listed in Table ·6.3. Upon 

addition of dilysine, only small"in~~gnificant downfield chemical shifts (ca. 0.010 

ppm) were observed. 
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Table 6.2 . The Chcmical Shifts and Tl Values for the Protons of 
B~~~in DMSQ..d6 ' . - ' D 

1'" , 

Proton CofteUrlcal Shift Tl 
(ppm) (sec) 

> 

carboxyI ~ 11.90 1~48 
22-pyrrole 10.48 0.18 -- ~ j 

23-pyrrole 10.45 0.18 
21-lactam 10.04 0.26 
24-lactam 9.91 0.25 
5- & 15-CH • 6.09 0.52 

3-vinyl , 

,~ rA ~ 5.30 
J" 

0.27 
6.21 0.32 

C=C ii! 6.58, , 0.69 
1 \ 

', .. Jt.. . '", -,'. 

H 
18-vinyf ~ 5.66 0.63 

- 5.61 0.61 
HB . 

6.82 0.7V x 
10-methylene 3.99 0.14 
a-propionic Methylene 1.94. 0.21 
~propionic Methylene 2.43 0.15 
7- & 13-methyl 2.04 0.41-

2.00 0.40 
17-methyl 2.16 0.45 
2-methyl 1.92 __ 0.37 

Bilirubin sample: 0.015 M. 
The coupling constants measured in this experiment: 
3-vinyl group, 1 = 2.79~ 1 = 11.45, J = 17.49 Hz; 
18-vinyl ~up, ?AB = 1.80, fAX = 11.94, fax = 17.12 Hz. 
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Figure 63 The stacked plots obtained by the measurement of the ' 
proton spin-lattice relaxatiaQ. ~ of bilirubin and bilirubin with 
dilysine; 16 transients collected pel' spectrum; t, dclay timc: (a) Tl 
measurement of O.017M bilirubin in D~~; (h) Tl 
measurement of O.0l7M bllirubin in DMSO~ with dilysine, 
bilirubin/dilysine molar ratio 10: 1.5. 
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Table 6~ Changes in PrOton Tl Values '(in Scc) of Bilirubin upon 
Additiop of Dilysine 

, 
., Proton BR BR+DL Difference (~) , 
" ! , , 

~ h \. 

" ,t , 
carboxyl 1.48 0.87 -41 [1] 

1.49 0.81 ~-: -46 [2] 
., 

10-methylene 0;14 0.16 +14 
0.14 0.15 +7 

ex-propionic meÛlylene .0.21 0.25 +19 
0.21 0.25 +19 

f3-propionic methylene 0.15 0.17 +13 
0.15 0.17 +13 

7- & 13-methyl 0.41, 0.33 -20 
t ) 0.41 ~ 0.33 \-20· 

0.40 0.32 -20 

Gi 0.1P 0.32 -20 

2-methyl 0.37 0.32 -14 
) j 0.36 0.31 -14 

17-methyl 0.45 0.39 il. -13 
0.45 0.38 -16 

.. 
BR: bilirubin; DL: Dilysine. 
The two groups of data correspond to the following samples: 
[1] 0.015 M BRlDMSO, BR/OLmolarratio 10:1.0; 

~ 

[2] 0.017 M BRlDMSQ, BRlDLmolarratio 10:1.5. 
.!Ji.., 

, ... 
• 

The most significant change is for the Tl of the carboxyl protons. The 
substantial decrease in their Tl indicates àn interaction of these carboxyl groups 

'> -with the dilysine. A strong ~lective broadcning effeet is aIso observed for tbese 
earboxyl protons .. The DMSO used to prepare the solutions was not drled., sincc 

the use of drying reagen~ can inr.uce impurities (25). Consequently, the 
carboxyl protons are saturated wi , exchangeable J!fotons from the water in 

solution ~or to the addition of dilysine. Therefore;' the broadening 'effect is .--\ indicative of an excha,nge betwecn the car~xyl protons and the exchangeable 

protons of the dilysine. It gives added evidence of a specifie interaction of the j 
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bilirubin moiety wiill the d.ily~ine. This is verified by carbon-13 NMR studie$ 
which are discussed later in Section 6.3.2. 

It is of particular note that the 11 values for Ü\e protons of the NH groups, 
i.e., the pyrrole and the lactam protons remained unclranged, within experimental 
error. On ,this basis it would appeat that their involvement in the interaction of 
dilysine with bilirubin is limited, if there is any at aIl. Similarly, the vinyl groups 

on rings A and D, the methine groups at positions 4. 5, IS and 16 of the bilirubin 

backbone do not seem to he involved.. 
The protons of the methyl groups at positions 2, 7, 13 and 17 show 

significant decreases in Tl values. This decrease can he attributed to an increase 
in rigidity that results from the fonnation of a complex of bilirubin with dilysine .• 

In solution all four methyl groups on the free bio/ubin moleèule point toward the 

environment and can tumble freely. The increase in correlation time and resulting 

decrease in the Tl values is consistent with complex formation upon addition of . ~ 

dilysine. It is particularly interesting to, notice that the percentage decrease of Tl 

values for the meÏhyl protons on positions 7' and 13 is gre~ter than those for the -

methyl protons on positions 2 and 17, which are further àway from the propionic 

.... si~ chains wi 'JI the carboxyI ~jlPs. It is possible that these groups are involved 

in a dipolar interaction with the protons of the dilysine, thus leading to a ~crease 

in the spin-lattice rel8Jtation times. 

In the case of the binding of two small Molecules, whpre only one 

, correlation titne is applicable, normally only decreases in relaxation times would 

,-

• be expected under the extreme nalTowing condition. " Surprisingly, a small 

increase was observed for the Tl 's of the Methylene protons, i.e., for protons on 

the bridge at position 10 and on the propionic chains. It is important to notice the 

fact ~at bilirubin, whh a molecular weight of 585, is a rela~vely large Molecule. ' 

Upon binding with dilysine it becomes a complex, the various portions of which • May have different correlation times.- 1l1e correlation time of the methylene 

bridge ~t position 10 may, in fact, lie -beyond the limit of extreme narro~g. 

(This is eviden..ced by an estimation as discussed in the next section.) 

Consequently, the changes in relaxation times thàt result from the interaction wit4 
dilysine may differ for the varioùs parts of the Molecule. Due to conformational 
changes of the Molecule, the spin-Iattice relaxation_ !imes for the various groups 
mày involve inereases as well as decreases. Thus, the increase in Tl for the C-I0 

.. 
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methyléne protons""' may reflect an inèrease in correlation time lor conditions 

where the correlB:tion time lies in the vicinity of the minimum of Tl as shown in 

Figwe 3.1. This is supJX>11C.d by the simultaneous increase in T 1 ~or tht\;proPionic ~ 

Methylene protons. " 

On th~ other hand, the relatively small increase in TI of the IO-methylene 

. protons uPOI\.. the addition of dilysilte suggests a decreased solvation effect of 

bi1irobin in DMSO. The binding of p.ilysine te a carboxyl gro~p of the "bilimbin 

. Molecule would replace the interJnolecular hydrogen bonds between bilirubin and 

DMSO with sait linkages between bilirubin and 'dnysine. The solvation effect ~f 
the bilirubin Molecules by DMSO is certainly less significant than the binding 

between bilirubin and the basic pepüae. 

'i ' •• 6.3.2 Carbon-13 TI Measurements of Bilirubin 
.' The 13e spectrum of bilirubin in DMSO-d6 is shown in Figure 6.4. The 

• 13Ç assignments were made with "the aid of DEPT and llC-1H correlation 

experiments and wére found ta he in agreement with the assignments by Hansen 

et al. (~l), but different from the rccently reported l'Csults (23). The TI values for 

the assigned carbott-13 signals are lîsted in Table 6.4. For carbon atoms on the 
, 

backbonc, especia1ly those bearing no protons, the lack of dipolar relaxation leads 

ta longer Tl' s than those with directly attacbed protons. Methyl groups also tend 

to have longer TI's -because their high symmetry allows s~in-rotation relaxation. 

Values of Tl for those carbons of bilirubin affécted by the addition of . 
dilysine are given in Table 6.5. The earbons of the carbOxyl groups on the 

propionic side chains show a large ~decrease in TI' This decrease confirms the 

carlier suggestion that the decreàse in Tl for the carboxylic protons is not due 

merely to the l5foadening effect arising from the proton exchange pi'occss. 

Furthennore, italso indicates that the nature of the interaction is not exclusively 

hydrogen bonding or hydrophobie bonding. Since the bilirubin moleculeS" in 

DMSO solution are aIready solvateà; as a result of the formation of hydrogen 

bonds with DMSO, it seems\ unlikely that the ,mere substitution of this hydrogen 

bond by another with dilysine would result in a significant change in TI. 

Therefol'C, ir would $ccm more probable that this is an acid-base interaction. This 

is aIso cvidenced for dilysine by the Tl changes of the methylene group on the 

side chain adjacent to the amine group (Section 6.3.3). 
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Table 6.4 The Chemical Shifts and Tl Values for the Carbons of 
Bilirubin in DMS<>16 , 

Carbon Chcmical Shift Tl 
(ppm) (sec)" 

carboxyl 
\ 

173.86 2.28 
C-l w 171.26 1.44 
C-19 170.33 1.69 
C-17 14l.84 1.68 

.r C-3 } )40.33 1.71 

C-l1 i 13l.39 1.06 
C-9 130.64 

' .. 
1.27\--

C-16 128.19 1.69 
C-4 127.43 1.24 
a-vinyl (3') . 127.34 0.60 
a-Vinyl (18') 127.02 0.39 

C-12 124.01 ' 1.81 
C-8 123.34 1.56-
C-2 123.1? 1:84 
C-18 122.3 1.29 
C-14 .122.21 1.71 
C-6 .' 122.04 1.33 
~xinyl (3') 121.92 1.41 
C-13 119.73 1/73 
C-7 119.52 1.33 
~vinyl (18') 117.03 1.32 .. ' 

C-15 99.93 0.14 
C-5 99.06 0.12 
a-propionic ~ (8'& 12') 34.19 0.13 
10-methylene 23.60 0.09 
f3-propionic CH,. (8'& 12') 19.20 0.09 
2-methyl 9.41 1.16 
~?rethyl 9.19 1.98 
7- 13-methyl 9.08 1.33 

Biliru~in sample: 0.028 M. 
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Figure 6.4 The 13e NMR spec~m of bilirubin IXcx in DMSO-d6" 
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1 Table 6.5 Changes in !3e Tl Values (in Sec) of Bilirubin upon 
Addition of Dilysine r-. 

Carbon BR BR+DL· Difference (%) 
" 

Carboxyl 2.28 1.69 -26 

10-methylene 0.09 0.11 +22 

a-propionic methylene 0.13 0.12 -7.7 

~propionic t$lethylene 
'1 

0.09 0.11 " +22 
\ 

7- & 13-methyl 1.33 1.08 -25 

BR: bilirubin; DL: Dilysine. 
Samples: [1J 0.028 M BRlDMSO, BRIOL molar ratio 10:2.2; 
[2] 0.028 M BRlDMSO, BRIOL molar ratio 10: 1.5. 

[1] 

[2] 

[2] 

[2] 

[1] 
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It is of interest to recall that the dilysine was added to the bilirubin in the 

fonn of the salt of tri.fluoroace~~~id. Studies by FTIR of this salt cfissolved in 

carefully dried DMSO solutiotfâlled to indicate the presence of the free amine 

group of dilysine indicating that, under these conditions, the, salt is largely 

undissociated. However, when the solution was prepared with undried DMSO, as 

was done for the NMR studies, the IR ~pectra gave clear evidence that the amino 

groups on the peptide side chains exist as free primary amine groups, which, 

which would facilitate the formation of the salt bonds with bilirubin in the 

solution. 

The changes in Tl detennined by the 13C experiments exhibit similar 

trends as those for the protons. The methylene group on the central bridge, 

position 10, is again a very useful sensor in studying the conformation of the 

bilirubin molecules in solution. The increase in TI for the f3-carbon ori the 

propionic chain demonstrates that the -~ chain becomes more flexible when 

bilirubin is bound 10 dilysine. Meanwhi1~t the Tl values for the a-carbons on 

these two side chains show a slight decrease, or remai.I}.s unchanged within 

experimental error. This is consistent with the smaller increase observed for the .. 
TI '8 of these protons relative to those of ~ ~-carbon. 
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Since both bilirubin and dilysine have two functional groups, some of the 
bilirubin Molecules can he complexed together through the dilysine linkage, 
forming a complex having a large effective molecular weight. This in turn leads 
to an increase in the cOn'elation time for the C-lO Methylene which now is on the 
backbone of the complexe The correlation time for the centraI bridge methylene 
group of bilirubin is estimated to he approximately lO-IO_lQ-9 seconds, using . , . ~ 

Equation 3.5, and is on the border line of the extreme narrowing condition. The 

C-IO bridge carbon shows an increased Tl relaxation time (Tablè 6.5): as seen in 

previous TI measurements f~ attached protons. Furthermore, the increase for the 
C-I0 carbon Tl value is greater than that for the cOlTesponding protons as shown 
in Tables 6.2 and 6.4. This discrepancy can he explained by the dependence on 

frequency\ of the Tl values in the range where the correlation time falls arollJld the 

minimum of Tl' }, 
It should aIso be pointed out that the measurement enor for carbon-13 Tl 

values is greater than that for the proton TI's. However, repeated experiments 

demonstrate the same tendency upon addition of different amouots of dilysine. 

As expected, the carbons on the bilirulml'\'backbone generally show a 

decrease in the relaxation times. This is obviously due to the increase in 

molecular weight resulting from the fonnation of a compleXe The methyl carbonS' 
aIso relax faster in the presence of dilysine, which is aIso consistent with the 

results for the proton Tl 's. This is also true for the vinyl carbons at positions 3 

and 18. 

6.3.3 Carbon-!3 Tl Measurements of Dilysine 

In the previous section, it has been suggested that the binding between 

biliru bin and dilysine is p~y an acid-base binding. The MOst likely'binding 

would be between the side chain amino~ groups of dilysine and the carboxyl 
groups of bilirubine 4 

To âetermine the involvement of dilysine, experiments were performed in 
which small quantities of bilirubin were added ta excess' dilysine. As mentioned 

previously, to obtain a concentration of dilysine sufficient for these experiments, 

the dipeptide was dissolved in deuterated .phosphate buffer. This allowed 

observation of changes in Tl for thè carbons of the dilysine. Table 6.6 

demonstrates that the Tl for the carbon adjacent to the side chain amine group is 
reduced in the presence of bilirubine This is unequivocal evidcnce of the 

, " 
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involvement of -the side chain amine' group in the binding of bilirubin to dilysine 

and strongly supportS the existence of the ammonium c~xylate salt bond. 

Table 6.6 Changes in TI Value (in Sec) of the Carbon Adjacent to 
the Amino Group on the Side Chain of Dilysine upon Addition of 
Bilirubin 

DL DL+BR Difference (%) 

Relaxation Time 1.04 
1.02 

0.96 
0.98 

-7.7 (1] 
-4.0 (2] 

BR: bilirubin; DL: Dilysine. . 
Samples: [1] 0.185 M DLjb~er. DUBR molarratio 1000.6; 

, [2] 0.210 M DUbuffer, D!.I\R molar ratio 1000:4. 

Both groups of data in Table 6.6 demonstrate a decrease of TI for this 

carbon atom. The reason for the relatively small change could be the very low 

solubility of bilirubin in aqueous buffer soluuon. Consequently. the amount of 

bilirubin in solution was sufficient to internct with only a very small fraction of 

the ~ysine in the buffer solution. In addition, the fonnation of the complex 

requires the disruption of the extensive inter- and intramolecular hydrogen bonds 

of bilirubin in aqueous solution. Hence. a considerably smaller change would he , 1 

expected than in DMSO solvent. 

6.4 Nitrogen-15 NMR Spectral Assignments for Bile Pigments
The nitrogen-15 NMR study is a relatively new area. To date, onlyone 

~ . 
group of researchers have reported a partially assigned lSN spectrum of bilirubin • 

(45). The study of bile pigments by 15N NMR can ~ssibly provi4e interesting 

infmmation on the conformational changes of these compounds. These studies 

\vould rely on the correct assignments of the UN signaIs in the spectra of bile 

pigments. In this section, the assignments of the 15N spectra for bilirubin and 

some of the relate<! bile pigments with the- aid of lSN·IH two-dimensional 

heteronuc1ear correlation experiments are discussed. 
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6.4.1 Nitrogen-1S NMR Spectra of Bilirubin and Ifs Dimetbyl Ester 

As expectect: four signal(, in pairs of two, weré detectcd itf-tbe dcc9uplcd 
lSN spectrum of bilitubin IXa in DMSO-~, using the INEPT techniques (Figure 

6.5). The peaks in the lSN spectrum of bilirubin were partially assigned by 
Hansen and Jakobsen in 1984 (36). That .assigmnent is confirmed by the data 

obtained by a lsN_IH heteronuclear colTClation experiment (Figure 6.5). Thus, 

based on the proton assignment reported by Kaplan and Navon (18), the pair 

located at the upper field, -249.59 and -249.02 ppm. c~late with the protons of 

the lactam groups, at positions 21 and 24, respectively, while ,the other pair at the 
lower field, -231.39 and -231.07 ppm, belong to the' two pynole groups at 

_ positions 22 and 23. However, sincc the two pyrrole protons signals at 10.46 and 
10.49 ppm, respectively, were not differentiated from one another (36), these 

results do not pennit to make a complete assignment of the 15N spec~ of 

bilirubin. 

Table 6.7 lsN Chemical Shifts of BUe Pigments in DMSO-~ 

Compound 

Bilirubin 
, BROME 

BR Ditauride 
Biliverdin 

BR + Dilysine 

21 

-249.59 
-249.70 
-249.56 
-246.17 

-249.53 

Chemical Shift (ppm) 
22 23 

-231.07 -231.39 
-230.83 -231.17 
-231.48 -- -2j1.80 
-245.44 

-230.99 -231.29 

BR: Bilirubin; BROME: Bilirubin Dimethyl Ester. 

24 

-249.02 
-249.12 
-249.02 
-246.11 

-249.00 

• 
To obtain the information required for this assignment, the spectrum is 

compared with those of its derivatives and sorne other related bile pigments. The 

Pl:Oton NMR spectrum of bilirubin dimetbyl ester bas becn published previously 

by Trull et al., with peak assignments based on a comparison with the spectra of 
pyrromethenones, including a separation of the pyrrole protons (26). The l'N 
spectrum of bilirubin dimethyl ester (Figure 6.6) is essentially identical to that of 
bilirubin. For the pyrrole nitrogens, there is a small downfield shift of 0.24 and 

J 
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'0.22 ppm, while the twoJactam JÛtrogen atoms show slight upfield shifts ~f Ô.II 

and 0.10 ppm (Table 6.7). Interestingly, these changes in the chemicaI shüt for 

lSN signaIs are in aècôrdance with the changes observed ~ the proton chemifal 

shift; pyrrole protons shift downfieki by 0.07 ppm, lactam PJ:Otons shift upfield by . 
0.Ù2 ppm, as shown in Table 6.'2. 

22 21 ,. " 

Ft 
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10.0 

9.9 

-230 -232 -234 -236 -238 -240 -242 -244 -246 -248 -250 

F2 (PPM) 

, '" <J Figure 6.S The 2-D lSN·1H NMR èbi'relation 
bilirubin in DMSO~. 
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Figure 6.6 The 2-D lSN_IH NMR correlation spectrum of 
bilirubin dimethyl ester in DMSO-d6, 
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The similarity of the lSN spectra ipdicates that, in DMSO-d6' both 

bilirubin and its dimethyl ester assume identical conformations, as suggested ' 

previously (25,26). The intramolecular hydrogen bonds of bilirubin are disrupted 

in DMSO and as a consequence there is no NOE (nuc1ear Overhauser 

mhancement) effect on the NB- protons from the carboxyl protons (25). 

However, in chloroform solution, where bilirubin retains the intramolecular 

bydrogen bonds, this NOE effect does exist (24). In comparison, bilirubin 
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dimethyl est~r dimeri,zes ~ugh mtennoleeular hydrogen bonding in chloroform 

solution over il, large côncentration range (24). In DMSO solutions, the 
• intramolecular hydrogen bonds of bilirubin are disrupted and intermolecular 

hydrogen bonds are formed with the DMSO molecules, similat to those of 

bilirubin dimethyl ester. This solvation effeet in DMSO makes both bilirubin and 

the ester adopt similar confonnations. The similarity in conformation for these 

two compounds in DMSO is also characterized by similar spin-lattice relaxation 

times for the central bridge methylene groups, as reported by Kaplan and Navon 

(25). 

