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, ABSTRACT . 

(, 
Adsorption of bilirubin from aqueous buffer (pH = 

, -, 
7.8) by PVP, by chol"es'tyramine and by' amino a'Cid containing 

, 

, pendants, which have been immobilized onto a polystyrene 

(Merriiield) resin or a wster swellable polyamide resin 
~. 

usi~g the solid phase peptide synthesis methods, have been 

~tudied. The adsorption of bil~rubin by the pendants on the 

Merrifield resin was minimal while PVP and cholestyramine 

d b ~ ~, b d a sor e d S 0 ID e b i 1 i r u b in. Ho we ver t the est a sor ben t '5 .", e r e 

the immobilized ami no acids on a water swellable po~e 

resin. 

- " ' A systematic s~udy of the ~ffect of the changes in the 
~ ~ 

amino acid composition of the pelldant', both in type and' ..... 

number, on the adsorption by th~ polyamide resins indicates 
> 

that the. chaq~e density, oontributed 'h,' the R groups of the 

amino acids in the pendant, is the major factor in the 
Il 

adsorption prodess. However, sorne adsorption also occurs 0 

a t the a-ami no groups. Effects due tocth~ conformation of 
1 

t~e peptid~ chains are a1so indicated. Of the resins 

studied, those vith peptide penda~ts containing argini~e or 
, -

lysine form the most efficient adsorbents for 'bilirubin in 
i) y 

aqueous buffer solution. 
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Studies of ~he ~dsorpt~on of bilirubin from bilirubin 

~ ~solutions containing bovine serum albumin as weIl as 

studies of desorption of bilirubin from the resins by 

bovine serum albumin indicates that sorne resins containing 

arginine fn the pendants can successfully c.ompete with 

albumine Stoichiometric binding constants obtained for the 

polyamide resins by the method of Klotz are of the order of .. . . 
1 X 103 H-l to 86 X 103 M-l. These binding constants are 

low.er" thon tha,t of the reported values for the BTst 

binding site of bilirubin on albumin by a factor of 101 te 

10 4 and 1 ~"'w e r b y a f a ct 0 r 0 f lOt 0 103 th a n 1.;; the val u e s 
(.;.) 

reported fbr th~ second binding siEe. 
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L'ADSORPTION DE LA BILIRUBINE PAR,DES ADSORBANTS·POLYMERIQUES 

\ 

RESUME 

Cette étune porte sur .l'adsorption de la bilirubine en 

solution aqueuse" tamponnée (pa - 7.8) par le PVP. la 

cholestyrtamine ,ct par des acides aminés -greffés par la 

méthode -de 'synthèse de peptides en phase solide" sur une 

rési ne 'de 
, .. 

PolYDtyrene (Merrifield) ou sur une résine de 

polyamide gonflée en !!lUieu aqueux. 
\ L'adsorption de la 

bilirubine par les acides amin's ~reffés sur la résine te 

Mcrrifield est minima~e alors qu'elle est appréciable pour 

le PVP et la cholestyramine. Les meilleurs résuliats sont 
''P 

obtenus avec les acides aminés greffés sur la résine de 

polyamid~ • 

"'" 
En variant la composition des séquences d'acides aminés 

greffées sur les résines de po1yàmid~ il' est démontré que 

le procédé d'adsorption est principalemen~ relié ~ la 

) densité de charge apportée~par les groupements R des 

\ 
acides aminés. Cependant, l'adsorption peut, 8US~ se 

produire au ni~eau des groupements a-amino. De plus, des 

effets das à la conformation des chaines peptidlques sont 

aussi indiqués: Parmi les résines étudiées, les plus_ 

efficaces pour l'ads6rption de la bilirubine en miiieu 

aqueux 1;amponné sont celles possédant deSJ~rOupe. latéraux 

formés d'arginlne ou de lysine. 
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Des études cl.!! l' a4sQrption de la bilirubine dan9 des 
• 

solutipns contenant de l'albumine de sérum de boeuf 
, 
ainsi 

Que des mesures de la dês~rption de la bilirubine, 

préa1ab'lement adsorbée sur les résines de polyamiàe, par 

l'albumine de sérum de boeuf indiquent que certaines 

résines ayant " des arginines dons les S,roupes latérnuxC' 
\ 

peuvent toujours adsorber la bilirubine malgré la présence 

d' a1'bumine. Les rficonstantes . de fixation des résines de 
J) 

polyamide obtenues de façon stoechiambtriquc par ln m6thod~ 

de K10tz sont de l't>.rdre de 1 x 10 3 M- 1 li 86 x 103 M- 1 • 

l, 4 
Ces constantes sont inférieures de 10 a 10 aux v!lleuTa de 

ptJur 
, 

la littérature le premier site de fixation de ln 

bilirubine l'albumine elle le sont de 10 
, 

103 foio pll.r ct El 

pour le second site. \. 
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1) Metabolism of Bilirubin 
"l-
1; , .' 

,,~ 
r 

Bilirubin is a red-orange bile pigment usual~y 

represented as a linear tetrapyrrole [1]. lt ,is the 

. , 

CHa 

[ 1 ] 

pi~ment, found in aIl mammals, that Is responsl~!e tor \he 
, 

yellow colour seen in the skin of patlent"s with jaun,dice. 

B111rubin ie a toxie waste produet that serves no known 

purpose in the body. 

In 
1 
1 

man approximatel 4.4 mg of bilirubin 18 produced 

dai!y per kg of body t (Berk, et al.. 1974), of "hich 

approximately 70 to 80% ornes from the degradation of the 

heme part of hemoglo~'n '1) in senescent red blood 

celle. This degradat on occurs mainly in the liver, 

spleen, and bone marro (Scharschmidt and Gollan, 1979). 

The remaining 20 to 30% 1s produced 1n the liver from free 
,\ 

heme (B~J<, et a1., 1976). 
/- /-

'0.;1' 

Heme degradation is enzyme 

1 

" 

.; . , 

i 
1 
î 
1 
; , , 



r 

.tf 

FIGURE 1 

CHEMICAL STRUCTURE AND SEQUENCE 

FOR HEME DEGRADATION 

2 

.. 



( 

... 

.( \ 

- , 
{ 

• ! • :t 

.•. 

.. . 

-. '. 

.. 

c: -'D .. • • ---~ 

oS 
4 
~ ... --ID 

> ! 
1 

'1 

1 



" 

.1 

\ . , 

~~'\ , 
ca t811'sed, ',' by heme ,?xygen8se, and i s thought' to folIo .... the 

re8ction seheme shown in Fig. 2 (Kiku~hi and Yoshid8, 

1983). Due to the configur~tioh of the enzyme, this . ( 
reaction is stereoselective, so that the a-methene bridge 

(Fig. 1) is cleaved to yield bil.irubin IXa (Fig. 3) in 
preference to other isomers (Brown S.B., 1976). In fact, 

less .than 5% of bilir~bin isomers other than the IXa are 

found in apprec~able quantity in plasma. Commercial 

preparations of bilirubin contain another group of the 
" 

bilirubin isomers, the IlIa and Othe XlIla, arising from 

"isomerie scrambling" (Fig. 3) (McDonagh and Assisi, 1972): 

'These isomers are not formed in the presence of albumin and 

should not oeeur in-vivo (MeDonagh, 1975). 