Table 6.8 lH Chemical Shifts of the NH Groups of Bile Pigments 
inDMSO-d6 

Compound Chemical Shift (ppm) 
21 22 23 24 

Bilirubin 10.05 10.49 10.46 9.93 
BROME 10.03 10.56 10.53 9.91 
BR Ditauride 10.07 10.44 10.40 9.94' 
Biliverdin 10.79 10.67 10.79 

BR + Dilysine 10.08 10.56 10.53 9.95 
BR+BTMA 10.33 10.80 10.80 10.20 
BR+ Water 10.04 10.49 10.46 9.91 

BR: Bilirubin; BROME: Bilirubin dimethyl ester; BTMA: 
Benzyltrimethylammonium chloride. ' 

The 2-D correlation ~trum for bilirubin dimethyf èster permits the 

complete assignment of its lSN spectrum (Figure 6.6). The tH and lSN spectra of 

bilirubin and bilirubin dimethyl ester are very similar in both dimensions, as seen 

in a comparison of Figures 6.6 and 6.7. The peaks in the contour plot appear at 

the same relative positions, so that the assignments for these compounds should 

he the same. Therefore, it may be concluded that, in the bilirubin 1~ spectrum, 

the pyrrole nitrogen signal that appears at the lower field belongs to the 22 NH 

while the one at the upper field side belongs to the NH of the 23 position (fable 

6.7). Hence, in the proton spectrum the relative signal positions are reversed: the 

22 NH proton appears at 10.49 ppm. the 23 NH proton at 10.46 ppm. 

(' 
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\ 6.4.2 Nitrogen-15 NMR Spedra of Other Bile Pigments 

The 15N spectrum of a bilirubin conjugate, bilirubin ~UWridc (sodium 
salt) was' aIso recorded, the 2-D sPectIUm is shown in Figure 6. 7 .~e two signaIs 

"" for the lktam nitrogens remain unchanged.' The pym>le nitrogen signaIs are bOth 
. 

sbiftcd uptield by 0.41 ppm, obviously due to the substitution on the propionic 
-

side chains (Table 6.7). The two taurine amide nitrogen appeared as one sharp 
signal at -264.43 ppm. The correlation of the 2-D lsN·IH spectrum of the 

r bilirubin conjugate is identical to those of bilirubin and bilirubin dimethyl ester. 
\ 
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Figure 6.7 The 2-D lsN·IH NMR correlation spectrum of 
~.,.' bilirubin ditauride in DMSO-d6• 
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Figure 6.8 The 2-D lSN_IH NMR correlation spectrum of 
biliverdin in DMSO-d6• 
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Biliverdin samples required a longer acquisition t;ime than the other bile 
pigment samples, due' 10 the relatively longer spin-lattice relaxation time of the 
NH groups. In the lSN NMR spectrum of biliverdin, thi-ee sharp signaIs were 

deteCted. The signals at -246.11 and -246.17 ppm correspond to the two lactam 
NH groups, while the other at -245.44 ppm corresponds 10 the pyrrole NH group 

(Table 6.7). This assignment was also confirmed by a lSN_IH correlation 

, '" 
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expcriment (Figure 6.8). The diffcrcncc bctwecn the chemical shifts of thcsc two 

lactam lSN pcaks is only 0.06 ppm, much sma1Ier thari, expccted ~ the 

structural diffcrcncc of the respective groups. This is indicative of similar 

chemical environments for both rings A and D in spite of the structural differencc 

for these two rings, as shown in Figure 6.8. This result is consistent with a fast , ~ 

proton exchange process between rings B and C (38,43) (Figure 6.9). However, 

the rate of the exchange is still sufficiently smalI to allow the detection of the 

single pyrrole NH group of biliverdin ~t a lower field of -245.44 ppm. 

.. -

Figure 6.9 The proton exchange of blliverdin IXa in DMSO-dJi" 
Proton exchange occurs betwcen rings B and C, the double bonClS 
are reammged acçordingly. 

6.5 Interaction Studies by Nitrogen-15 NMR Spectroscopy 

6.5.1 Interaction of Bilirubin witb Dilysine ' 

As discussed in Section 0.3, the study of proton spin-Iattice relaxation 
, 

times demon~trates ~at bilirubin interacts with dilysine by forming an acid-base 

, liqkage ~ugh the carboxyl groups of bilirubin and the amino groups on the 

lysine side chains. However, there is no evidence for the involvement of the 

lactam and pyrrole groups of bilirubin in any interaction with dilysine. It was of 

interest to investigate further the interaction of bilirubin with dilysine, by 

considering the lSN chemical shifts, generally very sensitive to environment 

The addition.et' dilysine docs Dot result in signifléant changes in the l~ 

specttum of bllirubin in DMSO (Fi~ 6.10b). The chemical shifts for the 

\, 
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lactam nitrogens remained unchanged within experimental error and the signaIs of 
the pyrrole nitrogen were found to be shifted downfield about a.08 and 0.10 ppm, 

respectively.- The changes for the pyrrole groups of bilirubin correspond to the 
involvement of the nearby carboxyl groups ,in the interaction. -This is consistent 
with the results obtained by the proton spin-lanice relaxation time measurements, 
which htdicated that the NH groups of the bilirubin Molecules were little Îtlvolved 

in the interaction with the oligopeptide. 

d 

a 

1 i i 1 i i i i 1 i i i i 1 i i i i 1 i i i il' i 1 i 1 
-2~S -230 -23S -240 -245 -250 PPM 

Figure 6.10 The ISN NMR spectta of bilirubin upon :Ltions: 
(a) bilirubin; (b) bilirubin + dilysine; (c) b'n:.'bln + 
benzyltrimethylammonium chloride; (d) bilirubin + watcr. 

- Sol vent: DMS~. ' 
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6.5.2 Interaction of Bilirubin witb Quatemary Ammonium Sal~ 
, 

The interaction of amines with bilirubin is of considerable intcrest sincc it 

is known that cholestyramine adsorbs bile pigments, albeit with limited capacity 

and poor biocompatibility (Section 5.3.6). This material bas benzyltrimethyl 

quaternary ammonium functional groups on a crosslinked polystyrene backbone. 

It is interesting 10 compare this type of interaction with !fiat betwccn bilirubin and 

dilysine. However, since solid eholestynimine resin particles cannot be used for 

the NMR studies in solution, a substitute of eholestyramin~, 

benzyltrimethylammonium chloride, was ehosen for the experiment. This 

compound resembles elosely the functional groups of cholestyramine. 

Upon addition of benzyltrimethylammonium chloride, the signais of the 

two pyrrole nittogens diminished significantly (Figure 6.1Oc). Sinee the~ton 
signais were used to enhance the intensity of the 1~ peales in INEPr" this 

f 
behavior is consistent with the absence of the prOtOBS on these groups. No~ that 

there is also a chemieal shift change of about 1 ~m aceompanied by the 

diminution of the pynule lSN signais. ,It is possible that the diminution is caused , 
by proton exchange, since moisture and other exchangeable protons were ~sent 

in the solution. Benzyltrimethylammonium éhloridc itself is very hygro~ie . . 
The drying of the mixture with molccular sieves was attcmpted but eaused 

precipitation. ... , 

To study the effeet of the presence of water, small amounts of disti1Ied 

water \vere deliberately added ta the bilirubin solution in DMSO-d6. No 

significant change was found for the 15N signais (Figure 6.1Od). On .thë other 

hand, aQdition of inorganie salts or acids eaused precipitation of bilirubin. In fact, 

the proton exchange rate of pyrrole NH group of bilirubin bas been reported to he 
much lower than that of the lactam NH group (24). Evidcntly, the addition of 

benzyltrimethylammonium chloridc accelerates the proton exchange process of 

the pyrrole groups, while the lactam groups are less affected. This suggests a 

specifie interaction between the quaternary ammonium salt and the pyrrole NB 

groups of bilirubin. 
~ 

As expected, proton spectra of bilirubin in DMSO with water and with 

~nzyltrimethylammonium chloride were eharacterized by the disappearance of 

the carboxylic proton signaIs on the propionic sidc chains. The two adjacent 

pyrrole NH proton peaks of bilirubin in DMSO-d6 gradually collapse· ~to one 
1 • 

, 
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single broad peak upon the addition of benzyltrimethylammonium chloride. In 

contrast, upon addition of water to bilirubin solution, the pyrrole protons give two 

separate peaks, as in pure bilirubin samples. This resuit' is consistent with the , 
, \ 

previously reported proton exchange experi.ments (5). The signaIs of tfie four NH 

protons in the sample of bilirubin with benzyltrimethylammonium chloride are 

broadened, along with significant changes in chemical shifts (Figure 6.11 amr . 
'" Table 6.8). This downfield shift is possibly due to the deshielding effect of the 1t-

electrons' of the benzene ring when the benzene ring is aligned with the pyrrole 

rings of bilirubin u~n interaction. This is consistent with the hydrophobie 

interaction characteristics between bilirubin and cholestyramine discussed in 

Section 5.3.6. It is ùnlikely that the deshielding effect is cau'sed by hydrogen 

bonding sincc there exists a fast proton' exchange for the pyrrole NlI groups, as 

evidenced by the lSN spectrum. 

'" 

c 

b A ..... ------------------ ,------
a 

Figure 6.11 The IH ~ spectra of the NB groups ... 
upon interaction: (a) 5ilirubin; (b) bilirubin + water; (c) billiU in + 
benzyltrimethylammonium chloride. Solvent: DMSO-d6• 

, . 
llnIike dilysine. benzyltrimethylammonium chloride is very soluble in 

DMSO.so that a considerable amount can he added to the bilirubin solution. It is 
possible that benzyltthl1~thrlammonium chloride" interacts not only with the 

carboxyl groups of bilirubin but also with the n-electrons on the pyrrole rings and 

/ , i 
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with the pyrrole NH groups. However, dilysine interacis only with the propionic 

acid groups of biIirubin. This difference in iiltcraction is very intcrCsting and is 

consistent with the observation of the adsorption studies ~ discussed in Chapter 

S, where the adsorption of biIirubin with cholestyramine was an entropy-drivef! 

process, indicating the significance of hydrophobie interaCtions betwcen 
" cholestyramine and bilirubin. The interaction of the x-clectrons of the pyrrole 

rings of bilirubin with those of the bertzcne rings is of hydrophobie nature. FOr 
~ 

the bmding of bilirubin with peptides consisting of lysine residues, the . , 
interactions through x-electrons do not exist. 

6.6 The Salt Linkage • A Summary . 
From the study of proton and 13e NMR spin-Iattice relaxation limes, it can 

.IP 

be concluded that in the polar organic solvent, DMSO, the rcmarkable decrcasc of 

the relaxation tiIne for the carboxyl group of the bilirubin Molecule demoruitratcs 
\ 

that this group is fnvolved in a ~pecific interaction with dilysine. . The 

concomitant decr.ease of Tl for ~e carbon adjacent to the amino groups on the 

dilysine sicle chains provicles evidence that the basic amino groups are involvcd in 

the binding. This is in agreement with the results of adsorption experimeots iD 
which it J was f~urul that ~ increase in the number of the basic ~ acid 
residues on the resins enhances their binding capacity for bilirubin (Chapter 5). 

The nature of the interaction is èoncluded to be predominantly salt binding: The' 
\ 

interaction process involves ~e dissociation of the hydrogen bonds of the 

biIirubin Molecule and the formati~ of the ammonium carboxylatc salt bond 

between biIirubin and the peptide. )the proton TI study has aIso shown that the 

pyrrole and lactam NH groups are minimally involvcd, ü at aU, in the interaction 

with dilysine mDMSO. 

The lsN NMR study confirmed the lack of involvement of the NH groups 

of bilirubin in the interaction with dilysine. The addition of a ~quatcmary 
ammonium salt (benzyltrimethylammonium chloride) selectively acccleratcs the 

proton exchange of pyrrole groups of bilirubin. indicating that the pyrrole NH 

groups are involved in the interaction with this salt. The deshielding effect of this 

compound for the pyrrole and lactam protons indicates a possible interaction - ... _~~ 

between the 7t-electrons induced by the stacking of the phenyl and pyrrole rings. 
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~ The lSN and proton NMR spectra of bilirubin and some of the related 

derivatives have been assignéd successfully by 2-D lSN_1H heteronuclear 

correlation with the results shown in Tables 6.6 and 6.7. The simüar 

co~,rmations of bilirubin and biliruoin dimethyl ester in DMSO are confirmed 
by ~ lSN NMR studies. The proton exchange between the two pyrrole rings of 

biliverdin molecule is identified by the lSN NMR spectrum 
\ 
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7 Contributions to Original 
Knowledge and Suggestions 
for Future Work 
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7.1 Contributions to Original Knowl~dge _ ~ ~ 
This research project concems studies of the binding of sclec};d bile acids 

and bile pigtnênts with peptides and quatemary amines by adsorption and NMR 

experiments. The contributions to knowledge derived from this research, which 

have been discussed in detail in the preceding chapters, are briefly snmmarized in . \ 
this section. 

r 

Studies of the Binding Interactions of Bile Salis 

Polyamide resins with quaternized peptide-containing pendants have been 

prepared and tested in 'tris and phosphate buffers for adsorption of various bile 

salts. Comparisons ob these resins with commercial resins, such as 

cholestyramine and eolestipol, in the binding of bile salts havé been made. The 

originality of this 'work includes: 

(1) The adsorption studies of bile salts usirig cholestyramine and eolestipol fi 

reveal that the quatemary ammonium functional groups are important in the 

binding of bile salt from aqueous buffer solutions. This is indicative of the 

predo1llÏDant ionic interactions. Ionie strength of the solution and mobile 

counterions of the resins have been shown to influence the binding affinity of bile 
salt anions by the resins; 

1 

(2) Polyamide resins with quaternized lysine pendants are shown te ~ less 

affeeted by the adsorption media. indicating that the resins containing peptide 
sequences have certain specificity for bile salt anions; 0 

(3) The higher binding capacity of the ground f~ of _the resin indicates 

the water-swellable resin matrix cannot he penetrated by the bile acid molecules 

and that the binding is dependent on the av~bility of the active sites. Longer 
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peptidc-containing pendants have higher binding capacities for bile salts ~ 

shOrtcr ones; 

(4) The importance of the hydrophobie interaCtions in the binding of bile 

salts was evidencCd by higher binding affinity for eholate anions than for -

glycocholate anions, as teste<! with all the polymeric l'Csins; 

(5) The interactions between the polymerie rcsins and biological 

molecules, i.e., the ionic linkage, hydrophobic interaction and hydrogen bonding 

hav~ been elucidated bascd on a thermodynamic intcrpretation of the binding t 
, 

process. 

The interactions of bile acids and bile salts with various ligands. ineluding 

peptides, were studied by 13e NMR experiments in both aqueous ~d DMSO 

solutions. This results in the following original contributions: 

(1) The I3e ~ spectra of selccted prima,ry and secondary bile acids in ~ 

DMSO-d6 were assigned with the aid of 2-D and DEPT experime~ts. The IJc 

ehemieal shifts of certain carbons of bile acids in DzO above the critical miccllar , . 
concentration were found to be dependent on tem~ture and concentration. 

This dependence demonstrates the re-organization of bile salt micelles at different 

concentrations and temperatures; 

(2) The measureÛîènts of the 13e NMR relaflwon times in D'}.O and in 

DMSO-.dJ solutions revealed the relative mobility changes of the various groups 

of bile sJts upon interaction with other species. The interactions were identified 

as a combination of ionic and hydrophobie interactions; 

(3) A comparispn of the interaction of cholle açid and its methyl ester with 

benzyltrimethylammobum eÎùoride showed that the deciding factor in the 

interaction is the ionic linkage, without which the hydrophobie interaction is , 

\) 0 markedly weakened. Thus, the ionic and phobie interactions occur 

cooperatively and simultaneously; 

(4) The binding of bile saIts with Iy 

efficient than with serum albumin on a wei 

Stumes of tbe Binding ~teractions of Bile Pigments 
t. 

Polypeptides' sueh as Poly-L-lysine and poly-D-lysine were coatcd onto the 

, surface of the resin through the covalent amide bonds. The in viU:p studies of 

these resins for the adsorption of bilirubin from phosphate buffer (0.050 M, pB == 
t> ' 

7.8) showed that: .. 

" 
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(1) Although the amounts of polypeptide coating affect the binding 

capacities of these resins 0Ita weight basis, the adsorption capacity of the Iesins is 
~ 

directIy proporp.onal to the numher of lysine residues. which is in accordance 

with the formation of an ionic ~ge between the positively eharged amino 

groups of the amino acid residues and the earboxylic groups of bilirubin; . 
(2) The s~structure of lysine does not affect the binding of bilirubin ~ 

with polylysine. Poly-D-lysine eoated resin exhibits identicaI affinity for bilirubin 

as those coated with poly-L-lysines; 
- . 

(3) The binding eapacity of the polylysine-eoated resins for bilirubin is 

higher than those with oligopeptide pendants. which indicates that the length of 

the peptide chain is of importance in the binding; 

(4) The binding of bilirubin ta cholestyramine has been shawn ta he an 

endothermic process. indicating the ùDportance of hydrophobie nature \ of the 

binding. This result indicates the binding of bilirubin ta eholestyramine and ta 

the peptide containing resins may have different mechanisms (this is further 

cOIÛumed by the ISN NMR experiments). 

, The determinations of the IH anf13C NMR spin-lattice relaxation times of . 

the bilirubin in DMSO-d6 and lSN NMR studies revealed the following: 

(1) The relatively larger changes in Tl for the earboxyl groups of bilirubin 

and the ~ group adjacent to the amino group of dilysine upon mixing 

demonstrates the interaction bet'ween bilirubiB and dilysine is mainly an acid-base -

salt bond formation process; . ' 

(2) No participation of the NH groups of bilirubin in the interaction with 

dilysine was detected, indicating the minimal involvement of these groups. This 

has bee~ confumed by bath Tl and 15N studies; 

(3) An interaction study of bilirubin witli~nzyltrimethylammonium 

chloride, an organic ammonium salt which resembles the structure of functional 

groups of cholestyramine, by lSN and IH NMR experiments; dcmonstrated an 

o - involvement of the pyrrole NH groups and pym>le rings of the bilirubin molecule 
tI 

in the interaction. The deshielding effect on the chemical shifts of the NH 

protons of bilirubin indfcates interactions through the lt-electrons. This 

interaction is different from that which ~curs between bilirubin and peptides; 

(4) The lsN NMR spectra of bilirubin an!i related bile pigments in DMSO

d6 were recorded using the INEPT sequence and werè assigned ,by 2-D correlation 

, i 
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experiments -with the p~ton spectra. The uN NMR spectrum of ~iliverdin 

confirmed the proton exchange process between rings B and C of the Molecule. 

7.2 Suggestions for Future Work 
Further Characterization of the Interactions: Further confnmation of 

the hydrophobicity of bile acids .in the interaction with various polymerie 

materials can be made by testing other cOlDDlOnly occurting bile acids including 

the secondary bile acids for adsorptions onta these adsorbents. Adsorption 
, . 

behavior at variable temperatures would provide further insight into the 
1 

thennodynamic aspects of the binding process. Based on the thermodynamie 

parameters~ the types of intel'JlCtions may be further elucidated. Higher 

concentratjons of bile salts, e.g., above the-critical micellar concentration, can he 

tested for the adsorption experiments, since the formation of micelles may affect 

the binding characteristics of the adsorption process. 

Study of the Peptide Conformations:, For a better understanding of the 

role of peptides in the binding process, the conformation ~f peptides in solution as 

well as on the solid support should be investigated. This, would provide further 

insight into the ~ature of the binding. The study would be possibly accomplished 

by various physico-ehemical techniques, such as NMR, FTIR, Raman or a 
"- . 

eombination of these and other techniques. Conformational analysis of 

oligopeptides boun~ polys~ne res~ has been attempted by the use of IR 

, spectroscopy (1). It should he interes~g to analyze the particular peptide 

- ,Fonformation on a water-swellable polymer resin. . 

ln Vivo Studies and Peptide Stabilities: The polymerie resins ~ontaining 

peptide sequence~ have already demonstrated very good ~orption capacities and 

selectivity for bile salts and bile pigments. The present studies of the adsorption 

by the resins are limited to in vitro test. It is of interest to test these resins under 

physiological conditions. These resins, which would be expected to have a better 

biocompatibility than the commercially availablè adsorbents, should he tested for 

hemoperfusion or oral ru;lministration purpo~es. 

When these resins, or other peptide containing resins, are used for in vivo 
sludies, the stability of peptides will become increasingly important. The 

improvement of the stability of peptides can be achieved by using the D-amino 

acid or modifications of the peptide bonds (Appendix 2). In fact, the modification 
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of the peptide bonds by thionatioh can possibly he done by integration into the 

solid phase peptide synthesis. With the application of the avaîlable methods to 

enhance the stability of the peptides, the new adsorbents containing peptide 

sequences are expected to be vaIuable agents for the adsorption of bile saIts and 

bile pigments in the gastrointestinaI tract and should demonstrate reasonable 

stability under normal conditions towards acidie or enzymatie hydrolysis and 

degradations. 

- Improvements fOi:' the Adsorbents: Since the binding of bile salts from 

solution involves a predominant ionie linkage and a cooperative hydrophobie 
, 

interaction, resins with an enhanced number of active binding sites (the 

quaternary ammonium groups), can he prepared using similar procedures. 