Once in plasma, bilirubin is transported to the live~ 

aa a complex formed with albumin. The purpose of the 

complexation appears to be two fold: 1. It pre vents the 

toxie bilirubin from crossing the celI barrier and entering 

the tissues, and' 2. It solubilizes the hydrophobie 

bilirtibin. At the"liver barrier, the bilirubin free cof 

albumin i9 taken up by the hepatocytes, probably by 0 a 

~arrier mediated mecha~ism (Scharschmidt, et al., 1975, 

Scharschmidt and Gollan, 1979). It i9 still not elear 

whether or not the dissociation of bilirubin and albumin 

oeeurs near the c~ll membrane and is followed by transport 

of- bilirubin to the ce11 membrane or if there are reeeptor 

sites for albumin on the membrane where the bilirubin-
;~ 

albumin complex is dissociated and the bilirubin taken up 

i ~m e dia t è 1 Y b Y th è 1 ive r .c e Il ( Wei sig e r , et al. , 1 98 1 ) ~ 
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FIGURt: 2 ", 

PROPOSED MECHAHISM OF HEME DEGRADATIQN 
, 
([ika~hi and Yoshida. 1983) 
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FIGURE 3 

ISOMERIC SCRAMBLING OF BILIRUBIN 

(McDonagh and Assisi. 1972) 
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IDaide the liyer cell bil1rubiD ia boand to cytopla •• ic 

~ proteins; maln1y li8andin and Z protein (Feyery and 

\. 
Heirvegh. 1980) • It 18 then esterified, vith glucuronic 

acid. 
, 

form bilirubin digl uc uronide, "conjugated" to or 

'bili r ubin (Fig. 4). The first step in this proce ss 19 

enzy.e catalyzed by UDP-glucuronyltransféra8e. Whether or 

not the second step i8 catalyzed by the salle enzyme 

(Pathvay one) or by a different enzyme,. vhich would tansfer 

one glucuronic acid moie'ty from one bi1irubin molecule to 

another to yield one bilirubin diglucuroni~e and one 

uneonjugated bilirubin (Pathvay tvo). still remains to , be 

determined (Fevery, et al •• 1977, Fevery and Heirvegh. 

1980) • 

After conjugation bilirubin diglucuronide is excreted 

from the liver cells into bile. Apparently conjugation is 

essential for this process and, under normal circumstances, 

the amount of unéonjugated bilirubin found in bile is very 

911a1l • The necessity for conjngation may be due to a 

requirement of the bilirubin to "fit vith a specifie 

carri er" (Schar schmid t and Gollan, 1979)' 'or for the 

disruption of the intrsllolecular hydrogen bonds to yield 

'.ore hydrophilic products that are more easily excreted. 

Hovever. experiments vith non a-isQmers of bilirubin and 

vith photopigments, both of_-vhich lac~ the hydrogen bonds 

and are found in bile in their unconjugated form, susgest 

that the latter postula te is the pro bable 

(Scharschmidt and Gollan. 1979). Finally, bilirubin is 

( transformed to urobilinogens by bacterial flora in the 

6 
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FIGURE 4 

A) BILIRUBIN DIGLUCURONIDE 

B) PROPOSED PATHWAYS FOR THE 

(Fevery et al., 1977) 
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i'ntestine! and excrete'd in the faeces; 

Any defect or illness that effects the above mentioned 

processes can lead to hyperbilirubinemia (Fevery, et al., 

1977, Fevery and Heirwegh~ 1980, Petryka and Howe, 1979) 

(Ta ble" 1), an a bnormall y high concentra t ion of bil irubin 0 

in the plasma, which under pathological conditions 

becomes as high as 10-3 M (McDonagh, 1979), compared to a 

concentration of Iess than 1.7 X10-5 M in the normal adult 

1 (Bloomer, et aL, 1971). When hyperbilirubinemia prevails,. 

free bilirubin can enter the'tissues vhere it modifies the 

activity of many enzymes (Weisiger, et ~1., 1981). 

Newborns, especially prematures, are more susceptible than 

adults to hyperbilirubinemia. In newborns, the bilirubin 

production is generally higher than it is in adults, due' ta 

a faster turnover of the red blood cells (Fevery, et al., 

1977, Fevery and Heirwegh, 1980), while theiL conjugating 

enzymes are not mature until approximately 14 da ys after 

birth (Golan and Schmidt, 1982). Furthermore, premature 

babies have a lower concentration of a~bumin and that 

albumin has a 

(Fev'ery, et al., 
( ) 

lower binding capacity for . bilirubin 

1977, Fevery and Heirwegh, 1980). The 

blood barrier of the newborn is permeable to bilirubin. 

Thus, the accumulation of bilirubin in the brain, known BS 

kernicterus, is very common in babies with 

hyperbilirubinemia. Consequences of brain damage caused by 

kernicterus range from learning disabilities, in mi Id cases 

(Johnson and Boggs, 1974), ta lasting brain damage or even 

death, in more severe cases (Hansen, et al., 1979, 
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TABLE l 

HYPERBILIRUBINEMIA 

Step in the l1eta bol ism Abnormality 

, , 

- faster destruction of red 
production cel1s 

,- - increase in destruction of 
immature red blood cells 

transport - competitive binding 
\ - low albumin concentration 

hepatic uptake ; - co1npetitive binding 
, 

conjugation - enzyme de f ic ienc y 
- inhi bi tion bl! d rugs, 

secretion in bile - hepatitis 
" - cirrhosis 

el imina t io'n - mechanica l obstruction 
" 

- t 

. . 

( 
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Scharschmidt and Gollan, 1979). 

, 
2) Physical ill' Chespical Properties .Qi Bilirubin~ 

Before difcussing the different'methods av~ilable for 

the treatment of hyperbilirubinemia, sorne of t.he chem~eal 
'< 

and physical properties of ,bilirubin will be considered. 

Although i t has stimulated the curiosity of numerous 

researchers, many of the chemieal and physical properties 

.of bili~ubin are still not weIl known, mainly because of 

expé~imental diffieulties. 

The solubi~ity of bilirubin generally increases with 

increa~ing polarity o~ the BoIvent. Henee, it ls very 

soluble in formamide, DMSO, CH
2

Cl
2

, and CHCI
3

, less.soluble 

in aromat~c sol vents, such as benzene and pyr,idine, and 

virtually insoluble in apolar solvents, 5ueh as hexane and 

cyclohexane. In water bilirubin solubility is low, 

approximately 0.007 ~M (Brodersen, 1979) •. The solubility 

increases with an increase in pH. 'C 0 n s e que nt 1 Y t b il i ru b i n 

is very soluble in alkaline solutions in which the two 

, carboxylic l'!).rotons are lost sa that a , soluble salt i8 

formed. T'hus, aqueous solutions ean be prepared by firat 
, 

dissolving the solid in a small amount of base. e.g •• NaOH, 

and vith an appropria te b~ffer. Aq.ueous 

solutions of bilirubin near neutral pH are stable for 

several hours. If trhey are supersaturated. colloidal 

suspensions are formed whieh are not neces8arily visible to 

the naked eye. The tendency of bilirubin to form 

supersaturated solutions has resulted in large errors in 
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the determination of bhe solubility of bilirubin in water 

50 that a-wide range of values have been reported. For 

example, a reported solubility as high as 100 ~M (Burnstine 

and SCh~dt, 1962) probably refers to a supersaturated 

\ solution. Using its solubility at pH 8.5, where bilirubin 

? 

is more soluble, Brodersen (Brodersen, 1980) caiculated the 

bilirubin solubility st pH 7.4 to be 4 nM, in fair 

agre~men t wi th the va 1 ue of 7 nM 0 btained exper,imen tally 

(Brod\ersen, 1980). 
1 

The hydrophobicity of bilirubin ia rsther unexpected. 