Inclusion of hydrophobie moieties in the new resins is recommended to facilitate 

the hydrophobie interactions. 

From the adsorption experiments, it is .known that the surface area, Le., the 

size of the resin particles, is aIso important for the binding. Therefore, resins with 

smaller mesh sizé -are preferably selected. In the adsorption of bilirubin with the 

polylysine-coated resins, the fine resin (100-200 mesh) was used. The Bi~GeI 
resins are also commercially available in different mesh sizes (50-100, 200-400 

and >4(0). It would be interesting to test the other resins with different mesh 

sizes. 

The hydrolysis of polyamide at the fust stage results· in a partial 

conversion of the amide groups to carboxyl groups (2). ~e amount of the 

hydrolyzed amide groups on the resin prior to coupling with polylysine can he 

eontrolIed by using different bases, or by the same base with different 

concentration or different reaction time (2). The degree of hydrolysis can he 
determined by 13e NMR experiments (3). By corttrolling the number of carboxyl 

groups of the polyacrylamide resin, the average length of the free lysine 

sequences in the polylysine chain can he estimated. If this afflts the binding 

behavior of the resin, a possible conformational effect of polypeptide can he 

verified. 
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Appendix 1 

, Physical Properties of 
Bile Acids and, Bile ~gmeDts 

AI.I Bile Acids 

(i) CboUe aeid .., 

\ ' 
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3a,7a,12a-trihydroxy-5IH:holan-2;4-oic acid; 3a, 7a, 12a-trihydroxy-5~ 

cholanic acid; cholanic acid; 17~(l-me~yl-3-carboxypropyl)etiOcholane-
3a,7a,12a-triol; colalin. 

~H400S' MW = 408.59, pK, = 4.98 (2 M), 5.2 (22 M). 

Monohydrate, plates froïn dilute acenc acid. m.p. 198CC (anhydrous) . 

Rhombic from ether; tetragonal rhombic from watcr or dilute aleohol solutions. . 
~ ~~~~~ [al D +37 (alcohol, c?nc = 0.6%),1\. 318 (4.16), 377.5-(2.71). 

Solubilities at 150C (gIl): ether 1.22; chlorofonn, 5.08; alcohol, 30.56~ 

benzene, 0.36; acetone, 28.24; &Cetie acid, 152.12; water,0.28; also soluble in 

alkali hydroxides and carbonatesJ 
Sodium salt: sodium cholate. Crystal~ Very soluble in water (ca. 0.57 

g/ml at 15CC). 
\. 

Methyl ester: Crystals from 95% ethyl acetate and petroleum ether. m.p. 

155-1S6OC. 

(2) Glycocbolic acid 

N-[3a,7a,12a-uihydroxy-24-oxocholan-24-ylJglycine; N-cholylglycine. 

~H43N06' MW = 465.64, pK, = 4.0 (2.2 M), 3.8 (20 M). . 
[a]20D +32.3 (alcohJf, cone ~ 1%), [a]23D +30.8 (95% alcohol, cone = -

7.5%), À~~l1I1furicacid 318 (4.18). 

Needles from water. Sesquihydratc, crystals from S% alcohol, m.p. 132-

IJ4°C (hy~~), 165-168OC (anhydrous): 

" 
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Soluble in watcr(0.33 g/l al 15OC" 8.3 g/1 al l000c), alcohol and ether. 
Forms addition compounds with nitrobenzene, aniline, benzyl alcohoi, 

benaldehyde, triolein. Hydroly~ by acids and alkalies. * 
Sodium salt: sodium glycocholate. Crystals from 95% alcohol and ether, 

m.p. 230-2400C. Solubilities at 15OC: >0.27 iVml in water, >0.34 glml. 

(3) Taurocbolic add . 
2-U3a,7a,I2a-trihydroxy-24-oxo-5~cholan-24-yl]amino }etanésulfonic 

acid; N-cholyltaurine; cholaic acid; cholyltaurlne. 
1 

~H4S~P7S. MW = 515.72, pK. = 1.9 (19 M). 

Prisms from alcohol-ether, m.p. ca. 1250C (decomposes). 

[a]18D +38.8 (alcohol, cone = 2%), Â.COIIC lUlfwic ac:Id 303 (3.64), 389 (4.45), 

480 (3.46). 
v 

Freely soluble in water; soluble in alcohol (very solubl~ when hot); 

slightly soluble in ether and ethyl acetate. 

Sodium salt: sodium taurocholate. Crystals with 1.5 and 2 moles water. 

Decomposes al 2300C. [a]20D +24 (eone = 3%). Very soluble in water and 

alcohol. 

(4) Chenodeoxycholic acid 

3a,7a-dihydroxy-5I3-eholanic acid; 3,7-dihydroxycholan-24-0ic acid; 

anthropodesoxycholic acid; gallodcsoxycholic acid; 17p-(1-methyl-3-

carboxyPropyl)etiocholane-3a,7a-diol; ehenie acid; ehenodiol. 

C;4H4004' MW = 392.59, pK. = 5.9 (2.2 M), 6.2 (23 M). 
Needles from ethyl acetate-heptane, m.p. 1430C (119OC). 

[a]2OD +11.1 (alcohol, eone = 2.1%), Â.6S .. lUIfudcacid 272 (3.58), 380 (4.35). 

Very soluble in alcohol and acetone; soluble in ether and acetic acid; 

insoluble in water, benzene and ~troleum ether. 

,(5) Deoxycbolic aeid "--

3a,12a-dihydroxy-5P-cholanic acid; desoxycholic acid; 17p-(1-methyl-3-

carboxypropyl)etiocholaoe-3a, 12a-dioL 

~H4004' MW = 392.59, pK. =-5.3 (2 M), 6.2 (23 M), m.p. 176-17SOC. 
[a]20D +57 (alcohol), Â.6S .. sulfuricacid 310 (3.79), 380 (3.29). 

Very soluble in alcohol; slightly soluble in chloroform, acetic acid, ether 

and acetone; insoluble in water and benzene. 
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(6) Lithocbolic 8eid c' 

3œ-hydroxy-::S-cholan-24-0ic &cid; 3œ-hydroxycholanic &cid; 1713-(1-
methyl-3-carboxypropyl)etiocholane-3œ-oI. 

, <;..H-4003' MW = 376.59, m.p. 18(PC. 
hexagonalleaves from ~cohol, prism from dilute alcohol or acetic &cid. 
[CX]200 +32.14 (alcohol), ï.,COIIClI1IfuricllCid 326 (3.53). 

soluble in alcohol, very soluble when hot; solüble in chloroform, &cetic 

acid; slightly soluble in ether, insoluble in water and ligroin. 

(7) Cholesterol· 

cholest-5-en-3j3-ol; cholesterin. 

C,'7H460, MW = 386.67, m.p. 14SOC (anhydrous), b.p. 36O»C 
(decomposes) 2330C (0.5 atmosphere); d = 1.06711>/4. 

[CX]20o -31.5 (ether, conc = 2%), -39.S (chloroform, conc = 2%), ï.,a1cobol 

206 (3.53). 

Monohydrate, pearly leaflets of plates from dilute alcohol solution. 

Becomes anhydrous at 70-800c. Rhombic or triclinic' leaves from alcohol+wJfer, 

needles from ether. 

Practically insoluble in water (ca. 2 mgll). Slightly soluble in alcohol 

(1.29% w/w at 200c), more soluble in hot alcohol (28% w/w in saturated 96% 

alcoholic solution at 80OC). Soluble in chloroform (0.29 gIml), ether (0.36 glml) 

and pyridine (0.67 g1ml). Aiso soluble in benzene, petrolcum ether, 8Çetic &cid, 

dioxane, CS2, oils and fats. Gives intense red colar with rosaniline in chloroform 

solution. 

Al.2 Bile Pigments 

(1) Bilirubin IXcx 
, . 

1,10, 19,2 l ,23,24-hexahydro-2,7. 13,17-tct:ramethyl-I,19-dioxo-3, 18-

divinylbilin-8,12-dipro("anoic acid; 8,12 .. bis(2-carboxycthyl)-l0,21,23,2.4-

. tettahydro-2,7,13, 17-tetramethyl-3,18-divinyl-bilin .. 1,19-dionc; 8,12-

bis(carboxyethyl)-2,7,13,17-tettamethyl-3,18-divinyl(l0H,21H,23H,24H)bilin-

1,19-dione; 2, 17-diethenyl-l,lO,19,22,23,24-hcxahydro-3,7 , 13, 1 8-tetramcthyl-

1,19-dioxo-21H-biline-8,12-dipropanoic acid (Chemical Abstract). 

• not a bUe &cid. 
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).,c:hlorof0lDl454, pIÇ = ca. 4.4. 
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Light orange ~to deep reddish-brown monoclinic rhomboid, prisms, plates 

from chlorofonn. m.p. 234 (decomposes), gradultlly blackcns on heating and 
does not melt. S6lution sh~s a red fluorescence in UV light Practically 

insoluble in water. Soluble in chlorofOl'Ol, dimethyl sulfoxide, benzene, 
chlorobenzene, carbon disulfide, acids and alkalies. Slightly soluble in alcohol 

and ether. 
Dimetbyl ester: MW = 612.7. Crystals from methanol, m.p. 198-2000c. 

Soluble in chl0r0fonn, DMSO and acetone. Â. dlloroform 400. 

(2) Biliverdin IXcx 

2,11-diethenyl-l,19,22,24-tetrahydro-3,7,13,18-tetramethyl-l,19-dioxo-
2!H-biline-8,12-dipropanoic acid (Chemical Abstract); 1,19,23,24-teiahydro-

2,7,13,17-tettamethyl-l,19-dioxo-3,18-divinylbilin-8,12-dipropanoic acid; 4,5-
di(2-carboxyetl'vl)-1 ,3,6,7 -tetrametJwl-2,8-divinylbilatriene; dehydrobilirubin; 
uteroverdine. 

C;3~N406 MW = 582.63. 
Â.MeOH 376, (\o6, pK. = ca. 5.0. 

Dark grœn plates or prisms with violet surface color from methanol. 
~ . 

~lackens and decomposes above 3000C and docs not melt Soluble in Methanol, 
ether, chlorofcrm, ~ethyl sulfoxide, be~ chlorobenzenc,.carbon disulfide 

and alkali hydroxides. 

Dimetbyl ~er: MW = 610.7. ~sta1s from chloroform-Pei:rol~um ether,; 
m.p. }08-209°C. Soluble in chloroform and DMSQ, )., cblOlÛOID1 379, 656-664. / 

(3) Mesobilirubin IXa 

2,17-diethyl-l,10,19,22,23,24-hoxahydro-3,7,13,18-tettamethyl-l,19-

dioxo-21H-biline-_~,12-dipropanoic acid; 1.10,19,22,23,24-hcxahydro-3,7 .13,18~ / 
tetramethyl-l, 19-dioxo-3, 18-diethylbiline-8,12-dipropanoic &cid; 1,3,6,7 ... 

tetramethyl-4,5-dicarboxyethyl-2,8-diethyl-(~-13)-dihydrobilenonc; 10,23- , 
-dihydromesobilin. ' 

~3H.wN406' MW = 588.70. ).,d1Ioroform 433. 
CrystaIs frOm chloroform-mcthanol. m.p. 2500C (decomposes). Soluble 

in cbloroform and DMSO. 

, 
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(4) Protoporphyrin IX 

7, 12-diethenyl-3,8, 13, 17-tetramethyl-21H,23H-porphine.2, 18-dipropanoic 
<> • 

acid; 3,7,12,17-tetramethyl-8,13-divinyl-2,18-porphinedipropionic acid; 1,3,5,8-

tetramethyl-2,4-divinylporphine-617 -diprppionic acid; coporphyrin. 

<;4~N404' MW = 562.64. 
Monoclinic, brownish-yellow prisms from ether. Blackens and 

decomposesc above 3000c and does not melt. Freely soluble in chloroform, 

dimethyl sulfoxide, acet'.c acid, hydroxychloric acid, alcohol with Hel, ether with 

HOAc. Somewhat soluble in dilute alkalies, aniline, pyridine. Sparingly soluble 

in disodium ~d dipotassium salts. 

(5) Herne 
~., 

[7,12-diethenyl-3,8,13,17-tetramethyl-21H,23H-porphine-2,18-

dipropanoato( 4-)-N21 ,N22 ,N23 ,N24]-ferrate(2-)dihydrogen; [qihydrogen 3,7,12,17-

tetramethyl-8,13-divinyl-2,18-porphinedipropionato(2-)]iron; 1,3,5,8-

tetramethyl-2.4-divinylporphine-6,7-dipropionic acid ferrous complex; , 
fcrroprotop<>'rphyrin; ferroheme; protoheme. 

. , 

<;4~2N404Fe, MW = 616.48. 
-

Fine brown needles with a dark violet· sheen. SpariIlgly soluble in acctic 

acid. Freely soluble in the presence of oxygen. Very unstable. 
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Solid Phase Peptide Synthesis 
and the Stability of Peptides 
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The solid _phase peptide synthe sis technique was first devised by R.B. 

Menifield in 1962, for which he was awarded the Nobel Prize in 1984. The 

method provl~S a simple and rapid way for the organic synthesis of peptides. It 

utilizes an insoluble pol ymer support onto which the C-terminal end of the amino 

acid i~ attached tp the functiQnal groups of the polymer. The rest of-the amino 
acids are added stepwise until the desired sequen'èe is completed. If desired, the 

final peptide ' sequence can be cleaved from the polymer support. 
1 

Al.1 Tbe Protections of Amino acids 
Prior to coup~g of the amino acids to the solid support, either the N or 

the C terminal groups must be selectively protected, depending on which group is 

ta he coupled to the polymer support. If the amino acid possesses a side group _ l , _ 

which reacts in the coupling process, this group must aIso be protected. 
PrQtection of the Amino Groups: The a-amino groups of ~p acids 

can be acylated by tteatment with anhydrides or aeid halides. Typically, Jhe 

amino group is protected by reacting with benzylchlorocarbonate. .The reaction 

yiclds the -bc!bzyio~ycarbonyl derlvative of the amiIio acid Other protecÏing 

,reagents, such as -the BOe (ten-butyloxycarbonyl) reagen~ are also available. 
• ,l 

The protection methods for the a-amino group are depicted in Figure A2.I. 

Usually, the acylation must be done in mild conditions to av<iÎd ~mizarlon of , ' 

the amino acid. ~ For this ~n less polar solvents are preferred for the reaction. 
Protection of the Carboxyl Groups: If the amino groups are to he 

, coupled to the solid ~pport, the carboxyl gro\1ps need to be protected. This can 

bë donc by esterification with ethanol or benzyl alcohol. 
, Protection of the Side Chain G~ups: The sicle groups of amino acids, 

sucb as the aminà group of lysine, the ,BUanidinium groups oi arginine, the 

ù 
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carboxyl group of glutamic acid and th~ thiol group of cysteine, should also be 
protectcd in -the solid phase peptide synthesis. -

FMC)C-CI 9121 

- ("':71 9 R 
OANH~MCOzH 

l'UOC._'''' 
-

• ~ BOC-ON (NI. 81 Jl ~ 
H,N-CH-eoa- • '·Bu-O NHCHCO .... 

or (t;BuOCO 'aO (NI. 9) IOC ........ 

Figure Al.1 The protection methods for the a-amino group of the 
amino acids. FMOC: 9-fluorenylmethyloxycarbonyl; BOC-ON: 2-
(t-bytyloxycarbonyl-oximino )-2-phenylacetonitrile; BOC: tert
butyloxycarbonyl; CBz: carbobenzoxy. 

Ninbydrin T-est: The primary amine groups can ·react with ninhydrin to 

form a blue-purple pigment on heating (Figure A2.2). The. products formed with 

SC(:ondary amines, ~uch as the amino group of proline, have a less intense color. 

This reaction can be used for a quantitative estimation of amino acids in small 

amounts. The UV detector of the HPl"C ~ys~~ for ~~ amino acid apalysis a1so 
deteCts this colored compounds at 440 nm for proline and 570 nm for other &mino 

, . -

acids. 

2 7 1 . -01° OH 
. ~ OH 

+ RCHO -t CO, 

"Figure Al.2 The reaction of amino acids with ninhydrln. 

i \-. 
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M.2 Solid Phase Peptide Synthesis . 
For the Menifield sYnthesis, a chloromethyl derivative of styrqqe

divinylbenzene copolymer is norma1ly used. This palymer suppon forms an ester 

bond with the peptide sequence which ensures a ·complete cleavage ot the peptide 

from the resin. Another kind _of resin, often referred to as the Sheppard resin, is a 

water-swellable polyacrylamide resin with primary amine functional groups. The 

peptide remains on the resin after the synthesis. 

The polyacrylamide resin (from Chemalog), which is a copolymer of' 

dimethylacrylamide and N-acryl-l,~aminohexane crosslinked with bisacryl

l,2-diaminoethane (11%), can be used as the polymer support. Sequences of 
~ 

peptide can he synthesized onto the polymer using solid phase peptide synthesis 

techniques. " 
The flow chart of solid peptide phase synthesis is shown in Figure A2.3. --The resin is flISt neutralized with an organic base, N,N-diisopropyl ethyfamine, in 

dichloromethane (DCM). -The anhydrides of the protected amino acids are 

prepared by reacting with DCC (1,3..wcyclohexyl-carbodiimide) in DCM. After ,J 

filtering the urea formed as a by-produ~t of the reaction. the anhyâride solution is 
added ta the resin and allowed to react for 3-9 hours. The completion of the 

coupling can be.monitored-by a negative ninhyclrln, test. After coupling, the resin 

is washed with DMF, DeM, etc .. Finally the resin is reac~th 40%, 

trifluoroacetic acid in DCM to remove the protecting group of the a-amino group. , 
This is again followed by neutralization with DEA/DCM and washing. The entire 

procedure is automated by a computer conttolled peptide _,synthesizer. An 

example of the programs used for the synthesis is depictcd as in Table A2.I. -

When the synthe sis of the desired peptide sequence is finished, the resin is 

washed with DMF, DCM and anhydrous ether several times and dried before a 

complete deprotection. The deprotection is performed using an HF line made of 

Teflon material and equipped with safety supplies in a fumehood. The reaction 

flask containing the resin is pumped to vacuum. Anhydrous hydrofluoric aeid is 

introduced into the vacuum and co~densed with liquid nittogen. The protecting . 

groups of the amino acid side chains are removed by slowly stirring th~ resin in 

HF at OOC for 60 minutes. After the evaporation of the HF un~r vacuum at room 

temperature, the resin is finally washed with· anhydrous ether and dried under 

" 
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-

vacUUJIL If thç Mcnifiel~ l'Csin is uscd, the peptide sequence arc clcavcd from the -

polymer suppon and can be purltied and trealec:I appropriatcly. 

Cr(N~ 

-1 Neutralisation 

~N~_ 

l COU~ling HO 
1 Il ~ 

BOC-HN-t

C

-

NH l g~~~~~~~n 
HO 

, - . 
r 

Repetition 

III ~, 
L..-___ ~N-C-C-NH~ 

1 -

RX 
Last 
Coupling 

1 Il 1 Il H Of HO} 
BOC-BN-1-C BN-1-C NH~ 

RX RX n 

-

Complete -
Deprot~ction 

III III ) H Of HO} Î 

~N-~-C HN-1-C NH~ 
R R _ n -

, 
Figure A2.3 The reaction schelDe for the solid phasé peptide 
synthesis. 
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Table Al.! The Computer Program for the Automated Peptidè 
-Synthesizer 

Step Operation Reagent Repetitions Time(min) 

1 Coupling '" Anhydride of 1 >180 
Amino Aeid (to completion) 

2 Washing DCM 2 1 
3 Washing DMF 1 , 1 
4 Washing DCM 3 1 
5 Deprotection 4O%TFAlDCM 1 20 
6 Washing DCM 2 1 -
7 Neutralization 5%DEAlDCM 1 5 
8 Washing DMF 2 1 
9 Washing DCM 4 2 

~ 

The polyamide resin has primary amine functional groups in the form of 
hydrochloric &cid Thus, the total synthesis starts at Step 7 to neutralized 
the resin. Step 9 is followed by step 1 ü anothor amino aeid is to he added 
to the sequence. Upon completion of the peptide sequence, after Step 4, the 
resin is then washed with ether and dried befme a complete deprotection on 
the HF line. 

A2.3 Peptide Stability and Modifications of Peptides 
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The present smdies on the interaction of bile acids and bile pigments with 

peptide·containing resins were limite<! to in vitro test. ~en thes~ resins are 

applied for in vivo studies, the stability of peptides will become increasingly 

important The stability of the peptides under the action of acids or enzymes an<;i 

the methods used to improve the stability are discussed briefly in this section. 
(" 

Al.3.l Acidic and Enzymatic Hydrolysis of Peptides 

-It is weIl known that peptides undergo hydrolysis in the presence of 

specifie enzymes (11), strong acids or bases. Concenttated acid (6N Hel) and 

high temperature are usually needed for the hydrolysis of peptides. At lower 

- temperatures, it may take as long as several days for a partial hydrolysis of 

peptides. Considering the biological conditions in the human body"the main 

, challenge is enzymatic hydrolysis rather than that wi~cids or bases. 

Trypsin is the most specific proteolytic enzyfue for peptides consisting of 

, basic ~p acids. It occurs as an inactive zymogen (trypsinogen) in the 
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pancreas. This -zymogen can be activated by trypsin followed by the release of 

short peptide (~2). The action of trypsin is limited aImost exclusively to the 

peptide bonds associated with the carboxyl groups of lysine and arginine. The 

, peptide bonds ~rsociated with the carboxyl group of tryptophan can also be 

partially hydrolyzed during long hydrolysis. If proline is coupled to the carboxyl 

group of lysine or arginine, the hydrolysis may not take place at all (12). 

Like trypsin, other enzymes such as chymotrypsin and pepsin can also 

cause the cleavage of the peptide bonds with l«ss specificity and a lower rate. 

A2.3.2 The Enhancement of Peptide Stability 

Over the years many methods have been studied to increase the stability of 

the peptide bond while maintaining the same biologicaI function of the modified 

specics. \. 

The natually occuring a-amino acids are mostly chinJ molecules. Most of 

the amino acids found in the human body are in the L-form. The peptide

hydrolyzing enzymes, of, the proteases and peptidases, are generally specifie for 

peptides having the L-a-amino acids in normal peptide linkage. D-amino acids do 

not occur in proteins, but sorne nonprotein peptides contain D-amino acids or 

other variations such as j3-amino acids and y-peptide bonds. The variations in 

structure proteet the speciaIized peptides from enzymatic hydrolysis. The 

bacteriaI cell wall, wJ1ich contains D-amino acids in its peptidoglycan structure, is 

resistant to the actio~proteases (13). The peptide-hydrolyzing enzYmes do nOt 

anack peptides consisting of D-amino acids because the scissile bond is not 

properly located -relative to' the catalytic site, as shown in Figure A2.4. In this 

enzyme-substrate complex of chymotrypsin and a peptide containing D-amino 

acids, the dihedraI angles of the substrate must be adjusted for the cleavage of the 

peptide bond (14). . 
It is known that the hydrolysis ofpeptides by sorne enzymes is initiated at 

either the C-terminal or N-tenninaI (16). Therefore, the end groups can he 
selectively blocked chemically to prevent the hydrolysis by these enzymes. More 
often, it is the peptide bonds that are the target of hydrolytic enzymes. Hence, the 

st~ity of the peptides can be greatly enhanced by rnodifyîng the peptide 

linkages. Sorne of the rnethods used for the peptide backbone modifications have 

been summarized by Morley (17), thionation of the peptide bonds being one of 

the many availabie methods (18). 

,1 
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Oligopeptidcs CODSlStmg of mostly neuttal amina acids have been ') . 
thionated using a modified thionation reagent (19). The reaction is shown 

schematically in Figure A2.5. The final product can be purified by flash 

chromatographyon a silica column with ethyl acetate~methanol as eluent. The 

geometry of the thiopeptide units is very close to that of the parent peptides, 

therefore adopting similar confonnational propenies (20). 

scissile 
bond 

Figure Al.4 Substrate-binding to chymotrypsin (referencc 15). 
Adjustments of the dihedral angles of the substrate have to he 
made for the cleavage of the peptide bond 

" 

S 
II~\

Ph-O-Ph-P P-Ph-O-Ph 
\g/II 

-C-NH- ______ ' ______ ~S~ ________ ~>~ -C-NH-
Il \1 o Thlonatlng Reagent S 

Peptide 
Bond 

Thfoamlde 
Bond 

Figure Al.S The thionation of the normal peptide bond. 

A preliminary test for the thionation of a simple oligopeptide, diargininc. 

was done using the method developed by Belleau et al. (19). The diarginine was 

prepared following a procedure reported by Otsuka et al. (21) with modifications. 
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BOC-arginine was coupled with equal molarity of nitro-prot~ argkme methyl 

ester il} a mixture of DMF and dichloromethane. The product was extracted and 

then precipitated from n-butano!. Thio-di~ginin~ was prepared by reacting with 

1 this product and excess thionation reagent in dry THF. The reaction mixture was 

agitated at room temperature for at Jeast 12 hours under nitrogen. Two 

overlapped spots were observed under the uy light on the nc plate, after 

development with 5% ninhydrin in ethanol as eluent, indicating that the thioamide 

indeed formed in this reaction. Since the polarity of thio-diarginine did not differ 

much from that of diarginine, the separation of these two species was not 

satisfactory. The thiopeptides are usually amorphous. and thus very difficult, if 

not impossible, to crystallize, especially for the peptides consisting of amino acids 

witlr polar side chains. For peptides with polar side group, other separation 

methods such as HPLC could probably give better results. 

A2.3.3 The Stability of the Peptide·Containing Resins 

Enzymes are specifie for the hydrolysis process. The peptides have 10 

adopt a certain conformation to fit in the receptor of the enzyme. For the peptide 

containing resins, in general, it is possible that the enzymes are sterically hindered , 
by the resin support, i.e., the accessibility of the peptide chain on the resin to 

enzymes is reduced by the presence of the backbone polymer. Therefore, it can 

be estimated that th~ stability of the peptide on the resin is enhanced eompared 

with the polypeptides dissolved directly in solutions. 

The poly-D-lysine coated resin exhibits the same, if not better, capacity 

and affinity for bilirubin. The D-amino acids can be used to replace the L-amino 

acids for the peptide resins, e.g., using poly-o-Iysine instead of P0!y-L-Iysine. It 

is expected that the peptide consisting of D-amino acids would be more resistant 

fo.-- to the enzymatic hydrolysis. 

The solid phase peptide synthesi~ technique can possibly be applied for 

the thionation. This can be accompli shed by reacting the thionating reagent with 

the amino acid residues on peptide pendant immediately after coupling but before 

deprotection. If needed, the fmal thiopeptide can he cle~ved from the resin for 

stability test or other experiments in solution. 
<,"-;:< The polymerie resins containing peptide sequences May demonstrate 

reasonable stability under normal conditions towards acidic or enzymatic 
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hydrolysis and degradation with aIl the available methods 10 enhance the stability 

of the peptides. 
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The development of the Fourier transform (Fr) methods in NMR allows 
the introductiçm of a pulse sequence which is a series of radio frequency pulses 
with appropriate time delays between them In modem Fr nuclear magne tic 

resonance techniques, many pulse sequenCCis are used for more sophisticated 

~ experiments which provide very valuable infonnation about the structure 

and conformation of the chemical substances. 

A3.1 Spin-Lattice Relaxation Time (Tt) Measurement 
For nuclei with spin quantum number 1 = 1/2, there are two energy levels 

in the Boltzmann distribution, the lower corresponding to a quantum number m = 
-1/2 and the upper to m = +112. The Boltzmann cquation caf{ then be expressed 

by 

NT .1E 
-=exp(--) (Equation A3.1) 
N· kT 

When the sample is outside a polarizing magne tic field, the difference in energy 
between the two levels is essentially zero. Therefore, the population N+ and N" " 
must be equal. When the sample is placed in a magne tic field, the redistribution 

of population can be established after an interaction of the nuclei with the 

surroundings (the lattice). The time required for this adjustment serves as a 

measure of the rate at which the spin system retums to equilibrium with its 

environment and is therefore called the spin-lattice relaxation time, Tl' 
The spin·lattice relaxation time is also referred 10 as the longitudinal 

relaxation time SinC6 it characterizes the rate that the longill:ldinal component (the 

z-component) of nuclear magnetization returns to its equilibrium value after being 

perturbed by a radio frequency pulse. In the NMR spectrum, the relaxations give . 
rise to an exponential decay in the Qbserved signais. The measured Tl val,ue is 

i 

J 
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actually the teciprocal of this exponential rate and represents the time aftcr the 

perturbation that is required to recover l-(1/e) or 63.2% of the magnetization lost 

as a result of the perturbation. There are many ways to measure the Tl value, two 
common ones of which are the inversion-recovery method and the progressive 

saturation method. The inversion-recovery method was used in the presently 

reported experiment and is described in detail herc. 
1 

In the mversion rccovery method, the longitudinal component (the z-

component) of the magnetizatiqn at equilibrium is perturbed by a single radio 

frequency: pulse, which flips the z-component exactly 1800. After some time 

(referred to as delay rime Dz) another pulse is applied ta flip the magn~ti~tion 
900 so that it lies in the :x-y plane ta he measured (Figure A3.1). The signal 

generatcd after this second pulse will he a measure of the value of the longitudinal 

magnetization present at that lime.: This value in turn will depend on the amount 

of recovery or relaxation that occurred during the rime hetween the perturbing and 

the measuring pulse. The pulse sequence can be expressed by 

-

D, ACQ 

_ n 

(The inversion-recovery pulse sequence) 

where Dl is the equilibrium lime, which is chosen, together with signal 

accumulation time (ACQ), during which no actual data is acq~ ta he at about , -

five times the longest Tl of mterest to enhanëe the signal to noise ratio and for the 

equilibrium magnetization to recover, D2 is the recovery rime, which is usually 

set as an array of at least 5 points to coyer a range of 0.1 to 3 times Tl' A 900 

pulse is one whose duration is sufficient to tip the z-magnetization into the x-y, 

plane. 

The recovery of the longitudinal magnetization after the perturbing pulse 

can he measured as a function of rime by repeating the above experiment over a 

range of different Dz recovery times. The data analysis involves a three 

parameter least squares fit to an exponential curve as a function of this delay time 

from which the Tl is calculated. 

r 
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Since a sufficient number of transients must he accumulated for each 
specnum, this method is time consuming comparcd with the other methods such 
as the progressive saturation, especially when used for such insensitive nucleus as 

13e. However, it is considered to be an accurate method for Tl measurement 
since it is less critical to imperfect setting of the pulse angles. Even so, the pulse 

angles should he carefully calibrated prim to the experimeni to eliminate errors in 

measurement \ 
If the Tl of interest is very long, the progressive saturation method is 

preferable. Other methods such as COMB can aIso he used to enh~ce the 
accuracy and lime efficiency of the measurements. 

-l~l:):::·"~': 
-' -T.me 

"/2 

MIll 

Figure AJ.l Diagram illustrating the principle of the inversion 
recovery experiment (reference 5). 

'.~ 

AJ.2 The INEPT (lnsensitive Nuclei Enhanced by Polarization 
Transfer) Pulse Sequence 

Certain nuclei which are most su~{)I' NMR measurement, such as 
13e, ISN and 29Si, suffer low naturaI abundance, long Tl' s, and unfavorable 

gyromagnetic ratios. The sensitivity of these nuclei can be enhanced by transfer 

of polarization from protons to the insensitive nucleus. 

For a two spin system consisting of a sensitive and an insensitive nucleus, 
e.g., tH_13e or IH_lSN, the population of the energy levels in equilibrium is given 

by the Boltzmann law 

N+/N· = exp (-.1E 1 kT) 

= exp (-y hBo / 27tkT) 

= 1 - (1 hBo /' 27tkT) (Equation A3.2) 

'" , ~~~ 
; 
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wherc Bo is ~ngth of the magnetic ~:l~ y the gyromagnetic ratio, T the 
temperature, h the Planck co~stant, and k the Boltzmann constant. 

The population difference between the two states E+ and E- is determined 
by the gyromagnetic ratio yof the nucleus which changes its spin state during the 

transition E+ to E', A larger population difference results for states involving the 

sensitive nucleus (usually lH. with large y) than for thQse of the less sensitive 

nucleus (X, with small y). 
If the respeqtive spin population are interchapged through a selective 

population inversion involving a IH transition, the absorption and emission for the 
X ~sition is enhancecl. The Boltzmann distribution that determined the spin 

populations for ~H now governs those of the less se~sitive nucleus X. ,This 
phenomenon is know as polarization transfer. 

Experimentally, population inversion can he achieved through il.180ox 

pulse applied at the frequency of a lH line. The polarization transfer can also he 

achieved non-selectively through a proper pulse sequence. In the INEPT 

sequence. the transverse magnetization of the sensitive nucleus 1H is modulated 

through coupling to the less sensitive nucleus X and the simultaneous application 

of two 1800 x pulses in the IH and X frequency regions. The vector arrangement, 

obtained after the evolution period for the doublet components of the IH nucleus 

can be transfonned into the characteristic arrangement of a selectively inverted 

spin system through application of a 900 y pulse. This corresponds to a population 

inversion of one IH line od leads to polarization of the X lines. The INEPT 

pulse sequence is shown helow: 

D, n1 

D, n D, n: D, n D, 
Il 

Decouple' 

x _____ -Jn ~, n: D, n,--D_J-+_A_C_qU_i~_\t_ion __ 

(The refocussed 'INEPT pulse sequence) 
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where Dl is the preparation delay, Dz the evolution delay, and D3 thç refocussing 

delay. The evolution delay of the INEPT pulse sequence is. base<! on the 

particular X-H coupling constant and must be estimated if not known. A 

discrimination of thé -carbon types is made possible by the INEPf sequence, 

particularly CH's from C~'s. Since the refocussing delay D3 is dependent on the 
>-

nature of the X-H multiplet, it is possible to adjust this delay to favor one type of 

multiplet, e.g., the CH doublet can be efficiently selected by setting this delay to 

1/(4]). _-For the ISN experiment, if different NH and ~'_groups are present at 

least a second experiment must be performed. - v __ 
-

The success of a polarization ttansfer experiment is determined largely by 

the relaxation time of sensitive nucleus A. This determines the time ~ecessary for 

the perturbed spin system to return to the equilibriùm state' and must be 'long 

enough to prevent reestablishment of the normal Boltzmann distribution .during 

the pulse sequence. 

Using the INEPT pulse sequence, the intensity <?nhancement in suitable -'7 

cases can be much higher than that obtained with the well-known nuclear 

Overhauser effect (NOE). Negative gyromagnetic ratio 'Y values are not 

disadvantageous because sensitivity enhancement for polarization transfcr 

experiments is govemed by the ratio Y.t'Yx instead of the sum 1 + 'YJ'l'Yx' which is 

the maximum enhancement factor for the NOE experiments. " 

INEPT experiments have also been used to enhance 29Si and Metal nuclei 

__ by polarization transfer of IH and 31p nuclei. In addition, the INEPT seque~ce 

has been used to measure the spin-lattice relaxation time of 13C (10), IsN (11,12) t 

29Si (13), and was also applied to nuclei with spin quantum 'num~ which are 

greater than 1/2. y 
A3.3 ThaDEPT (DistortionIess Enhancement by folarization 

1ftiisfer) Pulse Sequence 
When analyzing 13e NMR spectra of organic substances, it is a1ways 

- important to assign the signals of the different kinds of carbon atoms. The carbon 

atoms with different number of protons -attached to them, i.e., methyl, methylene, 

methine and quatemary carbon atoms. can he differentiated by the DEPT pulse 

~quence. 

.'1'" 



c 

( 

c 

/ 226 

ne~ pulse sequence is less critical to the choice of the AX coupling 
constant and Yielis X multiplets without the artefacts involving relative intensity 

and line n\nnber observed with the INEPT method. The DEPf sequence is 
especiany weIl suited for the assigrunent of resonance signaIs. For 13C NMR 

-d"" 
spectra, the phases of the magne~tion of quaternary C atoms and CH, ~, ~ 

groupshre at the pulse angles e of 1t/4, 7t/2. 1r/3 and 1t/4. respectively. The last 

proton pulse enables subspectra ta he edited for CH, CHz, ~ groups. For the 

detection of ~ and ~ groups" difference spectra must be used. 
. ~ 

e 

0, n 0, Decouple 

x ____________ ~(l~' ____ ~~~ ____ +_A-C-q-U-is-it-io-n-
r/ -

(The DEPT pulse 'sequence) 

A3.4 Tbe HETCOR (Two-Dimensional Heteronuclear 
Corr~lation) Pulse Sequence ' 

In one-dimensional NMR spectroscopy. the FID (free induction decay) is 

obtained . ~ a function of a single rime variable, the detection time'. In two

dim~nsional spectroscopy, an additional time variable, the evolution time, is 

introduced. A 2-D experiment consists of the acquisition of a series of Fm's as-a 

function of detection rime with each member of the series differing from the 

previous member by a constant incremental value of the evolution time. 
It is extremely useful in structure determination and in assignme~t of an 

NMR spectrum tOi:~late the 13e spectrum with the proton spectrum. The 2-D 

heteronuclear correlation NMR spectrum, in which one axis is usually IH and the 
other is X (13C or UN, etc.), allows one type of nucleus (e.g., X) ur he assigned 

from a known assignment of the other type oInucleus (e.g., IH). The HETCOR 
i' ' 

sequence'provides 20 data which correlates nuclear resonances of two nuclei, IH 
- . 

and X. '!hè? two domains cOIl'espond to the two nuclear chemical shift axes. The 

proron hommtUClearr are retained, which pet!llits, the sorting out of 

./ 

l' 

\ 



• 

-0-

227 

heavily overlapped proton spectta. The phase cycling requires a multiple of 4 for 
the n~be\ of "fransie~ts to provide the equivalent of quadrature deteetion in' the 

proton dimension, a1Iowing the proton transmitter (the decoupler) to he placed in . 

the center of the proton region. 

The 2-D heteionuclear conelation experiment has a time sequence 

preparation-evolution-mixing-detection, which is most commonly used in 2-D 

NMR experiments. One type of 2-D correlated spectra is that in which both 

{funensions are coupled through coherent ttansfer of transverse magnetization 

(scalar correlation). 

If the Larmor frequencies gf two_ different typps of nucle~, e.g. tH and l~ • ., 

are related through scalar coupling, a 2-D heteronuclear correlation experiment 

can he perfonned. The pulse sequence generally usecL ta produce hetcronucl~ 

correlated spectra aIso contains a polarization transfet; and themfore leads' 10 an 

enhancement of sensitivity. An evolution period tl is used for the precessional 

motion of the IH spins, and to measure the degree of precession with the X (lSN) 

channel. The transfer of information hetween A and X occurs in the mixing 
period, which is introduced between the ~ èvolution- and the detection time. 

eoupled nuclei give signaIs with the coordinates H,x . .. 
As illustrated in Figure; A3.2, for lH_13e correlation, a 900

x lH pulse is 

applied to rotated the CH doublet in the x-y plane with different Larmor 
frequencies. Thereafter, bath components of the proton doublet dephase in the x

y plane. The dephasing angle ~ is dermed by the magnitude of the œ coupling. 

whereas the phase shift cp is determined by the chemical shift of the protons (a~c). 

A 1800 x pulse in the 13C channel irradiated after the fust half period of the 

evolution time t1 (d) inverts-the population of the 13(: energy levels. As a rcsult 

the two proton components exchange their coupling frequencies in arder ta 

re~us at the end of the evolu~ period t 1 (e). Chemical shift information is 

na~ contained in the phase angle cp. After a time Al = l/(2J) (the tirst half of the 

mixing time) the angle q, is 1800. Bath vectors are orientated antiparallel (f) and a 

900y pulse transforms them into the +z~tion. and results in a polarization of 

proton magnetization (g). The chemical shift information is now given by the 

magnitude of the z-components, which depends on the phase angle <p, since the 

900y pulse only affects the x-components of the vectQr. For cp = (2N+l)1t12 the 

longitudinal proton magnetization is equal ta zero, whereas for cp = 2Nx/2 it h 
'\ 

-----------------"-------- ~~ ---
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its maximum value. The polarization of the protons leads simultancously to the 1 -""'., .... , 

polarization of 13e magnetizatioD, which can DOW he transformcd into +y-

magnetizati~n by a 900
x pulse (h). 'Due t'? their coupling with the attached 

protons, witbin th~ htterval 11(2J), both 13e vectors refocus at the end of the 

mixing time (i). By switching OD the proton decoupler, they can be detected as a 

singlet The achieved polarization and thus the measQred inf:Cnsity, depends on 

the phase angle 'P and is a direct fonction of the proton chemical shift (its Larmor 
frequency). In consequence, variation of the evolution period tl leads to ' 
amplitude modulation, which is a function of the proton chemical shift instead of 

the coupling. Thus, a secopd F61urier transformation in the ~main provides 

maximum signaIs located at the chemical shifts of the coupled IH and 13C nuclei. 

~r.'lon 
90; 

ElfOIutlOll 

... 
\H lalllbl 

Pulse s«/Uences ..... 0----- IJ ----
180; 

.d, 

Hllflng Oftectlon 
go; 

Iflll
lI
' 

~ __ f2_ .... 
.; 

Il) 1111, , Uc ------------~I.-------------------.------
Ce) Idl 

III 

I~_t~ 
? .><;>', 

Figure A3.2 The HETCOR pulse sequence used for the 
heteronuclear correlation (X.IH) experimcnt using the example of 
Qi fragment '(reference 7). . 
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~.5 The COSy (Two-Dimensional Homonuclear Co;"elatlon 
Spectroscopy) Pulse Sequence 

The COSY pulse sequence (also referred to ru; HOMCOR) generates data 

which allows simultaneous correlation of aIl spin coupled protons when plotted in 

a two-dimensional array. The phase cycling should he a multiple of 4 of the 

number of transients to permit the equivalent of qua4!ature phase detection in the 

evolution period (D2)' The sequence is depicted in Figure A3.3. 