Since bilirQbin has severaI,groups, such as t'Wo carboxyle, 

two làctam NH's, two pyrrol NH's, and two lactam carbonyls, 

a Il wi t h hyd rophil ic cha r'ac ter, i t woulQ be though t t 0 be 

water soluble. The answer to this apparent psradox was 
" 

first given by Fog and Fellum (Fog and Fellum, 1963) who 

proposed that the hydrop~ilic groups may be invo1ved in 

internaI hydrogen bonding. Using X-ray diffraction 

measurements, Bonnet, et al. (Bonnet, et al., 1978) 

recent_l y proposed the now accepted struc t ure for 

crystalline bilirubin (Fig. , 5). This "ridge tile" 

structure has B Z configuration at both the Cs 

methene bridges. The presence of six intramolecular 

hydrogen bonds leaves the hydrophilic groups saturated 

inside the structure and the hydrophobie groups outside at 

the surface of the molecu1e. Wheth'er or not the aqueous 

bilirubin dianion, obtained by the formatioq of the soluble 

bilirubin salt in alkaline medium, retains some !of the 

intramolecular bonds has' not been elueidated. However, 
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FIGURE 5 

IHTRAMOLECULAR HYDROGEN BONDS IN BILIRUBIN 

(Bonnet, et al •• 1978)" 
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Mugno! i, et al. (Mugnol~, et al., 1983) showed by X-ray 

~iffraction measurements that bilirubin isopropylammonium ,. 

salt in chloroform retainS!' four of the six intramolecular 

,hydrogen bonds. 

Bilirubin a bsorbs visible ligh.t strong 1 y and - in 

,aqueous solution an absorptio~ ma~tmum is observed at 438 

- 440 nm with an extinction coefficient of the order of 
" 

4.7 X 104 1 mole- 1 ~m-1 (Lee and Gartner, 1976). The 

a bsorbanc e spec tum is insensi ti ve to pH, in the regi'on of 

8 to Il (Hansen, et al., 1979), and obeys Beer's law at 

" concentrations below 10 mg/dl. Consequently, UV-visible 

spectroscopy 1s a useful analytical too1 for the 

determination of the concentration of bilirubin in aqueous 

solution. Upon addition of albumin' a red "shift" occurs, 

À to "" 460 nm, wi th an increase in the extinction max 

coefficient st the maximum. However, the extinction 

" coefficient at 438 440 nm remains essentially unchanged 

(.Shapovalenko and Kolosov, 1978) , although some . smalt 

var,iation (less than 4%) in t11.e a bsorbance of the solution' 

can sometimes be observed. 

The acid-base properties of bilirubin are still under 
, 

debate. The lactam groups ionize at a pH in the region of 

12 to 14, depending on the solvent (Ostrow and Ce ie, 1984, 

Hansen, et al., 1979). However, agreement on 

the carboxyl groups has not been reached. 

he pK of a 

Numerous ,..--.-

authors report pKa values of approximately 4 - 5 for the 

carboxyl groups, as expeçted fbr propioriic a~id side 

For e x a m pIe. Lee, ' et al. ( Lee t et 1 • , 1 974 2, 
-/ 
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compared the dàt,a for potentiometric titration of bilirubin 

of other d1carbox1lit acids with the known p:~.~ in 'DHF 

to ootain values of 4.3 and 5.3. From 

titration of bilirubin in DM~Ot as ièll as titration in 

aque~us solution coup1ed with 13C NMR stuëlies, Hansen, 

Tbiessen and Brodersen determined that the 'carbolCyls have a 

pIta of 4.4 (Hansen, et al.; 1979). In contrast, a value 

of' 7 - 8 was a1so reported for the pICa of the carboxyl 

'" &,roups based on titration of aqueous bilirubin (Krasner and 
.r 

Yaff'e t 1973 t Gray t et al.. 1961). However t ac.c..ord ing to 

McDonagh (McDonagh, 1979) and Br6dersen (Brodersen, 1980), 

the ohser v ed inflection point does not necessarly 

. correspond to the pK of the aeids sinee bilirubin starts 
'" a 

to preeipi tat'e around that pH. Thus, the shape of the 

titration curve ,is a funetion fiot oaly of pH but also of 

solubility. 

As a resul t of the intramoleeular hydrogen bonds 

b11irubin-IXa is slightly more stable than other rubins or -verdins. In the crystall~ne form bilirubin can be stable 

for at least one to two years provided that it is stored in 

a dark, cool envifonment (McDonagh, 1979). However, as 

mentioned previously t aqueous sol utions of bilirubin are 

not stable. In addition to the colloid formation mentioned 

previously. bilirubin undergoes oxidation in the presence 

Qf even trace amounts of oxygen ~to yield biliverdin and 

other degradation products. The instability increases with 

increasing pH, so that alkaline solutions of bilàrubin 

decompose rapidly. Between the precipitation of bilirubin, 

\ 
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jI at pH's lover than approximately 7.4, aqd the o.xidation at 

a slightly higher pH, there exists on1y a narrow margin of' 

pH in which aqueous bilirubin solutions are stable ~ven for 

a short period ~f time. Addition of a1bumin solubilizes 

bilirubdn and slows down the rate of the oxidation process 

(Lightner, et al. , 1976). Thus, albumin/bilirubin 

s&lutions ~re experimentally easier to hand1~. 

Bilirubin is also light sen~itive sa that it should be 

hand1ed under subdued light (McDonagh, 1979). After a fev 

minutes ,of irradiation, photoox{daiion accurs to yie1d 

several der;:ompositiOn p'roducts. The nature and 

distribution of these praducts depen's on three factors: 

the nature of the solvent, the excitation energy, and the 

presence of additives such as quenchers (Bonnet, 1976). A 
, " 

, 
second process ~lso occurs when a solution of biliru~in is 

exposed to UV or visible light, oit:' is almost instantaneous 

and occurs in the absence of oxygen (McDona,sn'>t: 1974, 1979). 

Thfs second process i5 thought to be the photoisomeriz8tio~ 

of the ZZ isomer of bilirubin to EZ, ZEf tE isomers and 

o the r ~h 0 top r 0 duc t s (F i g • 6 ) ( Li g h t ne r , 'e t - " aL, 

McDonagh, et aL, 197,9). 