~ 1 . lb) 

. t,---

$ Cd) 
l , 
1 

t 

-4, -

,., , 

III 

... 

.s" 
(1) 

,., 

x· 

Figure AJ.3 The COSY pulse sequence uscd for me bomonuclear 
correlation (tH_lH) experiment (reference 7): (a-d) the COSY - --' 
sequen~e; (e) an example of the COSY contour plot ~ ~ ~ .. --------

In the COSY sequence, a 9()O x--PtÙsepfoduces a transverse magnetization 

(a,b) immediately after the preparation dclay. Because of A-X coupling, the 

magnetization vectors process away from each other in the x-y plane according to 

their Larmor frequency and their spin-spin coupling constants J (c). The second 
j, 

900 Jt pulse, which rotates the chemical shift dependent components of the doublet 

to the ±z axis (d), can he considered as a mixing pulse, but additional mixing time ~ 

is not necessary since the protons are always coupled. For a non-coupled nucleus 

A (JAX = 0), the second 900 x pulse leads to a t1-dependent modulation of the 

transverse magnetization that depends only on the Larmor frequency v A' The 2I? 
spectrum therefore contains a signal on the diagonal (diagonal peak). If these 

peaks cause overlapping and thus are not desired" they can he eliminated by using 

\ 
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a mixing pulse of 450 or less. For the case JAX ;1:. 0, the A magnetization through 
~, 

the scalar A-X interaction in the x-y plane also depends on the Larmor frequency 
,t;-

vx' The 2D spectrum therefore contains two characteristic off-diagonal signaIs 

- (cross peaks), which indicate a scalar spin-spin coupling between A and X. 

Smaller ,couplings can he emphasized in the COSY experiment by adding a delay 
, 

ta the evolution rime. (J' 
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4 
f 

The Computer Program 
for ~dsorption Data Processing 

A _ computer program providing detailed calculations and graphies was 

developed for the processing of the results for bile 'salt and bilirubin adsorptions. 

The program was first designed and written in BASIC, followed Dy several major 

revisions. The present version provides many convenient options for data storage 

and data manipulations. ... 
In this program (EXPROC.NEW), experimental data ean he read in from a 

previously saved file or entered manually and saved on the diskettes" for later -

retrieval. èa1culations are done on an adsorbate-resin mole/equivalent or 

weight/weight basis. The equilibrium concentration can he expressed by either 

mM or mg/dl. Different scales for graphics may be selected at the user's choice. 
J " 

It ~so generates a brief report of the experiment performed which easily fits into 

th1user's record and saves rime for the laborious calculations of the a4s0rPtion 

results. It has been used by many colleagues in the laboratory becauSe of its 

convenience and user-friendliness. 

./ 
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1000 REM PROGRAM NAME EXPROC~W 
1010 CLS : LOCATE 3. 1 
1020 PRINT ft .......................................................... " 

1030 PRINT .. ... Program ta Process Adsorption Results 
1040 PRINT "... (NEW VERSION) 
1050 PRINT .. ... EXPROC.NEW COPYRIGHT 
1060 PRINT .. ... 
1070 PRINT ... by JULIAN ZHU 
1080 PRINT "... May 1987 
1090 PRINT .. • ... • ............... • ..................... • ... • ......... • ." 
1100 AS = INPUTS (1) 
1110 LOCATE 13. 1 

." 

1120 PRINT .. The program is composed of the following sections: " 
1130 PRINT .. 1) The entry of experirnental parameters -and data. " 
1140 PRINT .. 2) The calculation of the experimental data. .. 
1150 PRINT .. 3) The printing and plotting of the ealculated results. " 
1160PRINT 
1170PRINT" 
1180PRINT 
1190PRINT" 
1200PRINT " 
1210PRINT 

This program accepts a maximum of 50 groups of data. " 

The data cao be enlered during program execution or " 
they cao be read from another disk by your own options. " 

1230CLS -' 
1220 INPUT .. Do you wan1,to enter expenm:vparameters?". AS 

1240 DIM CONCFR(50}iWT(50). BEF(50), AFI'( 
1250 IF A$ = "N" OR AS = "n" GOro 1520 
1260 PRINT "Enter experimental parameters----Il : PRINT 
1270 INPUT "Experiment number: " • EXNUMS 
1280 INPUT "Date (dd-mm-yy): ". DATS 
1290 INPUT "Buffer and the pH: " • PHS 
1300 INPUT "Volume of aels. (ml): ". VOL 
1310 INPUT "Resin used: ". RESINS 
1320 INPUT "Resin capct(mmoVg): ~. CAP 
1330 REM INPUT "Substn. of resin (% ):(RTN)", SUBST 
1340 REM INPUT "Resin FW increase: (R'IN)". FWINCR 
1350 INPUT "Sol'o conc.(mg/dl): ". CONC 
1360 ~ "Which adsobate? " 
1370 PRINT "Type 1 for chollc acid; .. 
1380 PRINT .. 2 for cholle Na; " 
1390 PRINT " 3 for glycocholic acid; " 
1400 PRINT" 4 for glycocholic Na; " 
1410 PRINT" 5 for bilirubin; " 
1420 PRINT n 6 for other (bile) acid. " 
1430 INPUT; ACID : PRINT 
1440 IF ACIO = 1 THEN ACIDS = "Cholic Acid 
1450 W ACIO = 2 TIŒN ACID$ = "Cholie Na 
1460 IF ACIO == 3 TIŒN ACID$ = "Glycocbolic Aeid 
1470 IF ACID = 4 TIŒN ACID$ = "Glycocbolic Na 
1480 IF ACID = 5 THEN ACIDS = "Bilirubin 

" :FW=408.6 
" : FW - 430.57 
":FW-46S.6 
" :FW-487.6 
":FW-S8S 
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- 1490 IF ACID = 6 TIlEN INPUT" Adsorbate used:", ACID$ : PRINT: INPUT iopw of 
adsorbate:", FW: PRINT 
1500 G01'O 1620 
1510 REM •••• **** •••••••••••• *** ........................................ ... 

1520 EXNUM$ = "X ft 

1530 DATS = "DD-MM-YY 
1540 PHS = "Tris 7.4 " 
1550 RESIN$ = "I-COUNTER IONS 
1560 CAP = .23 

~ 1570 SUBST = .705 
1580 ACID$ = "Cholle Aeid 
1590 FW = 430.57 
1600 CONC = 10 

" 

ft 

ft 

1610 REM ••••• * •• , ............................................... . 
1620 INPUT "Do you want to print the parametcn (Y/N)?". AS 

- 1630PRINT 
--- 1640 IF A$ == "N" OR AS = "0" 001'0 1760 

1650 LPRINT "Experiment number: "; EXNUMS 
1660 LPRINT "Date (dd-mm-yy): "; DAT$ 
1670 LPRINT "Buffer and the pH: "; PHS 
1680 LPRINT "Adsorbate: "; ACID$ 
1690 LPRINT "Resin used: ft; RESIN$ 
1700 REM LPRINT "Resin Substn (%): ", SUBST 
1710 LPRINT USING "Resin Capacity (mmoVg): ###.###"; CAP 
1720 LPRINT USING "FW of the adsorbate: ####.##"; FW 
1730 LPRINT USING "Sol'o cone. (mg/dl): #1##.###"; CONC 
1740 LPRINT USING "Volume of ads. (ml): ##.##"; VOL 
1750LPRINT 
1760 PRINI; "TYPE 1 to enter one group of data eaeh lime;" 
1770 PRINT " 2 to read data saved on a disk; " 
1780 PRINT " 3 ta use data in the program as a sample." 
1790PRINt 
1800 INPut; FLAG 
1810 ON FLAG GOro 1820,2130,2260 
1820 REM option #1 .............................................. . 
1830 PRINT : PRINT 
1840 PRINT " Enter one group of data. ft 

1850 PRINT " --Conceotration (fraction); " 
1860 PRINT " --Weight of resin (mg); ", \ 
1870 PRINT " --Adsorbance before ads.; " 
1880 PRINT .. --Adsorbance after ads.; " 
1890PRINT 
1900 PRINT " Enter 9999 when you fmish data . 
1910FORI= 11'050 
1920 INPUT CONCFR(I), WT(I), BEF(I), AFf 
1930 IF CONCFR(I) = 9999 001'0 1960 
1940N=N + 1 
1950 NEXT 1 
1960 INPUT "Do you want to make corrections (Y/N)?", Ql$ 
1970 IF Ql$="o" OR Ql$="N" 001'02030 
1930 INPUT "Which one do you want to C<XTCCt (#)1 ", CORR 

t 

' .. :-
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1990 INPUT CONCf'R(CORR), WT(CORR), BEF(CORR}, AFT(CORR) 
2000 INPUT " Any more corrections (Y /N)? ", Q2$ 
2010 IF Q2$="n" OR Q2$="N" GOTO 2030 ELSE GOTO 1980 
2020 REM ................................................................... . 
2030 REM save the data on the disk 
2040 INPUT "Do you want to save your data on a disk (Y /N)? ", AS 
2OSOIF AS="n" OR A$="N" GOro 2380 
2060 INPUT "Put your disk in disk drive, press retmn.", B$ 
2070 INPUT "Name of yom data me (A:FJJNam.Ext)? ft, CS 
2080 OPEN "0", #2, C$ 
2090 FOR 1= 1 TO N 
2100 WRI1E#2, CONCFR(I), WT(I), BEF(I), AFT(I) 
2110NEXTI 
2120 GOro 2380 
2130 REM option #2 ........................... ~ ............................ . 

2149 REM open data flle on the disk and run the Jast part 
21SOPRINT 
2160 PRINT "What is the name of your data flle?" 
2170 INPUT "(Specify disk drive or directory): ", NS 
2180 OPEN "1", #1, N$ 
2190 FOR 1 ::- 1 1'050 
2200 IF EOF(I) THEN 2240 
2210 INPUT#1, CONCFR(I), Wf(I), BEF(1), AFf(1) 
222ON=N + 1 
2230NEXTI 
2240CWSE#1 
22Sù GOro 2380 
2260 REM option #3 •••• 111 .............................................. . 

2270 REM READ FROM TInS PROGRAM 
2280PRINT 
2290FORI= 1 TOSO 
2300 READ CONCFR(I), WT(I), BEF(I), AFr(l) 
2310 IF CONCFR(I) = 9999 GOro 2380 
2320N=N + 1 
2330NEXTI 
2340 REM ***** ••••• ** .... ***** ••••• * ............................. . 
2350 REM order of da~--concfr, wt of resin, abs bef, abs aft 
2360 DATA .6,1O,.2,.i5~,10,.3,.23, 1,10,.4,.3,9999,0,0,0 

~J2370 REM .................. ** ... *.*.**.** ............................ . 
2380 REM ***··**··*******CALCULA TIONS ... • ... •• ... *··············· 
2390 REM ........... ****** ... *****.**.** •• * ••• ** ...................... . 
2400 CLS : LOCATE 5, 1 2410 PRINT n ______________________________________________ " 

( 

2420 PRINT "CONe. WT. OF ABSORBANCE Ceq AMOUNT ADSQRBED" 
2430 PRINT " FRAC. RESIN(mg) BEFORE AFI'ER (mg/dl) (mM) (mg/g) (moJ/eq sites)" 
2440 PRINT "----------------------------------------------------" 
2450 CHANGE = 1/ (1 + .23/ 1000 ... FWINCR • SUBST) 
2460 NEWSUB = CHANGE * .23/1000 • SUBST 
2470FORI= 1 TON 
2480 ADSD(I) = (BEF(I) - AFr(I) 1 BEF(I) • CONCFR(I) • CONC '100 • VOL 
2490 REMN(I) = AFT(I) / BEF(I) • CONCFR(I) • CONC /100 • Vor: 
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2500 CEQ(I) = AFT(I) / BEF(I) '" CONCFR(I) • CONC 
2510 CEQM(I) = (CEQ(I) /100 '" 1(00) 1 FW 
2520\RADS(I) = ADSD(I) 1 Wf(I) '" 1000 
2530 X (I) = RADS(I) /l000/FW /(CAP/l000) 
2540 PRINT USlNG "##.## ft; CONCFR(I): 
2550PRINTUSlNG" ##.## "; WT(I); 
2560 PRINT USlNG "####.### "; BEF(I); AFf(l); 
2570 PRINT USING "m.## ft; CEQ(I); 
..2580 PRINT USlNG " #.##t## ft; CEQM(I); 
2590 PRINT USlNG " ###.### ft; RADS(I); 
26ooPRINTUSlNO" ##.####"; X(I) 
2610NEXTI . 
2620 PRINT "----------------------------------- " : PRlNT 
2630 INPUT "Do you want a hardcopy of tJûs data sheet?", AS 
2640 IF AS = "N" OR A$ = "0" 001'02790 

. 2650 LPRINT "-~-------------------------_;__---- ", 
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2660 LPRINT "CONC. WT. OF ABSORBANCE Ceq AMOUNT ADSORBBD" 
2670 LPRINT " FRAC. RESIN(mg) BEFORE AFrER (mg/dl) (mM) (mg/g) (molleq sites)" 
2680 LPRINT "------------------------------------- .• -" 
2690 FOR 1= 1 TON 
2700 LPRINT USING "##.## "; CONCFR(I); 
2710 LPRINT USING "##.## "; WT(I); 
2720 LPRINT USING "####.### "; BEF(I); AFl'(I); 
2730 LPRINT USING "###.## "; CEQ(I); 
2740 LPRINT USING "#.#### ft; CEQM(I); 
2750 LPRINT USING " ###.### "; RADS(I); 
2760 LPRINT USING" ##.####"; X(I) 
2770NEXTl 
2780 LPRINT "-----------------------------------=---,, : LPRlNI' 
2790 INPUT "Do you want to save these data onto a disk (Y IN)? ", OS 
2800 IF D$ = "N" OR D$ = "0" G01'O 2900 
2810 INPUT "Name of your fIle (specify diskdrive or directory)? ", F$ 
2820 OPEN "0", #3, F$ . .. 
2830 WRI1E#3, EXNUM$, DATS, PH$, ACID$, RESINS, CAP, FW, CONC. VOL 
2840 FOR 1=1 TO N 
2850 WRI1E#3, CONCFR(I), WT~(I), AFr(I), CEQ(I), CEQM(I), RADS(I), X(I) 
2860 NEXT 1 \ C·~ 
2865 CLOSE #3 
2870 REM "''''''''''''' ••• '''.''' ......... ''' ••• '''.''''''''''''''' .... ''''''''' •••• '''.'''''' ... '''''' •• ''''''''' ••• ''' 
2880 REM ........... "''''''' .... ''' ...... ''''''GRAPH PLOITING·"' .... "' .... "''''········'''··· 
2890 REM ."'''''''''''''''' ••••• ''''''''' •• ''''''''' ...... '''.''' ................. ''' ....... 1*''''''''''''''' ••••• 
2900 CLS : LOCATE 5. 1 
2910 INPUT " Do you want ta chose scale ranges (Y fN)?", OS 
2920 IF G$ = "N" OR G$ = "n" GOTO 3010 
2930PRINT 
29~'() PRINT" 1) Horizontal scale: " 
1950 INPUT ft Equilibrium concentration (mg/dl): ", CBQF 
2:'60 INPUT ft Equilibrium concentration (mM): ". CEQMF 
2970 PRINT " 2) Vertical scale: " 
2980 INPUT .. moVeq. active sites: ". XMOL 
2990 INPUT ft mg/g of resin: ". RADS MO 
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3000 0010 3050 
3010 CEQF =: 10 'graph Ceq (mg/dl) scale 
3020 CEQMF = .3 'graph Ceq (mM) scale 
3030 XMOL = .2 'graph moVeq pendant of the resin 
3040 RADSMG = 20 'graph mg/g resin 
3050 REM change for graphics 
3060 FOR 1= 1 TON 
3070 CEQG (1) = 80 + CEQ (I) ... (5501 CEQF) 
3080 CEQMG(I) = 80 + CEQM{I) • (5501 CEQMF) 
3090 XG, (I) = 160 - X (I). (140 1 XMOL) 
3100RADSp,ro = 160- RADS(I)'" (140/RADSMG) 
31l0NEXTL , ' 

, 

3120 REM cREAlE GRAPH WITH THE ARRA Y DATA 
3130 LABELl$=" ADSORPTION ISOTIlERM" 
3140 LABEL2S="X" 
3150 LABEL3$="Ceq (mM)" 
3160 LABElA$="Ceq (mg/dl)" 
3170PRINT 
318OCLS: LOCA'IE4,l 
3190 PRINT "Press RETURN when you are ready ta sec the graph. .. 
3200 PRINT "Load the paper properly before doing a hardcopy. " 
3210 PRINT "For ~>hardcopy, press SHIFr-PrtSc ifORAPIDCS is loaded." 
3220 PRINT : PRÎNT "MAKE YOUR CHOICE--" 
3230 PRINT "TYPE 1 for a graph X (moVeq active sites)-Ceq (mM); .. 
3240 PRINT " 2 for a graph X (mg/g resin)-Ceq (mM); " 

- 3250 PRINT " 3 for a graph X (moVeq active sites)-Ceq (mg/dl);" 
3260 PRINT ft 4 for a graph X (mg/g resin)-Ceq (mg/dl). " 
3270 PRINT " 5 10 change scales for graphs. .. 
3280 PRINT " 6 10 stop. " 
3290 INPUT; FLAG 4 
3300 ON FLAG GOro 3320, 3320,3320,3320,2900,3800 
3310 REM ****.*****"'** ........... * ........... * ••• ~ ... **** •• * ............ . 
3320 REM SET SCREEN TO mGH RESOUJI'ION 
3330 SCRIillN 2 
3340 CLS:KEY OfF 
3350 L = LEN (LABEL1$) 'get length 
3360 Q = 1NT «80-L)!2) , center on row 
3310 IFQ <=OTHENQ= 1 
3380 LOCATE 2, Q+4 : PRINT LABELl$ 
3390 REM DRA W A BOX AROUND nIE GRAPH AREA 
3400 W;Œ (80,20)-(630,160),,B • 
3410 LOCAlE 4,12: PRINT RESIN$ 
3420 LOCATE 5,12: PRINT "(H", EXNUM$; ft)" 
3430 REM GENERATE CIRCLES FOR DATA POINTS 
3440 FOR 1= 1 TON 
3450 IF FLAG = 1 TIŒN CIRQ.E (CEQMG(I), XG (1),3 
3460 IF FLAG = 2 TIiEN CIRa..E (CEQMG(1), RADSG(1), 3 
3470 IF FLAG = 3 TIlEN CIRa..E (CEQG(I), XG (1), 3 
3480 IF FLAG = 4 mEN CIRa..E (CEQG(l), RADSG(1), 3 
3490NEXTI 

.. 