3) Treatment'~ Hyperbilirubinemia 

1979, 

~any, methods have been de,vised for the treatment of 

hyperbilirubinemia, includin~ phototherapy, hemopeifusion, 

ingestion of adsorbent __ or a combination of phototherapy 

and ingestion. 
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FIGURE 6 

BILIRUBIN PHOTOISOMERS 
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~) Phototherapy and Photobilirubin 

The irradiation- of the patient vith blue light. knovn 

as phototherapy, i5 now the method -of choice in the 

treatment of neonata1 hyperbi1irubinemia (Kalpoyiannis, et 

aL, 1982, Moseley and Summer, 1983). It was introduced in 

1958 as a resu1t of an observation of an "apparent fading 

avay of the yellaw pigmentation in the skin of jaundiced 

babies when they had been a short time in the sunlight" 

(Cremer, 1958). The mechanism for the elimination of 

bilirubin during phototherapy seems to be quite complex and 
, 

15 not yet fully understood. It was first thought that 

photooxidation (Cremer, 1958) or photooxygenation 

(McDonagh, 1976) was responsible for the reduction of 

bilirubin during phototherapy. However, new insight into 

the phototherapy mechanism was obtained when Ostrow 

(Ostrow, 1971) found that uncanjugated bilirubin. a10ng 

vith other water soluble bilirubin derivatives. is excreted 

in the bile of Gunn rats undergoing phototherapy. Gunn 

rats lack the ability to conjugate bilirubirl and thus 

cannot normal1y eliminate it. Since lt was known that 

bilirubin cannot normally be excreted unless lt is first 

conjugated with g1ucuronic aCld, it was postulated that 

phototherapy must cause bilirubin to be modified in a way 

such that it can cross the liver barrler. McDonagh 

(Mc Donagh. 1976) suggested that phototherapy promotes the 

formation of a bilirubin isomer ~hich i9 excreted more 

easily than the parent pigment but which. once in the 

gastrointestina1 trac t, reverts back to the parent 

17 
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b111rubin isomer. This vould account for the presence of 

the unconjugated bilirubin detected in bilé. Direct 

evidence, by difference UV-visible spectroscopy, for the' 

in-vitro "formation of a photolabile bilirubin derivative 

was first presented by Davies and Keohane (Davies and 

(eohane, 1970, 1973). The difference spectrum of 

irradiated and non-irradiated bilirubin solutions showed a 

"gain" peak at around 490 nm, while a "loss" peak appeared 

at 465 and 420 nm. This observation was confirmed br 

Lightner. Wooldridge and Mc Donagh (Lightner. et al., 1979, 

McDonagh. et aL, 1979). 

'\photobilirubin" was a1so 

(Onishi, et al., 1980). 

Et" ence for the existence of 

ota in) e d b yOn i shi. etaI .. 

Othe basis of HPLC data they 

shoved that upon irradiation the bilirubin concentration 
\ ~ 
1 

decreases with simultaneous formation of a new. more polar 

substance. These products are .unstable and thermally 

revert back to bilirubin; the rever$ion is enhanced by 

light, trifluoroacetic acid and iodine. 

Due to their instability the products could not 

originally be isolated or characterized. However, from X-

ray crystallography it vas ~now~ that bilirubin i8 in the 

ZZ conformation' (Bonnet. 1,976). Bdsed on the Z --) E 

isomerization of other bilirubin-like molecules; Pedersen,' 

et al. (Ped~rsen, et al., 1977) end Lightner t et al. 

(Lightner:. ét aL, 1979, McDonagh, et al •• 1979) proposed a 

- simîlar Z --) E isomerization at the Cs and/or C
15 

briage 

of bilirubin to yie~d the ZEf EZ and EE isomers. These 

isomers woul& account for the appearance of bilirubin fn 
, . 
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bile. Since they are more polar, hence more water soluble, 

than bilirubin they could be excreted wi~hout conjugation 
~ 

(HcDonagh, et al., 1980). 

The first isolation of photobili~ubin was accomplished 

by Stoll, Ostrow, Zenone and Zarembo (Stoll, et al., 1979); 

two pairs of photoisomers lA and lB, lIA and lIB were 

isolated on silica gel. The more polar and more stable 

pair, component II, was assigned as being two rotomers of 

the EE isomer. These rotomers showed spectral and chemical 

properties ~ similar to those of a major photoproduct 

detected during phototherapy., The less polar and l~ss 

stable isomer lA was,assigned the ZE conformation,while lB 

was assigned the EZ,\onformation. 'These two isomers could 

weIl account for the unconjugated bjli~ubin seen in the 

bile or nhs undergoing phototheràpy. Al thoug,h they had no 
J 

, ~ 

direct evidence for these ~t-ûctures.l several observations 

supported this post_~late: 1. Higher polarity arising from ' 
, 

the greater fr~edom of the carboxyl groups to ionize as a 

re~ult of the disruption of H bonds; 2. Absotp'tion at 

shorter wavelengths, i.e. lover of the 

photopraducts due to 1055 of coplanaritYi Appearance 

of IR bands at 2850 and 2920 cm-l, due ta the modification 

of carboxyl-OH groups, agaln due ta disruption of H-bonds. 

Stoll, et al. (Stoll, et al., 1981) showed that 14C_ 

bilir~bin. which had been irradiated in CHCl
3

,o evaporated, 

dissolved in serum, and injected into Gunn rats, was 

excreted in bile as bilirubin and "photobilirubin". This 

provided direct evidence that the in-vitro and in-vivo 
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photoproducts are probably identical. When the different 

isomers of photobilirubin were isolated and separa tel y 

injected into the rats, components lA and lB were excreted 

mainly as the parent bilirubin isomer, -although some 

,unreverted isomers could be still be deteèted. However, 

ppotobilirubin Ir remained unchanged during the passage 

through the rats. 

The firet structurâl evidence for the E --> Z 

isomerization was provided- by Stoll, et al. (Stoll, et al., 

1982) from the proton NMR study of very pure photobilirubin 

II. Analysis of the NMR sp'ectra, together with chemica1 

considerations, sU8gested that the- lIA and lIB isomers are 

diasterioisomers in which the C3 viny! groups have cyclized 

intramolecularly (Fig. 7). Another photoproduct, 

photobilir.ubin III, was also reported and is probably 

similar to the photobilirubin II but with the BE 

configuration. A proposed relatinnship between· the 
.' 

different photoproducts of Stoll, et al. and Onishi, et al. 

(Stoll, et aL, 1982, Onishi, et aL, 1984) is shown'in 

Figure 7. The structures shown for the cyclobilirubins are 

those proposed by Onishi. et al. (Onishi, et al., 1984) and 

are identical to one of the structures proposed originally 

by Stoll, et al. (Stoll, et al., 198~). The reaction 

schemes proposed by the two groups are a1so identical. 

Phototherapy has been used successfully in many cases 

(Kalpoyiannis, et al., 1982). However y some side effects 

have been noted and the long term mor~idity has not Jet 

been assessed (Kalpoyiannis, et al., 1982). The "bronze 
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FIGURE 7 

STRUCTURE AND RELATIONSHIP 

BETWEEN BILIRUBIN AND ITS PHOTOPROD~CTS 

(Onishi, et al:, 1984) 

Pho~obil1rubin 1 - Peak III 
Photobilirubin II • Peak II 
Photobi1irubin III • Peak l 
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baby" syndrome" thought "to be an accumululation of 

photoproduct II polymerized to yield an insoluble bile 

pigment, is one of the si de effects of phototherapy 

(Onishi, et al., 1982, Tan and Jacob, 1982). Carcinogen~c 

potential and damages to the genetic material resulting 

from exposure to light (Santella, et al., 1978, Ennever, et 

al., 1983)' should also be considered. This is especially 

true iri the case of hyperbilirubinemia since there is 

evidence that suggests (bat bilirubin aets as a 

photosensi tizing agent which' could enhance the level of DNA 

damag~ (Rosenstein and Ducore, 1984). 

b) Ingestion of an' Adsorbent: 

The ingestion of an adsorbent to remove bilirubin from 
) 

the gastrointestinal tract is another method of treating 

hyperbilirubinemia. It is thùught that the addition of a 

seavenger for bilirubin into the gastrointestinal tract 

lowers the free bilirubin concentration, thus shifting the' 

equil i b,ri um and promo ting b i li ru bi n transf er' across' the 

intestinal mueosa (Ennever, et al., "'1982) and interrupting 
! 

the enterohepatic reeirculation of bilirubin (Ulstrom. et 

aL, 1964, Ennever, et aL, 1982). Lester, et: al. (Lester, 

et al., 1962) first demonstrated that adu1t Gunn rats have 

a 10wer serum bi1irubin concentration' when they are fed 

cho1estyramihè, an anion exehange re;in cçmp~sed of stfrene 

divinylbenzene' copo1ymér w'ith, qua'ternary ammoriium ions. 

Similarly, Arrowsmith. et al. '(Arrowsmith, et aL, 1975) 

demonstrated that cholestyramine'fed to infants reduces the~ 

concentration of serum, bilirubin.' in apparent 
, 

1 
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·contradiction. Schmidt, et al. (Schmidt, et al., 1963) 

demonstra ted. that feeding cholestyramine ~o prematu~e 

infants 1s ~ an effective treatment for the reduct~on of 

b fI i r u b in· lev el sin b 100 d • Charcoal, if administered ta 

newborns prior to 4 hours after birth, slso facilitates the 

eli~ination of bilirubine However, if administered t2 

hours after birth it hos no effect (Ul~tromt et al •• 1964). 

Conflicting reports exist coneerning the efficiency of 

8g8f, a sea~eed extract, as d~ adsorbent for bilirubin 
" 

" removal in the gastrointestinal tract. Although Most of 

the studies indicate that agar does not.adsorb bilirubin 

(Maurer, 1973, Moller,< 1974, Blue and Etienne. 1973, 

Arrowsmith, et aL, 1975, Romagnali, et aL. 1975), Polend 

and Odel! (Poland and Ode!J, 1971) reported thot . feeding 

a~ar to newborns results in a lowering of the bilirubJn 

concentration in the serum. Ingesti'on of a soluble 

polymer, polyvinylpyrrolidone (PVP). which can form a 

complex vith bilirubin before it is eliminated, was 

proposed as a possible adsorbent by Ploussard, et al •• 

(Ploussard, et al •• 1972). When applied to Gunn rats, 

treatment vith PVP reportedly gives better results th~n 

does cholestyramine. However, when it was applied to 

ne~born infants during the first 8 days of their life, the 

difference in bilirubin concentration 'between PVP treated 

and contr?l groups was sign1ficant only during the second 

and third days (Ploussard, et al., 1972). 

lt appears that physiologieal conditions, 9uch as 

gestational age. hirth weight, feeding methods. and time at 
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which the treatment is started, may greatly influence the 

bilirubin uptake by adsorbents in the gastroi~testinal 

tract of newborn infant~ (Ploussard, et al., 1972, Moller, 

et al., 1974). The presence of only low levels 0f' 

bili ru bin in the gastrointestinal tract -of the newborn may 

a1so be responsible for the lack of success of the ... 

,ingestion treatment, which 15 more successfu-l in older 

patients (Ploussard, et al., ) 972). This method is, 

apparently, not reliable and may not be applicable in aIl 

c:ases. 

Ingestion of a resin in conjunction with phototherapy 

has also been tried as a method for -reducing the level of 

bilirubin. Phototherapy results in the production of more 

hydrophilic photoproducts that are more easily excreted 

tha~ thç parent bilirubin. These photoproducts can then 

revert back to bilirubin and th us ( inc rease -the 

concentration of bilirubin in the gastrointestinal tract • 

This bilirubin could then be adsorbed onto the scavenger. 

Thus, phototherapy should complement ingestion of an 

adsorbent for biliruhin ver~_well. It promotes the transfer 

of more bilirubin in ta the gastrointestinal tract, thus 

resulting in a more rapid elimination. Nicopoulos, et al. < • 

showed that the duration of phototherapy required ta lower 

the serum bilirubin level was shorter for infants also 

receiving cholestyramine (Nicopoulos, et al., 1978, 1981). 

Ingestion of charcoal was a1so reported ta enhance the 

effect of phototherapy in the Gunn rat (Davies, et al., 
t-

1983). Conflicting results of similar (Ebbesen and Moller, 
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1977) and enhanced effect (Odell, et al., 1983) of 

phototherapy in conjunction with~gar lnge tion have been , 
obtained. 

c) Hemop~rfusion' 

One other method of treating hype~bili ublnemla 15 by 

perfusion of blood through a column 

adsorbent. Since plasma contains a higher oncentration of 

b11irubin than > does the gastrointestina 

method should be more efficient thsn th~ 
tract, this 

ingestion' of 

adsorbent. Charcoal is one of the adsorben s that has been 

used in hemoperfusion systems. Hdwev rt there ia 

disagreement concernlng the effici~ncy f charcoal\ in 

, et al., 

removing bi1irubin, vith some authors 

adsorption «Lie, et al., ~ Lauter.bu~ 
reporting good 

1980, Otsubo, et al., 1980, Horak, et 1.. 1980) while 

others report adsorp.tion ta be lov or non- xistent (Ouchi, 

et al., 19Z8. Hew. et al •• 1978). Even if charcoa'! adsorba 

bilirubin, it has the disadvantage of non-selectively 

adsotbing a vide variety of substances. An~ther major 

drawback associated with hemoperfusion through charcosl is 

the loss of platelets by ads~rption. Severai methods, 

including microencapsulation in albumin-cellulose nitrate 

membrane (Chirito, ~t al •• 1977, Chang, 1978), coating with 
. , 

s thin pol ymer membrane made of polyhydroxyethyl-

methacrylate (polyhema) (Hughes. et aL, 1980), have been 

u~ed to improve the biocompatability of charcoal. Pol ymer 

coating reduces the amount of adsorption while coating with 
, " albumin increases it (Hughes and Williams, 1981). 
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Nonetheless, it appears that hemoperfusion through charcoal 

is not an entirely satisfactory method for dre tre1ltment'of 
1 

h)perbilirubinemia. 
" 

Both charged and uncharged res'ins' have a1so been used 

as adsorbents ~ in hemoperfusio~ columns. Charged resins 

tested in-vitro include the Dowex l family 

(cholestyrami~e), a styrene-divlnylbenzene copolymer vith 

quatérn~ry ammo'nlum ions -(Willson, et al., 1'972, Sideman, 

et al., 1979, 1983), anion exchange resins MCTI-2~ 

(Lopukhin, et aL, 1977) and BR 601 (Ouchi, et a1., 1978, 

Asan~ma, et al., 1980, Matsubara, et al., 1983), as weIl as 

a tertiary amine anion exchange synthetic resln fiber, 

ionex (Idezuki, et al~, 1981), and a macroreticular resin 

KR (Sideman, et al., 1979, 1982, 1983). Uncharged resins 
> ... 
that have been used include Amberlite XAD-7, a styrene-

acrylic ester copolymer (Yamazaki, et al~, 1979, Ouchi, et 

-al., ·i978. Sideman, et al., 1979), Amberlite XAD-2, a 

'styrene-divinylbenzene copolymer (Willson, et al.,' 1972, 

Yamazaki. et al.. 1979, Sid,eman, et aL; 1979). and AR-l, 

another styrene-divinylbenzene copolymer vith physical 

characteristics slightly ~ifferent from Amberlite XAD-2 

(Yamazaki e,t al.. 1979). ~ 
A macroporo~s gel. composed of 

2-hydroxyethy lme thac ry la te ,( Skelly and Ti ghe, 1979) vas 

found to have a b~tter adsorption.capacity vhen it vas 

cORolymerized vith a~rylic acid. 