3500 REM .............................. *.* ...... *** ................... . 
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3510 REM LABEL X AXIS ** ••••• *** •••••••••••••••••••••• '!' •••• 
352OFORI= 11'010 
3530 X, = 80 + 1 • 55 
3540 i.INE (X,IS7) - (X,l60) 
3550 COLUMN = !NT (3 + (X - 80) /8) 
3560 IF COLUMN > 78 THEN COLUMN Il 78 
3570 IF FLAG = 3 OR FLAG = 4 THEN G010 3620 
3580 XLM = (CEQMF /10) • (1 - 1) ~ 
3590 LOCATE 22, COLUMN - -
3600 IF (XLM*I00) MOD 5 = 0 THEN PRINT ING "'.##1"; XLM ") 
3610 GOTO 3650 , 
3620 XL = (CEQF i 10) • (1- 1) 
3630 LOCATE 22. COLUMN 
3640 IF (XL ·10) MOD 5 = 0 THEN PRINT USINO .,"; XL 
3650NEXTI 
3660 LOCATE 23, 42 
3670 IF FLAG=1 OR FLAG=2 THEN PRINT LABEL3 
3680 REM LABEL Y AXIS .......................... • ••••• ~* •••••• 
3690FORI= 1 TO 11 
3700 Y = 20 + (140/10) • (1- 1) 
3710 LINE (80,Y) - (83,Y) 
3720 ROW = !NT (3 + (Y-20) /7.5) 
'3730 IF ROW > 21 THEN ROW = 21. 
3740 IF FLAG = 1 THEN GOSUB 3820 ELSE GOSUB 3870 . 
3750NEXTI 
3760 LOCATE 11. 2 : IF FLAG=1 OR FLAG=3 THEN PRINT "mol" ELSEPRlNT "mg" 
3770LOCATE 12,2 : lFFLAG=lORFLAG=3TIlENPRINT"-"ELSEPRINT"-" 
3780 LOCA TE 13. 2 : IF FLA9=: 1 OR FLAG=31l1EN PRINT " eq" ELSE PRIN'I' " g" 
;3790 A$ = INPUT$ (1) : G01'O 3180 
3800 SCREEN 0 : KEY ON : STOP 
3810 REM ................................................. *.* 
3820 YL = ( XMOL /10 ) • (11 .1) 

, ~ 3830 LOCA TE ROW, 5 
- 3840 IF (XMOL > .1) AND «YL. 1(0) MOD 10=0) TIlENPRINTUSINO"#H.#H"; YL

~8SO IF (XMOL <= .1) AND «YL·l000) MOD 101:0) THEN PRINT USINO "#H.M"; YL 
3860RETURN 
3870 YL = (RADS MG /10) .., (11 • 1) 
3880 LOCATE ROW, 6 
3890 IF (RADS MG > 30) AND (YL MOD 10 = 0) THEN PRINTUSING "IIH"; YL 
3900 IF (RADSMG <= 30) AND (YL MOD 5 = 0) THEN PRINT USING Hm"; YL 
3910RETURN ' 
3920 REM················································· • 

, 
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.Appendix 5 

Experimental Data 

Figure 2.7 

1) 0.005 M tris b~er 
CC!L (mM), x (mo)Jeq) 
0.UI54~.0263 
0.0236.0.0416 

, 0.0285,OiM75 
0.~,O.0686 
O.oOOr;Q.lOO4 
0.0846, 0.1223 
0.1373.0.1778 

2) 0.005 M phosphate buffer 
(. (mM), x (mo)Jeq) 
0.0610.0.0172 
0.0947.0.0289 
0.1166,0.0436 
0.1742,0.0599 
0.2463, 0.0826 
0.3003, 0.0945 

3) 0.050 M phosphate buffer 
C (mM). x (mo)Jeq)-
0.0103,0.0033 
0.0163, 0.0077 
0.0233. 0.0114 
0.0312.0.0161 
0.0346. 0.0207 
0.0517 t 0.0235 
0.0678, 0.00.77 
0.0771.0.0289 
0.1077.0.0328 

Figure2.S 

1) NaC in 0.005 M tris buffet 
CIj!L (mM), X (mol/ecY 
O.ul99,O.OO44 
0.0294. 0.0064 
0.0399,0.0087 

p 

0.0555,0.0139 
0.0699,0.0169 
0.0771,0.0178 
0.0978,0.0220 
0.1224,0.0285 

2) NaC in 0.005 M phosphate buffer 
C~(mM).X(mo)Jeq) 
0.~60. 0.0012 
0.0666,0.0042 
0.0889,0.0045 
0.1370,0.0045 
0.1824, 0.0059 
0.2289,0.0065 

w 
3) NaGe in 0.005 M phosphate buffet 
C~ (mM). x (moVeq) 
0.Vj92, 0.0008 
0.05955,0.0011 
0.0793,0.0016 
0.1122,0.0040 
0.1575,0.0034 
0.1975,0.0040 

F"apre2.9 

1) with cholestyramine (Cl) 
as in Figure ~.7. (1) f 

2) with cholcstyramine tn 
C~~~, x (moVcq) 
0.1».14,0.0070 
0.0125,0.0110 
0.0184. 0.0157 

- 0.0346. 0.0297 
0.0422, 0.0367 
0.0430, 0.0488 
0.0617,0.0853 
0.1043. 0.1083 
0.1069,0.1267 

D 
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Figure 2.10 
'7''1 

0.2665, 0.0464 
~ ... , ~ 

, ";::,.' 

" :' 
1) NaC in 0.005 M Iris buffer 3) TMG-L~-~-P 

as in Figure 2.7, (1) 
~, - " 

~~' X (mol/eq) 
,1' 
~, 

2) NaGe in 0.005 M uis buffet O. 0.0097 
, 

~ '\~ 

C (mM), X (mol!eq) 0.0501,0.0308 -, 

0.00.63,0.0197 - 0.0768, 0.0259 

0.0216,0.0324 0.1136,0.0413 

0.0305,0.0421 0.1552,0.0350 

0.0430,0.0603 0.1611,0.0410 

0.0601,0.0831 .O.W7.0.0421 

0.0640,0.0884 a.2Ul,O.0426 

3) NaC in 0.050 M phosphate buffer 
~ 0.268ji. 0.0437 1 

as in Figure 2.7, (3) 4) TMG-Lyss-~-P 

4) NaGe in 0.050 M phosphate buffet C~t X (moIIeq) 
CO\ (mM), X (moJ/eq) 

O. 27. 0.02S5 

O. 48,0.0050 
0.0 ,0.0312 ., 

r O.0760~'O.0319 
" 

0.0067,0.0063 0.1125. 0.0520 
,< 

0.0236,0.0039 0.1357,O.072k.:._ 
0.0513,0.0067 0.1551.0.0608 
0.0586,0.0075 0.1913.0.0783 
0.0765,0.0081 
0.0786,0:0073 

0.1919.0.0180 '.\! 

0.2520. 0.0757 

0 .. ~0846, 0.0093 
0.0877,0,0081 S) ~G-LYSs-~-P/ground 

-

0.1081,0.0106 ' C~mM), X (mol/eq) 
0.1123,0.0118 O. ,0.0555 

0.1147; 0.0116 0.0387, 0.0685 

0;1225,0.0132 0.0581.0.0830 

0.1324,0.0121 0.0930.0.1155 

0.1~9iO.0134 0.1430.0.1213 

0.1602,0.0140 0.1889.0.1369 

Figure 2.11 Figure 2.12 

I)TMG-P I)TMG-P 

Cr/4 (mM), X (moJ/eq) C~mM), X (mol/eq) 
O. 12, 0.0094 :: O. ,0.0044 

0.0631,0.0201 0.0615, 0.0062 

0.1245,0.0274 0.0870.0.0044 

O.l604;Û.0423 ' 0.1066,0.0013 

0.2048,0.0437 0.1284, 0.0084 

2) TMO-Lys-A1a:l-P 
0.1685.0.0131 

Cm (mM), X (moJ/eq) 
0.2137, 0.0144 

O. 65,0.0164 2)TMG-~-P 

- 0.0578,0.0219 C~ (mM), X (mol/eq)' 

0.0801.0.0216 O. 10. 0.0094 

0.1245.0.0266 0.0858, 0.0112 ..r> 

0 0.1561.0.0344 ~ 0.1067,0.0148 

0.1647,0.0368 0.1760,0.0162 . , . , 
- i 

" -
.. ,,) 

!,f:; 
" 

, ~ 
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C 0.2250. MI59 0.1542. 0.09~ 
3) TMG-Lys-Ala:J-P 2) NaGe ,in 0.005 M phosphate buffer 
C~mM), X (mol/eq) as in Figure 2.12 (5) 
O. .0.0113 
0.1016.0.0145 Figure3.U 
0.1203,0.0234- 1) Carboxyl 
0.1993.0.0302 lrr x 10-3 (K-l). Tl (sec) 
0.2661,0.0251 3.35.3.2 

4) TMG-Ly~-A.la:J-P 3.19.3.8 
1 C~ (mM), X (moJ!eq) 3.05.5.0 

O. 29.0.0042 2.91.6.9 
0.0650, 0.0076 2.79,10.9 
0.0825, 0.0135 2.74.14.9 
0.1082.0.0097 2.68.17.1 
0.1698.0.0195 2) 18-Metbr1 
0.2165.0.0222 lrr x 10-3 (K-l), Tl (sec) 

5) TMG-Lyss-~-P 3.35,0.62 
" Cm (mM), x (moVeq) 3.19.0.78 , 

O. 29.0.0128 3.05,1.05 
, 0.0525. 0.0132 2.91. 1.18 

0.0697,0.0174 2.79,1.58 
0.0904,0.0183 2.74,1.98 

C 
0.1108,0.0233 2.68,2.22 
0.1439,0.0326 3) 19-Methyl 
0.1853,0.0345 ur x 10-3 (K-l), Tl (sec) 

Figure 2.13 
3.35:0.63 
3.19,0.72 

1) NaC in 0.005 M tris buffer 3.05,0.79 
as in Figure 2.11 (5) 2.91,1.13 

2) NaC in 0.005 M phosphate buffer 2.79,133 

Cm (mM), x (mo)Jeq) 2.74,1.59 

O. 96,0.0469 2.68,1.98 .. 
0.0337.0.0610 4) 21-Methyl 
0.0514.0.0741 lrr x 10-3 (K-l), Tl (sec) 
0.0850. 0.0933 3.35,0.45 

"'" 0.1240,0.1144 3.19,0.56 
0.1587,0.1341 3.05,0.70 

: 2.91,1.04 
Figure 2.14 2.79,1.34 

1) NaC in 0.00$ M phosphate buffer 2.74,1.65 
J 2.68,1.80 as in Figure 2.13 (2) .. 

2) NaGe in 0.005 M phosphate buffer Figure 3.13 
~~mM), X (mo)Jeq) 1) Carboxyl O. 5.0.0292 

lrr x 10-3 ,(1(-1>, Tl (sec) ... ,0.0374.0.0461 
0.0590,0.0439 3.35.3.32 

3.19,4.35 

·C 
0.0870. 0.0677 

3.05,5.93 ,~ 

- 0.1~6. 0.0796 
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2.83.7.48 0.1355.49.645 
2.75,9.69 3) Rcsin5-3 
2.68,12.06 -

~'& (mM), X (mg/g) 
2) ~8-MethII O. 09, 8.537 ' 

lrr x 10.3 (K-I), Tl (sec) 0.0337, 11.676 
3.35,0.70 0.0350, 9.725 
3.19,0.91 0.0574, 15.101 
3.05.1.18 0.0627,13.685 
2.91,1.53 O.œss, 18.735 
2.83.2.07 0.1202,21.891 
2.75,2.33 0.1229.22.409 
2.68,2.66 0.1502,28,173 

3) 19-Meth}'1 0.1624, 20.746 

lrr x 10-3 (K"l), Tl (sec) 4)Rcsin 5-4 
3.35,0.59 C~~. X (mg/g) 
3.19,0.17 O. g. 8.822 
3.05,1.20 0.0193,28.044 
2.91,1.38 0.0394,36.451 
2.83,1.60 0.0597. 56.657 
2.75,1.85 0.0868, 58.113 

rl 
2.68,2.23 0.0930. 57.977 

4) 21-Meth}'1 0.0953, 63.238 

() ll1x 10-3 (K-I), Tl (sec) 0.1099, 79.419 

3.35,0.54 0.1119,69.470 

3.19,0.64 {).1248, 73.2~4 . 

3.05,0.86 
FigureS.7 2.91,1.15 

2.83,1.37 l)Resin 5-1 
2.75,1.56 Cm. (mM). X (molleq lys residues) " 
2.68,1.82 O. 56. 0.1706 , , 

0.0398,0:3015 
FigureS.' 0.0645.0.3671 

1) Resin 5-1 0.0974.0.4467 ., 
COl (mM), X (mg/g) 0.1303.0.5431 

0.0 56,l.TI6 0.1631.0.6036 

0.0398. 3;140 2) Resin 5-2 
0.0645. 3.81J C~mM), X (molleq lys n:Sidues) 
0.0974,4.652 . O. .0.1038 
0.1303. 5.655 0.0209.0.2143 

~ 4' 0.1631.6.285 0.0427.0.2492 
\ 0.0625. 0.3455 2)Resin 5-2 

C~mM), X (mglg) 0.1027.0.4139 

O. 8.10.746 0.1153.0.5266 

0.0209,22.177 0.1355,0.4797 
~-J Il . 

0.0427.25.784 , 3) Rcsin 5-3 
0.06Ii5~35.756 C~ (mM), X (molleq Irs residues) 

0 0.1027.42.835 O. 09.0.1564 ' 
1 

'"' 
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C 1 

0.0331,- 0.213~ 0.065.0.125 
0.0350,0.1782 0.072.0.105 
0.057'*, 0Z167 0.099,0.175 
0.0627, 0:2507 0.130, 0.280 
0.0885. 0.3433 ~ 0.132. 0.250 
0.1202, 0.4011 

3)LYSS~-P 0.1229.0.4106 C~ , X (mol/eq lys residuès) '-' r~---- 0.1502,0.5162 
'1 'O. ,0.024 
" 0' 0.1624,0.3801 0.019,0.060 • 4)Resin5-4 0.029,0.134 

. C (mM), X (mo1/eq lys residues) 0.029,0.140 
0.(1)88, 0.0549 0.044. 0.229 
0.0193.0.1746 0.056, 0.280 
0.0394, 0.2269 0.104.0.348 
0.0597. 0.3527 \t 4) Resin 5-1 
0.0868,0.3618 as in Figure 5.7 (1) 
0.0930, 0.3609 

o S) i\in 5-3 0.0953, 0.3937 
0.1099, 0.4944 as ID Figure 5.7 (3) 
0.1119,0.4325 
0.1248,0.4558 Figure 5.10 

1) Resin 5-3 (methy1ated) 
Figure 5.8 , .C~mM). X (mg/g) 

C 1) Resin 5-5 O. 8,11.715 
Cm (mM), X (moJ/eq om residues) 0.0321, 15.926 

\/_ - J 

·0.0 09,0.1284 O.O~, 14.121 
0.0146,0.1016 0.0591, 15.930' 
0.0353.0.1374 0.0883,19.320 

\- 0.0412,0.1515 0.1482,32.224 
0.0604.0.1490 2) Resin 5-3 - ' 
0.0913,0.1784 as in Figure 5.6 (3) 
0.1226,0.2181 
0.1545,0.2498 Figure 5.1Ia 

2)Resin 5-5 1) Cholestyrarnine 
as irl Figure 5.7 (2) ~~~' X (mg/g) 

O. ,27.0 
Figure 5.9 0.032,32.0 , 

1) Lys-~-P , , 0.044,35.1 
CD\ {mMj. X (moJ/eq lys residues) 0.077.34.4 
O. 5,0.04 '. 0.111,40.4 
0.038,0.08 2)ResinS-4 
0.079+0.11 as i,n Figure 5.6 (4) 

. 0.157.0.19 "'? 

2)L~~-P Figure 5.llb 
CD\ { , X (moJ/eq lys residues) 1) Cholestyrarnine 

") O. 4,0.025 ~~mM). X (mol/eq acûve'~) " 

0.034. 0.D6S O. ,0.01399 
..-

·C C 0.048,0.105 0.032, 0.01658 l 

,. 
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. ~ -0.044,0.01818 
0.077.0.01782 
0.111,0.02093 

2)Resin 5-4 
as in Figure 7 (4) 

Figure 5.11 

I)OOC 
'r in Figure 5.Ilb (1) 

2)lnoc 
CIlS. (mM). X (moVeq active sites) 
0.u12,O.02010 
0.021,0.02222 
0.029,0.02383 
0.044, 0.02580 
0.072, 0.02549 
0.087,0.03108 
0.094. 0.02730 
0.104, 0.03263 

3) 200C 
C~ (mM). X (moVeq active sites) 
0.uu2, 0.02336 
0.010,0.03155 
0.019.0.03232 /iÎ, 
0.038. 0.03357 -'~ 
0.072, O.03~9 
0.106.0.03719 

4>.25OC 
C~ (mM), X (moVeq active sites) 
0.uu5, 0.03362 
0.012. 0.03621 ~ 
0.032, 0.04201 
0.063, 0.04564 
0.109,0.04652 

Figiire 5.13 
lrr x 10-3 (K-l), ln-K 
3.35.6.44 
3.41,6.25 
3.53, 5.93 ' • 
3.66,553 
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Part of the' research work has alretUiy been published or accepted for 

publication in scientific joumals. 'These includc the following: ~ 

,'.:" (1) A Study of the Interaction of BUirubin witb L-Lysyl.L-Lysine by 

NMR Spin-Lattice Relaxation Times, co-authored with G.R. Brown and L.E. 

St-Pierre, Cano J. Spectr., 32, 49, 1987; 

~ 
(2) A Nitrogen-lS NMR Studyof Bilirubin and Sorne Derivatives 

Us· the INEPT Sequence, co-authored with F. Saurlol, G.R. ,Brown and L.E. 

St-Pi ne, Cano J. Spectr., in press, 1988. • t 
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A Study of the Interaction of -8i1irubin with L-Lysyl-L-Lysine 
by NMR Spin-Lattice Relaxation Time Determinations 

x X. Zhu, GR Brown and LESt-Pierre 

Contnbutîonfrom Departmtmt ofCktmiatry, McGi(J Unlverstty, Montnal, PQ, Canada H3A IK6 

Received: October 27, 1986 Aceepted (in reViaed form): February 20, 1987 

R&um~ 

L'interaction entn la bilirubine et l'oligoptptidt, L
lysyl-L-IyftnA, dans lt dim&ylt auLforuh a étl ttudlie 
en mesurant le temps de rtlazatlon 3ptn-réseau (Td 
des protons et de8 carbones-l3 avec la techntqut 
d'intJtTBi.4!n-nlcouvrement par tramforrnee de Fourier. 
DeB diminutions de TJ ont été ob8ervée8 pour les 
groupes carboryltques de la blhrubme apTes l'apdltton 
de dt-IYBine Ces changement8 suggerent une lIaison 

1 Impliquant une rupture des ponts hydrogenes de la 
bIlirubIne et une interaction aCIde-base entre leB 
groupes carboxylIques de la billrubtne et les groupes 
am/us -lIbres Bur les chaine8 latérales pq>ttdtques 
CeCl~t confirmé par les changements des CoU TJ de 
la dl-lyBtne obseroU dans une solutum tampon ~e 
de P!waPhate deuttrée IOT8 de l'additlon de bdlTUbme 

Abetraet 

The internetion bet~ bilirubin and the oll{Joptp
tidt "L-lll'lIl-L-lllaine ln DMSO solut1on kas hem stud
led by mta6UrtmentB of the proton and carbon-la 3pin
taUlee rtlazatllm hme8 (T/ '8) IUlng the inverston
ruavtry FOUM tramform technique. DeCTtfUe3 weTt 

obawved in f.M -T, values for the carboryl groupa of 
bilirubin upon addlng the di-lY8iru Theae changea 
81l9gest a blndtng that mvolve8 * brtakage of the 
intramolecular hydrogen-bonds 0/ the btlirubtn molt
cule and an mteraction between t~ carbozyl groupa 
of the bthrubin molecule and the free amtu groupa 
on the pqtul.e Bide chaina ta form an acid-base linkage. 
Titis ia confinned by changea in, the C-lS T,'a of di
lySine indeuterated aqutous phospha~ IJuffer aolution 
upon addition of bilirubin . 

Volv_ n. No. 3, 1181 
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Introduction 

The b!JiEubin in the human body Î8 a produet of the 
metaboiœp of hemoglobin of senescent red blood ceUs. 
Certain abnormalities in the catabolism process can 
result in hyperbilirubinernia, a disease frequently seen 
among newboms (1). Bilirubin has drawn much atten
tion from resea.rchers because of its biomedical impor
tance. 

The structure and confonnatÏon of bilirubm-IXa have 
been extensively studied by NMR and by other tech
niques (2). It 18 a tetrapyrrole compound Wlth two 
proplOruc carboxyl groups. In its uncotlJugated fonn. 
shown in Figure 1, lt has SiX mtramoleeular hydrogen 
bond! ln the solid sulte as weil as in certain orgaruc 
solvents (3,4). Consequently, It 18 hydrophobie and ln 

aqueous solutIOn It has a very low !Wlubility, that 
decreases as the pH of the solution decreases. Il 18 

VU"tually insoluble in water when the pH_Î8 below i 
(3). 

FIgure 1. The at.ruture of uncolÛugated bilirubin-IXa, 
intramolec:ular hydrogen bonded. 

- 1 

,.kSS!,M 
- .1 



c 

,C 
( 

50 

Serum albumm i~ known to be the natural camer of 
bilirubin in the blooe!. 1 t ha:; been l'epol"ted that each 
albumin molecule can strongly bmcl t wo blhrubm mole
cules, each of them located at a different bmdmg sIte 

~
3). AI hough the exact locatIOn of the bmilmg s~tes on 

m albumin has not been elucldated, eVldence 
uggests that basic ammo aClds, such as lysine and 

arginme, must be at or c1osp. to the bmding sItes (5). 

This suggestion Ï!l:,supported by the obser;a~lon thaVr 
polymer resms with peptIde pendants contaimng these 
two basic arnm~aclds are very good adsorbents for 
bilirubin (6,7). 

Although certain mechamsms have been proposed 
for the bmdmg proœss, the precISe details are currently 
not fully understood. AdsorptIon studie8';l usmg poly
merie supports Wlth peptIde pend!\nts, mdlcate that 
the basieity of the arnmo acids ln ,the pendants is an 
important feature (6), In additIOn, cooperatJ~e effe~ts 
within the pendant are indicated, probably Involvmg 
conf6rmational changes of the peptides (8). 