Since no universal methods or standards have been set 
'1 

for the evaluation of adsorpt~on of bilirubin, either 1n-

vitro or in-vivo, it is~ rather difficult to compare' the 
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results of 'different studies. Consequently, it ie very 

difficult to rela~e énd compare aIl the ·lit~rature. data. 

Furthermore, in sorne cases incompl~~ data vere also 

encountered so that accurate evaluation of these resins ie 

not possible. Another ptoblem edncountered" in the 
", 

evalua tion of" the ~dsorben t i~ the lack of a standard 
, .., 

bilirubin solution for the adsorption. It is expec~ed that 

the amount of bilirubin / adsorbed will vary' vith the 
, 

solvent. For example, in in-vitro th~ presenceoof albumin 

viII lover the adsorption capacity. Furthermore, the 

bilirubin to albumin concentration will a1so affect the 

adsorption. In in-vivo studies the biliruJ>in removal rate 
, ... ' "-

is expected to vary from patient t·o pa~ient (Hughes and 

Williams, ~981). 
.. 

Due to a lack of complete infor.mation, no attempts 

will be made to co~pare the vàrious ad~orbents directly. 

Because such a compa'rison cJln not be made accurately, 

misleading conclusions could be in~erred. 

summary of. some of the in-vitro stl,1dies. has been com-piled 

(Table II) from vhich some results have been omitted 

because the~ lack sufficient data. It should be stressed 

that the data sho n are intended only as a representation 

bilirubin adsorbed by th~ adsorbents under . 
specific conditions ahd that caution should be exercised in 

Il'aking' C ollpari son ~ be t veen the - resins .. 

Some of the adsorbents mentioned above have also been,' . 
" 

.. 

.. 

'. 

studied in-vivo, either in anilDal or l18..n, with varyins" , 

',' 
'.," ' 

, . 
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Resil'l Olarge Solutioo Capacity Reference 
-. (Dr//Q) 

, 
ionex p:lsitive buffer 1\ al.bunin 0.3 ydezu)d, et al., 1981 

. 

macroreticular posit.l.ve butfer 4' al.bumin 16 Sl.deman, et al., 1981 
" 

Ml nale plasma 1.5 Ymuazaki, et al., 1979 

XAD-2 none plasma 0.4 Yamaza)d., et al., 1979 
, 

XAD-7 none pl~ 0.2 Yamazaki. et al., 1979 

---~ XAD-7 none plasma 0.5 Skelly and Tighe, 1979 

l -
BR601 p:lSitive " plasma 4.4 Oudri.. et al., 1978 

aR601 positive plasma 80 Mastabura, et al., 1983 
, , 

\ 

Dowex lX2 positive Buffer 4\ a1bumin 9 SiderMn, et al., 1900 

o 

Dowex lXl p:lSitive Albumin solutioo 4 , SChmidt, 1965 

. . 
Dowex 1X4 p:lSitive plasma 0.5 Skelly and Tighe, 1979 

l 

Im1A ncne plasma 0 .. 2 Skelly and Tighe, 1979 

" 
) 

HEMA(75 )-M(25) ncne plasma 0.4 Skelly and Tighe, 1979 

, 

al.l:uni.n-agarose bath plasma 0.2 Pletz, et al., 1974 . 

( 
albumin-agarose bath plasma 0.2 Lo6qen, et al., 1974 
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"" degrees of s~ccess. Tbese inc1ude tbe macroreticu1ar resin 

(Sideman. et al •• 1979. 1981. 1983,). tbe IAD-7, (Ton. et 

al •• 1979 ) , the AR - 1 ~ Y a ma z a k i • et aL, 1979), and the 

BR 601 resins (Ouchi, et al., 1978, Asanuma, et al., 1980, 

'Hatsabura, e.t al. , 1983). As vith the charcoa1 

bemoperfusion, some cocpatability problems been 

encountered. Once again, coating vith albumin proves to be 

a s~lution to th1S problem. 

Stud1es that involve more than one type of resin are 

more suited for the evaluation of the diff~rent factors 

tbat lead to a better adsorption sinee, in these cases. 

external factors affecting the adsorption are kept 

identical. Hence, a better comparison of the resins is 

possible. From such studies it appears that charged resins 

are more efficient than uDcharged. For instance, Willson. 

et al. (Willson, et al., 1972) shoved that in plasma the 

" 
charged resin Dovex lX4 adsorbs approx~mately 3.6 times 

more bilirubin then' does the uncharged resin, Amberl,ite 

XAD2. Other charged resins, Amberlyst and Amberlite IRA 

400, adsorb 3 and 2.6 times ,more bilirubin, respective!y, 

than does XAD2. Ouchi et al. (Ouchi, et al •• 1978) shove'd 

that BR 601, an ion exchange reS1n, is more efficient than 

the ~ncharged XAD-7 resin. , 

It a1so appears thet the more porous resins are more 

efficient. Yamazaki, et al. (Yamazaki, et al., 1979) 

shoved that uncharged styrene-divinylbenzene copolymer, 

AR-l, adsorbs approximately 5 times more bilirubin than the 

styrene-divinylbenzene copolymer, XAD-2, vith smaller pores 

? 
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and surface area. Si.demaD et a'l. (Sideman. et al •• , 1979. 

1983) shoved that a strongly basic macroret1cular resin bas 

a g~eater adsorption capacity than do Dowex 1X1 ~nd lX2 

resins, vhich are a~so strong!y basic but 
,~l~}' 

less porou s.' 

They a1so showed that Dovex 1X1 has a higher adsorption 

capacity and a higher rate of adsorption than Dovex 1X2, 

resins vhich differ on1y in the degree of eross-linking. 

The former is less c(oss-linked, hence i t i,s more porous. 

In agreement vith Sideman, Savchuk and Nairn (Savchuk and 

Nairn, 1968) determined that diffusion within the 'polymer 

beads seems to be the rate controlling step in the 

adsorption of bilirubin onto pdlymer resins. On the basis 

of the rate constants for the adsorption of bilirubin onto 

Dovex resins vith different degrees of cross-linking and 

different b~ad size, it was shown that the resins vith a 

higher percentage of cross-links have a lover rate 

constant. Furthermore, for a given percentage of cross-

links. the resins vi th the larger bead size have a larger 

rate constant. 

Albumin immobilized onto a polymer matrlx has also 

'-been used as an adso~bent (Plotz, et al., 1974a. 1974b, 

Losgen. etaI., 1978). Sinee al bumin i s known ta ha ve onl y 

2 sites that bind bilirubin strongly, this adsorbent should 

not bind as Many different ligands as the other resins on a 

per unit weight basis. However, i t s~oul d be remembered 

that al buml.n binds a wide variety of substrates. 

Subsequent testing of this adsorbent proved that bilirubin 

can be adsorbed successfu11y (Scharschmidt, et al •• 1977. 
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Log$en, et al.. 1978). Hovever, because albumin i8 a 

large protein. vith a molecular veight of approxlmately 

66,000, that binds only two Molecules of bilirubin tightly 

it '18 an adso'rbent vith a 10101 capacity, approximately 0.1 

ta 0.2 mg/g of adsorbent (Scharschmidt. et al., 1977). 

A~ çhe present time none of thi available adsorbents 

8~e -entirely satisfactory for use in hemoperfusion or 

ingestion. The major limitations are lack of specificity, 

lo~ capacity, and po or biocompatability. While the latter 

problem hss been solved by costing the adsorbent, the other 

tvo rema in. The use of -immobilized al bumin for remova 1 of 

bilirubin through'hemoperfusion ls an interesting concept. 

Since only certain parts of the protei~, nam71y the binding 

sites, are active the adsorption capacity 'of this adsorbent 

18 lov. If a pol ymer resin could be synthesized, ta mimlc 

the binding site for bilirubin on albumin, it ls expected 

that an adsorbent vith a higher capacity than immobilized 

albumin would Qe obtained. However, before attempting to 

do so a better understanding of albumin and 1t8 

interactions vith bilirubin, particuta~ly the location and 
; 

id@ntity of the bilirubin binding site. is required. 

4) Albumin 

In adult man the average çoncentration of 'albumin fa 

about 42 + 3.5 mg/cm3~ with a range from 35 to 50 mg/cm3• 

This represents approximately 60% of the total proteln 

content of plasma (Peters, 1970) • The albumin 

concentration i8 lower at birth but reaches adult level 

II 



after three .onths (Peters, 1970). 
r 

Serum a1bumins are large, globular proteins vith a 

cDolecular veight of approximately 66,000. Human serum 

albumip (HSA) 15 composed of,584 amino.acid residues vhile 

bovine serum albumin (BSA) has 581 (Peters, 1975). Due to 

the preponderence of acidic residues, aspartic and glutamic 

acids, over' baS1C reSidues, arginine, lysine, and 

histidine, serum albumins are the most acidic, pro teins 

found in appreciable amount in plasma (Peters, 1975). Botb 

BS! ahd HSA have a net charge of -18. 

Elucidation of the amino aC1d sequence of both bovine 

'and human serum alb~mins -ls l,rge~y due to-the work of J.R. 
\) 

Brown ( Brown J.R., 1977a, 1977b), although the sequence. 

for human serum a1bumin has also been determined'-

independently by Mel0':1n et al. (Mc1oun, et ,al., 1975). 

Agreement between the two stuctures 1s within 93% (Peters 

and Reed. 1977) • Brovn's sequenceS for BSA (Brown J.R., 

1977a) and for HSA (Brown J.R., 1977b) are shown in Figs. 

8 and 9. The missing sequence in BSA, residues 400 to 40~,. 
6 

has been reported as being glycine-phenylalanine-glutamine-

asparagine by R~ed et, al. (Ree~, et a1.,'1980). 
, C> 

The structure, as weIl as the sequence, of albumin 
. 

hal!il also 
; 

beén determined by Brown ( Brown J.R Of 1977b). His 

deduction of the structure (Fig. 10) is based large1y on 
, 

the repeating pattern formed by the amino acid sequence and 

the presence of a 17 disulphi~e bridges. The reasoning was 

as .fo110ws: The amine acid sequence and the disu1phide 

bridges suggest the presence of three large repeating units 
, 
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FIGURE 8 

A"INO ACID SEQUENCE OF BOVINE SERUM ALBUMIN 

"(Brown, 1977a) 
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FIGURE 9 

AMINO ACID SEQUENCE FOR HUMAN SERUM ALBUMIN 

Qlrown, '1977b) 
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FIGURE 10 

STUCTURAL ORGANIZATION OF ALBUHIH 

(Brown, 1977b) 
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called domains. Each domain i8 composed of two large loops 

separated by a smal1er loop. Each domain can also be 

subdi vided into two subdomains. the first containing the 

first large loop plus the small loop, and the second 

containing the second large loop. AlternativelYr each 

subdomain can be described as being e~'po8ed of 'three a-

helices, approximately 20 amino acids in length, running 

parallel to each other. These a-helices are de.fined by .the 

d1sulphide bond~ at one end, and the ~roline residues at 

the other end, both of which impose a folding of the 

peptide chain. The three helices are arranged in a semi-

eircle (Fig. Il) vith their hydrophobie residue$ pointing 

'to'\ard the inside. Each domain a1so contains a flexible 

segment which is not involved in this helix- arrangement. 
" 

This segment, whieh is situated between the two subdomains ~ 

aets as a hinge to permit pairing of the subdomains, so 

'that their hydrophobie sides 
( 

face eaeh other. This 

eylindrical structure creates a hydrophobie hole vith a 

eluster of basic residues at the opening. Another possible 

arrangement of Brown's six half-domains has also been 

proposed by Brodersen (Brodersen. 1980). In this latter , 
I, 

arrangement,the subdomains are paired as follows. subdomain 

!AB with,3C. le with 2AB and 2C with 3AB (Fig. 12). In 
~ 

Brown's model the subdomains'are paired as 1AB with 1C, 2AB 

with 2C and 3AS with 3C. 

Albumin forms reversible complexes ~ith a variety of 

ions, including bilirubinv long chain fatty acids. as weIl 
( -

as various d'rugs 8t:ld d'yes. ,Many of these ligands can 
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FIGURE 11 

Sl1BDOMAIN ORGANIZA:rIO'N, OF ALBUHII 

(Brown. 1977b) 
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FIGURE 12 
.. 

SUBDOMAIN ORGANIZATION OF "ALBUMIN 

(Brodersen. 1980) 
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occupy more than one binding site o~ alb~min,' the firat one 

being a high affinity site while the others have a lover 

affinity. Binding of ligands to albumin appears to be non-

saturable. Thus, in addition to the strong affinity 

· binding sites already mentioned. albumin a1so has a 

multitude of weaker binding sites. Binding to the strong 

affinity b i n d in g , si tes i S s <?',tn e t i mes r e fer r e d t 0 as 

"specifie binding" while binding to the weaker sites is 

referred to as "unspec:ifiè'" binding. 

A given site may be capable of binding severa1 

different ligands, thus giving rise to competitive binding 

among ligands. Competitive binding and displacing 

properties of drugs and other metabolites have some 

clinical consequences since their presence in sufficiently 

high concentration in the blood could induce a disp1acement 

of the bound bilirubin and lead to ,hyperbilirubinemia. 

,Broder sen (Brodersen, 1978) studied the displacing 

propertles of 150 d~ugs and found that sulfonamide, so~e X~ 

ray contrasting medla, stabilizers for albumin preparation, 

acetylsallcyllc aCid, sod~um salicylate, and phenylbutazone 

Blndl~g of substrates with different shapes to the same 

~lndin8 slte irnpl1es that, unlike most proteins, albumin 

has a conslderable adaptablilty and can assume a number of 

different ~onflguratlons. It also lnvalldates the concept 

of 1?.!:..!.fort:ed·slt.es (J:arush, 1950) • A slte should then be 

thought or as a part of the Œolecule WhlCh can fold ln such 

a vay as to accomodate a llgsnd. Serum albumln has beeo 
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"human hand which has no specifie, preformed sites but 

serves as a universa1 carrier by combining fingers and 

palms in a suitable combination for seizing objeets of 

div'erse sizes, shape a'nd texture" (Brodersen, 1980) • 

• 5) Binding ~ Bilirubin ~ Albumin 

Albumin binds two Molecules of bili~ubin tightly. The 

first' molecu1e is bound to a high affinity primary binding 

site while the second one i5 hound to a lower affinity 

secondary binding si te (Jacobsen J. , 1969). The 

possibility of binding a third molecu1e to a secondary 

binding site has been reported (Deaven, et al., 1973, 

Jacobsen J., 1977). In addition, 10 to 14 weak sites have 

been reported (Shapovalenko and Kolosov, 1978). This i5 in 

agreement with the postulate that albumin i5 a non-

saturable cairier (Brodersen, et al., 1984). BJ.nding 

constants for the primary binding site for bilirubin on 

albumin are difficu1t to determlne, due largely ta the 

experimental difficulties ~nvolved in working with 

bilirubin. As a result. a .ide range of values have been 

reported; dependi ng on the method used to obtain the 

.constant (Table III). Obviously. the binding constant for 

t.he 
r 

second bin~~ng s~te lS even more dlfficult to obtain. 