The associatIOn between bihrubm and ohgopeptides 
has been studied mdirectly by adsorptIOn experiments, 
but NMR techniques, together wlth other expenmen
ta) methods, should produce additlonal valuable infor
mation. The bmding or interactIOn between two molec-

species ln solution mereases the em~ctive molec
ular welght, and hence, the slZe of the molecule. In 
solutIOn, molecules blgger ln slZe tumble less freely. 
correspondmg to a longer correlation time Except for 
rnolecules with a very large molecular weight, such as 
polymers, this inerease m correlation time genez:ùlY 
leads to a decrease m the spm-lattlce relaxatIon Ume 
<1\) for a molecule undergomg mamly dipolar relaxa
tion (9). TIus was demonstrated m a study·ofthe bmd
ing of drug)! sueh as sulfonamIdes to bovine serum 
albumin in aqueous solutIOns (10l. It was round that 
the relaxation tlmes for the protons on the functionl.il 
groups involved in the bmding decreased significantly, 
Subsequently, the binding of smallligands to macro
molecules has wo been explored (11). 

The adsorption studies (7) of the bmding between 
bilirubin and obgopeptlde sequences gave mcomplete 
infonnation concerning the nature of the interactIOn 
and mdicated the need for a c10ser investigation. The 
gëneral princlple of Changes, in relaxation tImes that 
result from binding can he apphed to a study of the 
interaction of bilinIbin with oligopeptldêS. This paper 
describes the determinatlon of changes in the proton 
and carbon-13 spin-lattlee relaxation bmes that result 
from the addition of a simple dipeptide, L-lysyl-L
lysine, to bilirubin. These pennit a detennination of 
the functional groups involved in the binding and orrer 

• BOrne insight into the nature of the interactions. 
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E-<perimental 

The proton experiments wel'e perfonned u!'ing a 
Val'lan XL-200 NMR spectrometer \VIth the ~amples 
contamed ln 5-mm NMR tubes, "hile carbon-13 exper
iments were done with samples mIO-mm tubes using 
a Vanan XL-300 NMR spectrometer The Inversion
recovery Founer transform method (12) was used. 
Experimental parameters, e.g., the delay tlme array 
and trradiatmg pulse Wldth, were calibrated pnor to 
the expenIJlent. A ISO· pulse was applied nonselec
tlvely to alÎl~~ignals to invert the magnetization. 
Immediately afte~-the pulse, the magnet1Z8tlOn was 
a1lowed to recover to its equilibnum value over a 
preselected period of tlme. For the carbon-13 exper
Iments, a smaller spectral wmdow·was used ta insUJ'e 
that the pulse was applied equally to all of the signais. 
The TI values were calculated usmg the computer soft
ware installed wlth the Varian instrument. The 
reported errer for the proton TI values was ,always 
within :5%, and in sorne cases < 1%. For the 13C 

values of TI the errors tended to be larger, but still 
withl,rl 10%. 

B;hrubin (Sigma) was used Wlthout punfication based 
on hlgh punty as shown by thin-layer ehromatography 
and by HPLC, using methods described prevlOusly (13l 
Because bilirubin in the unconjugated form tends to 
preclpltate ln aqueous solutions (:n, fully deuterated 
dlmethyl sulfoxide (DMSO-d6) was chosen as the 
solvent. The solutions were prepared inunedlately pnor 
to the experiments and were covered Wlth aluminum 
foil to prevent exposure to bght. Degassed bihrubltl 
solutions kept in a refngerator i'emamed stable, for 
about one week. 
• L-Lysyl-L-lysine dihydrobromlde. purchased from 
Vega Biochemicals, dissolves readlly m phosJ\hate 
buffer but IS insoluble in orgamc sol vents. To render 
it soluble m orgBnic sol vents It was converted ta the 
salt of trifluoroacetic aCld by dissolving It m tnfll,lo
roacetic &cid (ca. 1 g m 5 ml), warming the solution to 
35·C before lt wa:; poured into ethyl ether (45 ml}. The 
resulting prec1pitate was filtered and washed Wlth ether 
(4). The product wa:; freeze-dned ovemlght belore 
use and handled in a glove bag filled Wlth dry nitrogen 
to avoid mOlSture. 

The concentration of the bilirubin was kept in the 
range of 0.015-0.028 M 00-15 mg/ml) Relaxation 
times were measured at 20°C using solutions degassed 
by bubbling nitrogen through the NMR tube after 
whlch it was sealed. The degassing had little or no 
effect on the measured TI values. F ollowing thIs meas
Urernent, sutficient di-lysine was added to obtain a 
molar ratio of about 1:10. Aft.er the resulting solution 
had ooen degassed, the second measurement wu 
performed immediately to maintain the ex~rimentaJ 
conditions identicaJ to those for the first measurement. 

CaMdllln JOKm41 of 5pect.wcon 
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The measurements y/ere generally repeated to ensure 
that the results were reproduclble. 

For the carbon"'3 T, measurements of di-Iysme. Il 
was dissolved m 5-mm NMR tubes contamiog deuter
ated phosphate buffer (0.010 M, pH :: 7.8) because of 

( its Poor solubility in organic Boivent. The concentration 
of di-lysine in buffer was about 0.20 M. The error (or

the measurements wu < 5%. 

Re.ulta and Discuuion 

(A) Proton T, Meamrementa of Biltrulnn 

The proton NMR llpeetrum of,bilirubin in DMSO~ 
is shawn in Figure 2. The complete peak assignment 
bas been published previously by severa! authon (4, 15-
17). Aœording to a recent NMR study by Kaplan and 
Navon (18), the mtramolecular hydrogen bonds ofbih
rubin, obseJ'\l'ed m the solid state and in aqueous solu
tions. are disruptea by solvation in DMSO. 

The stack. plot of the relaxation proce~:-~f ~ihrubin 
in DMSO-<4. detenruned by the invers~recovery 
Fourier transfonn technique. is shown in Figure 3a. 
Generally the protons on the more flexible side chains 
of the bilirubin molecule have longer TI's tnan those 

, 

COOIf 

, , i ~ 

Fi~ 2. The proton NMR 8pectrum~f bi1irubi-IX[ 
• ir. DMSO-de-
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on the backbone. 'pon addition of di-lysine, the relax
ation times of cain protons change. as l'hown by 
Figure 3b. he deri\'ed \'alues of T \. before and after 
mlxmg the dl-Iysme wlth bilirubin, for the alfected 
protons are Iisted ln Table L ln addition, small chem
ica! shifts (ca. 0.010 ppm. usually downfield) are also 
observed. 

The most significant change is for the T, of the 
c:arboxyl protons. The 8ubstantial decrease in their T \ 
mdicates an mteraction of these carboxyl groups with 
the di-lysine. A strong selectiye broadening effect is 
also ob8erved for these carboxyl protons. The DMSO 
used to prepare the solutions was not dned, since the 
use of drymg reagents may introduce impunties (18). 
Consequently, the carboxyl protons are saturated with 
exchangeable protons from the water In solution prior 
to the addition of di-IYBine. There(ore, the broadenmg 
effect is mdicative of an exchange between the éarboxyl 
protons and the exchangeable p~ons of the di-lysine. 
lt gtyes added evidence of a specifie mteraetion of the 
bilirubin moiety with the dl-lysme. thiS is verified by 
carbon-la NMR studles whieh are discussed later. 

It.is of particular note that the T, values for the 
protons of the NH groups, Le., the pyrrole and the 
laetam protons, remain unchanged, within experimen-
taJ error. On this buis it would apP,eat that their ~ 
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Figure 3. Proton spin-Iattice relaxation time plots: 16 
transienta collected per spectrum: t. delay 
time: a) TI measurement oC 0.017 M bill-
Mlbin in DMSO-de; b) TI measurement of 
0.017 M bilirubin in D~ with di-lysine. 
bilirubinldi-Iysme molar ratio 10:1.5. 1 
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Il S,,,d/l 01 th.' l''/tm("//IJ/I or B,ilr/lbll/ /1',11, l.. L,."I·I..·LI/"I/I' 

TlIbl .. 1 Chanj!f~ ln PrOlon T, \'alu~. lin ...-cl of Blhrubm !BRl 
uJiun "d,\illon ur D,·\.,-m" IDI.J 

Proton BR BR .. DI. Dlfft'renct' l" ) 

Carboxyl \,-'1\ Ogi -41 III • 
\ 49 081 -46 121 

Io..methylenelll 0.14 016 + 14 
0.14 015 + i 

Q-propwnle methylene 0.21 0.25 + 19 
0.21 025 + 19 

/i-P~\1IC methylene 0.16 0.17 + 13 
0.15 011 .; 13 

7-,' 13-methyl 041 033 -20 
041 033 -20 
040 0.32 -20 
0.40 032 -20 

2-methyl 037 032 -14 
036 0.31 -1~ 

l1-methyl 046 0.39 -13 
j 045 038 -16 

Note. The two lJ'Oups of data ecIJTHpond to the foUo,,",nr umplet. 
(1) 0.015 M BRlDMSO. BRiDL molar ratio 10'1 O. 
(2) 0.017 M BRlDMSO. BR/DL molar ratio 10'1 5 

involverrtent in the mteractlon of di-lysine Wlth bill
rubin is linuted; ü there is any at aU. Sumlarly, the 
vinyl groups on the backbone, carbons C-4, C-5 and 
C-15, C-16 of bÙlrubin do not seem to he involved. 

The protons of the methyl groups at carbons C-2, 
C-?, C-13 and C-17 show a slgmficant decrease m TI 
value. This decrease can be attnbuted to an mcrease 
in rigidity that results from the formation of a complex 
of bilirubm Wlth di-lysine. ln solutlOn aU four methyl 
groups on the free blhrubm molecule pomt toward the 
enVlTOnment and can tumble freely. The increase in 
correlation tune and resultmg decrease in the TI values 
are consistent Wlth complex formatIon upon addition 
of di-lysIne. It IS partlcularly mteresting to ~f1ice that 
the percentage decrease of TI values for thé-lf.'ethyl 
protons on C-7 and C-13 15 greater than those for the 
methyl protpns on C-2 and C-I?, whlch are further 
away frorn the proplOmc slde chams with the carboxyl 
groups. 

In the case of the bmdmg of two small molecules, 
where only one correlatIOn tlme 15 apphcable, only 
decreases in relaxatIOn times wou Id normaHy be 

, expected under the extreme narrowing conditIOn. 
Surpruingly, a srnall IncTeC18t was observed for the 
TI's oCthe methylene protons, i.e., for protons on the 
C-IO bridge and on the proplOnic chams. It is important 
to note that bilirubm, with a molecular welght of 585, 
ia a relatively large molecule. Upon binding with di
lysine it becomes a complex, the various portions of 
whicb may have different correlation limes. Conse
quently, the changes in relaxation time that result from 
the interaction with di-lysine may differ for the various 
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parts of the molecule. Due to conformational changes 
of the molecule. the .5pm-lattice relaxation ume~ for 
the \'anou~ groups may in\'oh e mCl'eases as y, eU as 

decreases. Thus. the increase ln TI for the C-lO meth
ylene protons may reflect an increase ln correlation 
time for conditIons where the correJatlOn tlme lies 
beyond the limit of the extreme naJTowing condition, 
calculated from 13C relaxatIOn times to he approxl
mately 10- 10 to 10-9 seconds. This is supported by the 
simultaneous increase In TI Sor the proplonic methyl
ene protons. 

On the otheT hand, the increase in TI of the C·IO 
methylene protOIl8 due to the additIon of the oligo
peptide suggests that these 'protons gamed freedom, 
possibly as a result'iof further dl!l!!OCiation of the intra
molecular hydrogen bonds. Thesé hydrogen bonds are 
known to be between opposite halves of the bilirubin 
molecule and the binding of di-lysme to a c.arboxyl group 
on one half of the bilirubin molecule would eertaitdy 
disrupt such interactions. The solvation effect of the 
bihrubin molecules by DMSO is certainly less signifi
cant than the binding between bilirubin and the basic 
peptide. 

(8) Carbori-18 T, Measurements of BiLirubtn 

A complete asslgnment of the carbon-13 nuclear 
magnetlc re$Q!lance spectrum ofbilirubin ln DMSO has 
becn pubb5hed preVlously 08,19). Values of TI for those 
carbons of bilirubm affected by the addition of di-lysine 
are glVen in Table II. 

The carbons of the carboxyl groups on the proplomc 
side chams show a large decrease ln TI' ThIS decrease 
eonfll'lTlS the earher suggestIon that the decrease ln TI 
for the carboxylic protons is not due merely ta the 
broaderung effect ansmg from the proton exchange 
process. Furthermore, it also indicates that the nature 
of the interaction is nat exclustvely hydrogen bondmg 
Smce the bihrubm molecules in DMSO solution are 
a\ready solvated, as a resu)t of the formation of hydro
gen bonds W1th DMSO, Il seems unllkely that the mere 
substItutIon of thls hydrogen bond bv another wlth di-

Table Il Chanres in C-13 T, Values (m sec) of Bihnlbm (BR) 
upon Addition oC ,Ih.Lyame (DL) 

Carbon BR BR+DL DitJeren~ ("1-) 

Carboxyl 2.28 1.69 
Io..methylene 0 09 0 11 + 22 (2) 

Q-Propioruc methylene 0 13 0.12 - 7.7 (21 

~proplonle methylene ~O 09 0 II + 22 (2) 

,- " 13-methyl US 1.08 -25 III 

Sampln' (1) 0.028 M BRlDMSO. BRIDL molar ratio 10'.2.2: 
(2) 0.028 M BRlDMSO. BRIOL moIar ratio 10:1.5 
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lysine would N'suIt in a signlficant change ln TI' There
fore. it would ~eem more probable that thl~ IS an aCld
base mteractlon. ThiS Will be dlscussed further m the 
followmg section 

It is ofinterest to recall that the dl-Iysme was added 
to the biltruom in the fonn of the salt of trifluoroacetic 
acid. Studles by FTIR ofthis salt dlssolved ln carefully 
dried DMSO solution failed to mdlcate the presence of 
the Cree amme group of di-lysine mdicatmg that, under 
these conditIons, the salt IS largely undlSsociated. 
riowever, when the solution was prepare<! Wlth undried 
DMSO, as was done (or the NMR studies, the IR spec
tra gave clear eVldence that the amlno groups on the 
peptide side chams exist as fret! pnmary amine groups 
TIus would facmtate the formation of the salt bonds 
with bilirubin in the solution. 

,;j Comparison of the changes m T l, as determined !rom 
the proton NMR spectra with those !rom the 13C spec
tra indicates similar trends. The methylene group on 
the central bndge, position 10, is agam a very use fui 
sensor 10 studymg the conformatIOn of the bilIrobin 
molecules ln solution. The C-lO bndge carbon shows 
an increased TI relaxation tlme (Table Ill, as seen m 
previous TI measurements for attached protons, whlch 
supports the suggestion that the bmdmg Wlth the 
peptIde involves a complete diSSOCiatIOn of the mtra
molecular hydrogen bonds of the blhrobm mole cule 50 

that the central carbon becomes less restncted and 
, thus has a longer relaxatIOn time. Furtherrnore, the 

mcrease m TI for the j3-carbon on the proplOnlc cham 
demonstrates that side cham becomes more fleXIble 
when b\ltrubm IS bound to di-Iysme Meanwhlle, the 
TI for the a-carbons on these two slde chams shows a 
slIght decrease, or remams unchanged Wlthm exper
Imental error ThIS ,IS consistent Wlth the smaller 
increase observed for the TI 's of these protons relative 
to those of the j3-carbon. 

Smce both bihrubin and di-lysine have two func
tional groups, sorne of the blltrubin mole cules can be 
complexed together through the dl-Iysme Imkage, 
fonning a complex havmg a large effective molecular 
welght. This In tum leads to an Increase in the COtTe

labon tlme for the C-lO methylene whlch now 1$ on the 
backbone of the complex. The correlatIOn tlme Ifor the 
centrai bndge methylene group of bihrubm IS calcu
lated to be approximately 10 -10 to 10 - 9 seconds and' 
is on the border of the extreme narrowmg condition:"; 
The increase for the Col 0 carbon TI value IS larger than 
that for the corresponding protons, as shawn in Tables 
1 and II. This dlScrepancy can he explamed by the 
dependence on frequency of the TI values m the range 
wi, the correlation time fails around the minimum 
of It should also be pointed out that the measure
men error for carbon. 13 TI values is greater than that 
Cor the proton TI's. However, repeated experiments 
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demonstrate the sa me tendenc~' upon addition of \'ar~ -
mg amount!: of dl-h'!:ine 

GeneraUy the cal'ixlns on the bllu'Ubin backbone ,;ho\\ 
a decrease in the relaxation tlme as expected. ThIS I~ 
obviously due to the increase of the molecular welght 
resulting from the fonnatlon of a complex. The rnethyl 
carbons also n:lax faster in the presence of di-lysine. 
that is also consistent wlth the results for the proton 
Tl's. This is aiso true for the vmyl wbons at poSitIOns 
3 and 18. 

(C) Carbon-IJ trMeasurements for DI-LI/Sille 

ln the previous section. It has been suggested that 
the binding between bilirubm and dl-Iysme is an aCld
base binding. The m06t likely binding would be between 
the Bide chain ammo groups of di-lysine and the carboxyl 
groups of bihrubin. . 

To determine the involvement of di-lysine, expen
ments were perfonned m whlch small quantittes ofbùl
robin were added to excess dl-lysine. As mentioned 
prevlously, to obtam a concentration of dl-Iysme suffi
cient for these expenments, the dl peptide was dissolved 
in deuterated phosphate buffer This a1lowed obser
vation of changes m TI for carbons of the di-Iysme. 
Table III demonstrates that the TI for the carbon adJa
cent to the slde cham amme group IS reduced in the 
presence of bllirubin. ThiS IS unequlvocal eVldence of 
the mvolvement of the slde cham amme group in the 
btndinll of blhrubm to dl-lysine and strongly supports 
the exùrt.~nce of the ammoruum carboxylate salt bond. 

Both gio~ of data ~n Table III demonstrate. a 
decrease,ofT, for thls carbon atom The reason for the 
relatlvely small chang~ could be the very low solublltt~, 
of bllirubm m aqueous buffer solutIOn. Consequentl)". 
the amount of biltrubm m solutIOn was sufficlent to 
interact Wlth onlya very small fraction of the di-Iysme. 
Alternatlvely, the fonnatlOn of complex requires the 
disroption of the extensIve mtramolecular hydrogen 
bonds ofbilirubm in aqueous solutIOn. Hence, a consld
erably sma1Jer change would he expected than m DMSO 
solvent. 

T.b~ III Changea m T, value (in IKI of the Carbon Adjacent 
to the Amino Group on the Side Clwn or Di-Lysme (DLI upon 
Addttlon 01 Bilirubm (BRI 

DL DL+BR 
Relaxation Tune 1.04 096 -7 7 III 

102 098 -01 0 (21 

Note· ~ t .. o II"OOJlI or data COrTeSpond to the roUo'a"1nll&lllplH 
(l) 0.185 Il DUbuft'er. DUBR molar ratio 1000'6. 
(2) 0210 Il DIAluffer. DUBR molar ratio 1006-01. 
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Summary 

FI'om this stu<ly. It can he conclÎldecl that ln the polar 
orgamc solvent. DMSO. the remarkable decrease of 
the relaxation Ume ror the carbo'tyl group of the blli
robin molecule indicates that this group is involved ln 

an interaction with di-lysine. On the other hand. the 
deerease orthe TI for the carbon adjacent to the amino 
groups on the di-lysine side chains pro vides evidence 
that the basic amino groups are involved in the bind
ing. This is in agreement with the results of ad'sorptio .. n 
experiments ln which it was found that an mcrease ln 

ttil- number of amino acids ln the peptIde pendants 
attached to the sohd- polymer support mcreases the 
amount oC bilirubin adsorbed (7). The nature of the 
interaction is predonunantly salt binding. The inter
action process involves the dissociation of the intra
molecular hydrogen bonds of the bilirubin moleeule and 
the Cormation of the ammonium carboxylate salt bond 
between bilirubin and the peptide. 
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A Nitrogen-15 NMR Study of 8illrubln and Some
, Derivatives Uslng the INEPT Pulse Sequence , 

-x.x. Zhu, F. Sauriol, G.R. Brown and L.B. St-Pierre 
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801 Sherbrooke St. W. 
Montreal, PQ, Canada H3A 2K6 

Résumé 
Les spectres eU RMN eU r azote-IS tk la bUindJÙŒ et eU qlU!lques-uns 

de ses dérivés, lei le diester eU mithyl de la bUirubine, la büirublne dilaurine 
conjuguée el la bUiverdil:e, ont été enregistrés cl l'aiiU de la ~quence INEPT. 
Des 'expériences de corrélation hétéronucléaire lSN_1H en RMN 
bidimensionnelle ont permis l'assignation des slg1UlU% tfazote-1S. L'étude de 
l'interaction entre la bilirubine et le chlorure de trlmétlrylbe'!%Ylammonilun, cl 
l'aide de la RMN de l'azote-IS, a montré queuce sont les groupes NH pyrroles 
qui sont impliqués dans ctlte interaction, colnme on peut le constater par la 
diminution des signaux pyrroles dans le spectre de RMN INEPT de l'azote-I5. 

Abstrad 
The nitrogen-1S NMR spectra of bilirubin and some o/il'3,derivatives 

IUch as bilirubin dimelhyl ester, bilirubin ditaurine conjugate and biUverdin, in 
DMSO have been recorded us/ng the INEPT pulse sequence. To asslgn the lSN 
peales, IWO dimensional lSN) H heteronuclear correlation NMR experiPnePls 
~(re performed. The interaction between biUrubin and 
benzyltrimethylammonium ch/oride is indicated by the diminution of the pyrrole 
nitrogen peales in the ISN INEn spectrum. 
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Bilirubin, a natura1 bile pigment fonned by the catabolism of hemoglobi9. bas drawn 
much attention from researchm because of its biomedica1 importance, especially as related 10 
jaundice. The increasing interest in pbotatbempy and hemoperfusion stumes of biIirubin in recent 
years bas stimulated the Investigation of the structure and conformation of the bile pigments by a 
variety of physical techniques (1), but especially by NMR. 

It is weIl known that bile pigments. are tettapyrrole compounds with two propionic 
carboxyl groups. Ji;. structure for bilirubin was frrst suggested by Fischer et al. in 1941 (2). 
Subsequently, modifications ta that structure were proposed by many researchers (1) and Fig. la 
'gives the currently accepted structure. The two carboxyl gro'!Ps readily fonn six intIamolecular 

, hydrogen bonds with the pyrrole and lactam groups (Fig. le). As a result of the fonnation of these 
intramolecular hydrogen bonds, bilirubin is very hy&ophobic. Therefore, it is not surprising that 
bilirubin is practically insoluble in aqueous solutions, except in strongly aUœline solutions ~ 
disrupt the hydrogen bonds. It dissolves with limited solubility in some organic solvents, such as 
dimethylsulfoxide (DMSO) and chlorofonn. 

The structure and conformation of bilirubin in DMSO and chlorofonn have been studied 
cxtensively by proton and carbon-13 NMR. With the development of the powetful Fourier 
transfonn NMR technique, researchers have been able ta confinn the hydrogen-bonded structure 
and confonnation for sorne of the bile pigments and their relatcd derivatives. 1besc studies bas 
bœn reviewed by Kaplan and Navon (3). 
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In addition to the protons and the carbon atoms, th~ are also four nittogen 810ms in the , 
molecules of bile pigments, two of which are on the pyrrole rings and the remaining two on the 
1actam rings. The study of these nitrogen atoms, by NMR, cao give inte.resting information 
conccming the confonnation of bilirubin. Furthennore, the chemical shifts of 1~ are known.to 
be more sensitive to environment than those of proton and 13c. Consequendy. die 1~ chemical 
shifts may offer a good probe for the study of the interactions of bilirubin with various other 
molecules. 

Although nitrogen-14 is the most abundant isotope, it is not ideal for NMR studies 
because of the line broadening (up to severa! kHz) associated with its quadrupolar nature. The 
nib'Ogen-15 nucleus bas a spin of Ill, but its low natural abondance (only 0.365%) and 
unfavorable gyromagnetic ratio (-2.7112 x 107) make it very difficult to dctect (4). However, it is 
possible 10 ob tain sharp l~ lines, especially when sufficient sample is avaiIable and an 
appropriate pulse sequence is applied. Modem enhancement techniques, such as the 1NEPl' 
(Insensitive Nuclei Enhanced by Polarization Trnnsfer) and DEPT (Distortionless Enhmlcement 
by Polarization Trnnsfer) sequences, cao be used 10 improve the signal. For example, Hansen ~t 
al. have recently reported the nitrogen-15 mm specttum for bilirubin in DMSO, ob~ by use 
of a pulse sequence called SINEPT (5). The comrnonly used INEPT puIse sequence (6) cao easily 
be applied to obtain enhanced nitrogen-15 NMR spectra. 

In a previous study of the interaction between bilirubin and di-lysine, using lH and lle 
spin-lattice relaxation time rneasurernents, interesting infonnation was presented on the binding 9f 
bilirubin with oligopeptides. which is of importance in oiomedical research (7). In the present 
paper we report the complete assignment of the l~ spectra of bilirubin and sorne of the relared, 
pigments, as detennined by the use of two-dimensional heteronuclear correlation experiments. 
Studies of the interaction of bilirubin with benzylttimethylammonium chloride, based on the l~ 
spectra. are also presented and compared with the interaction of bilirubÏl1 with di-lysine. 

Results and Discussion 

Spectral Assignments < • d:i 
. As expected, four signais, in pairs of lWO, w&e detected in the decoupled 1~ 

of bilirubin IXa in DMSO using the INEPT techniques (Fig. 2). The peaks in the l~ spec of 
bilirubin were partially assigned by Hansen and Jakobsen ~ 1984 (5). Thal assignrnem is 
confmned by the data obtaiited by a l~_lH heteronuclear correlation experiment (Fig. 2). nus, . 
based on the proton assignment reported by Kaplan and Navon (3), the pair located al the uppcI' 
fIeld, -249.59 and -249.02 pprn, correlate with the_protops of the lactam groups, at positioDs 21 
and 24 respectively, while the other pair at the lower field, -231.3~ and -231.07 pprn, beloàg to 
the two pYrrole groups positions 22 and 23. However, sinee the two pyrrole protons signais al 
10.46 and 10.49 pprn, respectively, were not different.Iated frorn one an~er, it is not possible to 
make a complete assignrnent of the 1~ specbllm ofbitirubin (5). , 

To obtain the informatioq required for this assignment, the tturn is compared with 
those of its derivatives and sorne other related bile pigmènts. The ton NMR specttum of 
bllirubin dimethyl ester bas been published previously by Tru1l et bl., wim peak assi~ 
based on a com~on with the spectm of pyrromethenones, including a separation of the pyrrole 
protons (8). The l~ spectrum of bilirubin dimethyl ester (Fig. 3) is nearly identica1 to that of 
bilirubin. For the pyrrole nitrogens, there is a small downfield shift of 0.24 and 0.22 ppm, white 
the two lactam nitrogen atoms show a slight upfield shift of 0.11 and 0.10 ppm (Table 1). 
Interestingly, these changes in the chemica1 shift for 1~ signaIs are in accoràaIiée ~Ih ~ 
changes observed in the proton chemica1 stuft; pyrrole protons shift downfield by 0.07 ppm, 
lac tons shift upfield by 0.02 ppm, as shown in ,~able 2 
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The similarity of the 1~ spectta lndicales that in DMSO-d6 both bilirubin "and ilS 
dimedlyl _ assume identical confonnatiops, as suggested by earlier researchers (8,9). The -

, intramo1ccÙlar hydrogcn bonds of bilirubin are disrupted in DMSO and as a consequence there is 
no NOE (nuclear OverhaUser enhancement) effect on the Na protons from the carboxyl protons 
(9). Howevcr. in chJoroform solutions. the derived values for the NOE effect indicatc that 
bilirubin retains the iÎlttamQjecu1ar hydrogen bonds (10). In DMSO solutions. the inttamolecular 
hydrogcn boods of bilirubin are disNpted and intcmlolecuJar hydrogen bonds are fonned with, the 
llMSO molecules.,simiJar to tbose of biijrubin dimethyl ester. This solvation effect in DMSO 
mates tiotL. bilirubin and the ester adoPt simihtr conformations. .The similarity in confonnation 
for tbcse two compounds in DMSO is' aIso ctharacterized by simiJar spin-lattice relaxation limes 
for the centtal bJidge methylene groups. as reported by Kaplan and Navon (9). ' 

• The o2-D correlation spectrpm for bilirubin dimetbyl ester pennits the complete 
assigmnent of ils l~ SpectruIn ~g. "3).0 The IH and l~ ~tra of bilirubin and bilirubin 

_ dimedlyl ester are very sÎlIiilar in bath dimensions. as seen in â'èomparison of Figs. 2 and 3. The' 
pcaü in the contour plot appear al the same relative positions. so that the assignmenlS for tbese 
compounds should be the same. Therefore. it may Ife concluded that. in the bilirubin 1~ 
spcctnpn. the pyrrole nittogen signal that appears at the lowcr field bclongs to the 22 NIl whiIe 
the one al the upper field side bclOngs fa the NH of the 23 .position (Table 1). HenCé. in the protOn 
spec;trum the relative signal positions are reversed: the 22 NB proton BPPears al 10.49 ppm. the 23 
NB poron al 10.46 ppm~ . -" 

The lSN spectrum of conjugated bilirubin (ditaurate sodium salt) wu also recorded ' 
(Table 1). The two signaIs for Jactam nitrogen remained urichanged. The pyrrole nitrogen signaIs 
were botll' shifted upfield by 0.41 ppm. obviously due to the sus~lUtion on thè propionic side 
cbains. t'he ditaurine amide nitrogen appeared as a sharp signal al -264.43 ppm. The correlation 
of the 2-D l~)H spectnun ~f the bilirul>in conjugiue is identical ta those of bilfrubin and 
bilirubin dimethyl ester. ' 

r7 • Bili~rdin samples required a longer acquisition time than the other bile pi~ent 
\ sampl~ due to the relatively longe .. spin-Iauice relaxation lime of the NH groups. In the 1~ 

NMR' spectrum of biliverdin. ~ sharp signals were detected. The signais al -246.11 ~d-
246.17 ppm correspond 10 the two ~ram NH groups, while the other al -245.44 J'Pm corresponds 
ta the pyrroleNH group (Table 1).' This assigrunent was""iftso continned by a l'N-fH-correlation 
experimenL The difference between the chemical shifrs of these two lactam 1~ peaks is only 
0.06 Wm. much smaller than expected from the structural difference of the respecti,ve groups. 
'this is indicative of sinlili( chemical enviromnents for both rings A and D in spitc of the 
structural difference for these two rings, as shown in Fig. 1 b. This result is consistent with a 
reportcd fast proton exchange process between rings Band C. as detennined by fluorescence (11). 
However. the rate of the exchange is still slowenough to allow the detection of the single pyrrole 
NB group ofbilivenlln al -245.44 ppm. 

Interaction. Studies 
, A previous stlJdy o(proton spin-Jallice relaxation times suggested that bilirubin intel3C1S 

with di-lysine by Corming an 'acid-basc linkage tbrough the carboxyl groups of bi1irubin and the 
amino gI'Pupi on the ly~e side chains while the lactam and pyrrole groups of biIirubin have 
sIiown Hale cvidence of involvement in any interaction with di-lysine (7). It is of interest ~ 
investigalc further the intemction of bilirubin with oÜ~çpeptides. such as di-lysine, which is 
know'il to interact with bilirubin (12), by considerin, the SN chemical shifts. The addition of di
lysine does not result ÏJl, significant changes ta the ~ spectrum of bilirubin in DMSO (Fig. 4b). 
111e chemical Shifts, for the lactam nittogens remained unchanged within experimenlal enor and 
the signais of tbe pyrrole nitrogen were detected ta be shlfted downfield about 0.08 and'O.lO ppm. 
respectively. 'Jbe changes for the pynole groups,of bilirubin correspond ta the involvement of the 
nearby carboxyl groups in tbe interaction. This is consistent with the results obtained by the 
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proton spin-lauice relaxation time measurements (1), which indicated thal the NH groups of the 
bilirubin molecules were little involved in the interaction with the oligopeptide. ' 

The interaction of amines with bilirubin is of considerable interest since it is known that 
cholestyramine adsorbs bilirubin and sorne other biocompounds, albeit with limited capacit}' and 

• poor biocompatibility (13).' This material bas benzyltrimethyl quaternary ammonium funcûonal ' 
'groups 0l!",~crosslinked polyslyrene backbone. To Qbtain insight inta the interaction ofbilirubin 
with q~ ammonium functional groups of cholestyramine, studies were made of the cffect 
on the l~ NMR specttum of bilirubin upon addition of benzyltrimethylammonillm chIoride, 
which closely resembles the functional groups ~cho~s~ine. 

~ The signais, of the two -pyrrole'-IDougens diminished significantly when 
benzyltrimethylammonium chloride was added (Fig. 4e). Since the proton signais were used 10 
enhance the inteDSily of the l~ peaks in INEPr. this behavior is consistent with the absence of 
the proton on these groups. Note that there is also a chemicaJ shift change of about 1 ppm 
accompanied with the diminution of the pyrrole 15.N signais. Il is possible that the diminution 
could he caused by proton exchange, since moisture and other exehangeable protons existed in #le 
solution. Benzyltrimethylammonium chloride itself is very hygroscopie. The drying of the 
mixlUre with molecular sieves was anempted but il caused precipitation. . 

To study the effect of the presence of water, small amounts of distilled water were 
deliberately added ta the bilirubin solution in DMSO-d6. No significant change was found for the 
l~ signaIs (Fig. 4d). On the other hand, the addition of inorganic salts or acids caused 
precipitation of bilirubin. In faet. the proton exchange rate of pyrrole NH group of bilirubin bas 
been reported to be mueh lower than that of the lactam NH group (10). EVldently. the addition of 
benzyltrimethylammonium chloride accelerates the proton exehange process of the pyrrole 
groups, while the lactam groups are less affected. This suggests a specific interaction between the 
quaternafy ammonium salt and the pyrrole NH groups of bilirubm. 

As expected, proton spectra of bilirubin in DMSO Wlth \\rater and with 
benzyltrimethylammonium chloride were characterized by the disappearance of the carboxylic 
proton signals\ on the propionie side chams. The two adjacent pyrrole NB proton peaks of 

. bilirubin in DMSO-d6 gradually collapse into one single broad peak upon the additiQll.- of 
benzyltrimethylammomum chloride. In contrast, upon addition of water to bilirubin solution. the 
pyrrole protons gave two separate peaks, as m pure bilirubin samples. The signais of the four NH 
prolOns in the sample of bilirubin Wlth benzyltrimethylammoruum chloride are broadened, along 
with significant changes in chemical shifts (FIg. 5). This downfield shift is possibly due to the 

'~, deshielding effeet of the 1t-electrons of the benzene nng when the benzene ring is aligned with the 
• , "~\Pyrrole rings of bilirubin upon interaction. Sinee there is a rapid proton exchange involving the 

pyrrole groups of bilirubin, as evidenced by the lSN spectrum, it is UIÙikely that this deshielding is 
caused by inereased hydrogen bonding. '. 

Unlike di-lysine, benzyltrimethylammoniuriï êhloride is very soluble in DMSO so that a 
c6nsiderable amount can he added to the bilirubin solution. Il is possible that the ionized fonn of 
benzyltrimethylammonium chloride interacts not only with the càrboxyl groups of bilirubin but 
~ with the pyrrole groups. However di-lysine interacts only with the propionic acid groups of 
bilirubin. 

Conclusions 
,. 

The lSN and proton spectra of bilirubin and some of the re1ated derivatives have becn 
assigned by 2-D 1~) H heteronuelear correlation with the results shown in Tables),1 and 2. The 
similar conformations of bilirubin and bilirubin dimethyl ester in DMSO are continhed by the 1~ 
studies. The proton exchanBe between the two pyrrole rings of biliverdin molecule is identifiéd 
by the l~ spectrum. The l~ study bas a1so confll1Iled that the involvement of the NH groups 'of 
bilirubin in the interaction with di-lysine, is negligible. The addition of 8 quatemary ammonium 
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salt (benzyltrimethy1ammonium chloride) selecti"e1y accelerates the proton ~change of pyrrole 
groups of bilirubin, indicating that the pyrrôle NH groups are involved in the interaction. 

Materials and Experimental 
~ -~Bi1irubin IXa, purchased from Sigma. was of high purity as detennined by thin layer 

chromatography and high performance liquid chromatography (14). Biliverdin IXa was a1so 
purchased from Sigma with a 85% purity. Bilirubin dimethyl ester and bilirubin conjupte 
(ditaurate sodium salt) were pmchased from Porphyrin Products (Utah, USA). The bilirubin 0 

dimethyl ester commeroial product was impure as ~ecked by tl.c. test. The compounds were 
used without fuÏiher treatrnent or purification since the NMR spectta of these compounds 
indicated acceptable purity for the experim~nts. \ 

L--Lysyl-L-Iysine dihydrobronûde (Vega) was converted ta trifluroacetic acid salt. using 
a procedure described in an earlier repon (7). Benzyltrimethylammonium chloride was pUIChased 
from Aldrich. 

The solution of bile pigments in DMSO-d6 was prepared in 10 mm NMR tubes. Thé 
solution was fIltered carefully in a glove bag Cilled with dry nitrogen and was degassed with 
nitrogen for about 10 minutes. This process was perfonned in a dark room! using a dim red light 
when necessary. 

The nitrogen-15 spectta, recorded wilh a Varian XL-300 NMR spectrometet operating at 
a lsN frequency of 30.406 MHz, were on a sca1e wilh nitromethane set as the 0 ppm reference. 
The detected l~ signais ail appeared upfield relative to CH~021 therefore, acquiring a negative 
sign. The stability of the magnetic field was verified by recording the ~ spectra of 
dimethylacetamide (90% with DMSO-dJ wilh and without an external reference. A very small 
change (ca. 0.02 ppm) "'* detected, indicating an acceptable stability for the magnetic field. 

; . The refocussed INEPT pulse sequence as shawn below was used to detect the 1~ signal. 
~,~~ delays used in the sequence were based ouilen average value of IJNJI (95 Hz) observed for 

~bin (5). The value of tD in ail cases was 2.63 ms (l/( 4 1J NIl»' The refocussing period (tR) 
.. was also set to 2.63 ms to maximize the detection of the NH groups. Qne of the advantages of the 

INEPT experiment is that the repetition rate of the sequence is based on the shon proton spin- " 
lattice relaxation ÛJIles of the NH groups, ~u_s pennitting the use of a short preparation delay (D 1) 
of 0.4 to 0.5 seconds. 

D -(rrJ2) -t -(1t) -t -(1CI2) -t -(7t) -t -DEC 
1~ xD xD yR xR 

l'5N (1t) -tD-(1CI2)~,:-V(7t) -tR-ACQ 
(The refocussed INEPT pulsEisequence) , 

1 

/ 

. Two-dimensional heteronuclear correlation experiments were then conducted ta assign 
the nitrogen peaks for the bile pigments. The spin-Iattice relaxation times for the pyrrole and 
lactam protons of these molecules were det.ennined previously by the inversion recovery 
technique. Proper delay time and pulse width were calibrated prior to the experiment and were 
C$'èfully chosen to optimize the spectruIn. 
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Table ,1 lsN Chemical Shifts of Bile Pigments in DMSO-d6 

# 

Compound -Chemical Shift (ppm) 
21 22 23 

Bilirubin -249.59 -231.07 -23'1.39 
BRDME -249.70 -230.83 -231.17 
BR Ditauride -249.5~6 -231.48 -231.80 
Biliverdin -246.17 -245.44 

, BR + Dilysine ) -249.53 \ -230.99 -231.29 

BR: Bilirubin; BROME: Büirubin Dimethyl Ester . • r ,. . 

,1 :: ~~-- -

Table 2 IH Chemical s~ts of Bile Pigments in DMSO-~ 

C%und Chemical Shift (ppm) 
2~ 22 t 23 ' 

L 
Bilirubin 10.05 10.49- 10.46 
BRDME 10.03 10.56 10.53 
BR Ditauride 10,,07 10.44 10.40 
Biliverdin 10.79 10.67 

BR + Dilysine 10.08 10.56 10.53 
'BR + BTMACI . 10.33 10.80 10.80 
BR+Water 10.04 10.49 10.46 

BR: Bilirubin; BROME: Bilirubin dimethyl ester; BTMACl: 
Benzyltrimethylammonium Chloride. 
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li'ig. 1 The structure of bile' pigments: (a) R = OH, bilirubin"IXa: 
R = 0CH3, bilirubin dimethyl ester; 1( = NHCHzQ:IzSO~ 
bilirubin ilitaurine conjugate; (b) Biliverdin IXa; (c) r
Intramolecularly hydrogen bonded bilirubin IXa. 
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Fig. 2 The 2-D (lsN.IH) spectrum of bilirubin in DMS~. 
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Fig.3 The 2-D (lsN_IH) spectrum of bilirubin dimethyl ester in 
DMSO-d6• 

261 

, 

J 



-c 

1 

1 

/ 

f 

, 

• 

1-2~O' 

c -

i 1 i 
-2 .. 0 

Fig." The lSN spectrum of (a) bilirubin; (b) bilirubin + di-lysine; 
(c) bilirubin + benzyltrimethylammonium chloride; (d) bilirubin + 
water. Solvent: DMSO-d6• 
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Fig. 5 The IH spectra of the NH groups: (a) Bilirubin; (b) 
Bilirubin + Water; (c) Bilirubin + Benzyltrimethylammonium 
Chloride. Solvent: DMSO-~. 
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