Howev~r. rnost researcners agree that it 15 a?pr?ximately 

one order 0: magnltude smaller than that of the first 

bindlng constant (Brodersen, 1980) (Table III). Binding 

constants for HSA are 1arger {Bleuer, et aL, 1977) than 

those for BSA (Table IV). 

40 



l 

. 
1 Method Type pfl Temp. 

Oc 

cr> Site 7.4 26.5 

perc:xudase Site 7.4 37 

l 

8CÙubÙl.ty stol. 6.5 37 , 

fluorescence stoi 7.4 -

perœo.dase Site 7.4 37 

1 
cr> stoi 

1 
8.5 24 

fluorescence stoi 7.5 37 

fluorescence stoi 7.5 23 
1 -

lu.neucs --
1 

7.4 4 
1 i 
1 ! 

1 

1 

1 
1 \ 

1 parax1d&se - 7.4 37 ! 

1 1 , 

• CU'CUlar diàu'cl..8l 
ta • site binchnq CXlI'lStant '--

Cl) 

Si 
Stoi " • stoJ.c::hiaa:I8t:rl.e b1nding 0CNrtImt 

, 
, 

1 
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Ionie JS. It2 Reference- , 
strength X 10-6 M-1 X 10-6'M-1 

M 

0.1 200 - Blauer, et al •• 1977 
, , 

0.18 60 - JaCXlbSen J., 1976 
1 

, 1 
Shapovalenko and 1 

1 

0.15 2 - Kolosov, 1978 1 

1 

! 

0.1 13 6.7 Branc~, et al., 1983 

: 

0.1 140 0.5 Jacobsen J., 1969 ; , , 
i 

0 7 0.1 'Bea~, et al., 1973 

~i\. 1 

0.07 64 2.6 Berde, et al., 1979 
1 

0.07 120 4.9 Bertie, et al •• 1979 

0.1 >4000 - Gray and stoupe 1978 
l' 

, 
0.18 55 oU· Brodersen. 1978 

• 
1 

;j 

, 

, 

~ 

. 
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. 
Het:hod Type PI TeIIp. Ionie ~ ~ Refennoe 

Oc Strength X 10--6 M-1 X 10--6 H-1 ., 

, 
CD Stoi 5 25 0.2 l!fl 6 - Blauer. Kin9 1970 . 

peroxidase Site 7.4 37 0.1 M 20 - Reed. et 81.,1975 . 

kinetiès - 7.4 37 0.1 H 6 - Reed. 1977 

CD - c:ircUlar di~ 
Site - site birding oonat,ant 
Stoi • stoic::hiaDatric ~ ~ 
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The process of binding bilirubin to albumin 

involves tijree to five steps (Fa~rch and Jacobsen J., 1977, 

Gray and Stroupe, 1978, Koren, et al., 1982). The f irst 

step, the association of bilirubin with albumin, ts a fast, 

bimolecular reaction with a second order rate constant of 2 

X 107 M- 1s-1 for HSA (Faerc~ and Jacobsen J., 1977, Gray 

and Stroupe, 1978) and 0.9 X 106 M-1s~1 (Koren, et al., 

1982) or 1977) for BSA. A higher 

value, 8 X 107 M- 1s-1 , has a1so been reported for BSA 

(Koren, et al., 1982). Association is folfowed by several 

unimolecu1ar steps (Faerch and Jacobsen J., '1977, 'Gray and 1 

Stroupe" 1978, Koren, et aL,' 1982) corresponding to 

intramolecu1ar rearrangement. Rate constants for these 

steps have been reported to be in the range of 3.8 to 40 

-1 s for a two step rearrangement (Gray and Stroupe, 1978) 

and 0.32 to 48 S -1 f f or a our st!'!p rearrangement (Faerch 

and Jacobsen J., 1977) for HSA. The rearrangement steps in 

BSA are also rapide However, changes in light spectra have 

bee~ observed up to 8 minutes after addition of the albu~in 

(Jacobsen J. and Brodersen, 1983). 

6) Bilirubin Binding Site on Albumin 

The location and identity of the amine acids forming 

the primary binding site for bilirubin on album!n are not 

yet known. However. during the last few years research in 

this ares has been very active and m~ny significant 

discoveries have been made. 
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Geisov and Beaven (Gelsov and Beaven, ~1977) 

divided BSA into three· large f~agments by peptic 

digestion. When complexed vith bilirubin, tvo fragmenta 

corresponding to the N terminal ,of the protein, retained 

CD spéctra similar to that of native BSA-bilirubin complexe 

The third fragment, corresponding to the carboxyl terminal, 

did not show this similarity. This strongly suggests that 

the primary binding site for 
, 1 

bilirubin on al bu'min i8 

si tuated in ~he portion 

terminal. Sjodin, et al. 

of albumin containing the N 

(Sjodin, et al., 1977) cleaved 

albumin with trypsin and found that a large fragment 

containing residues 182-585 retains the capacity to bind 

bilirubin. Reed et al. (Reed, et al., 1975) aubjected BSA 

to tryptic and peptic hydrolysis and obtained twelve 

different fragments of the native protein; .three of these, 

containing fragments with residues 1-385, 1-306 and 186-306 

retained a binding capacity for bilirubin similar to that 

of native BSA. These fragments have residues 186 to 306 in 

'common. However, another fragment containing part of the ~ 

overlapping region, residues 239-306, did not retain a 

binding capacity high enough to suggest the presence of the 

primary binding site. Thua, most of the primary binding 

site appears to be located. in the resion roughly comprising 

residues 186-240, or loop 4, situated in the N terminal of, 

the protein. Of course this does not mean that some 

residues lyinS·outside. but near by, are not involved in 

the binding site. but rather that they ma1 be of seconder; 

importance. 
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U8in~ a carbodiillide deriyatiye, C. Jacobsen 

(Jacobsen C., 1976) covalently linked 14C-Iabelled 

bilirubin to an al1ino group of HSA ,< Fig. l3A) • 

Subsequently this labelled albumin vas cleaved by trypsine 

When the peptide fragments vere isolated, the bilirubin 

probe was located On the fragment conststing .of reaiduea 

240 to 258, which contain~ only one residue vith an amino 

group, namei y lysine 239. Thua, it vas concluded that 

lysine 239 must be at, or near, the primary binding site 

for bilirubin on HSA • . 
Xuenzle. et al. (Kuenzle~ et ~l •• 1976) modified 14C_ 

labelled bilirubin vith Woodward reagent ta yield an 

activated bilirubin enol ester, BW. The modified bilirubin 

vas equilibrated for tvo hours vith albumin at pH = 7.4. 

After equilibration nucleophilic substitution was initdated 

Iby addition of imidazole (Fig. 13B). Subsequently the "., , 
1 

\labelled albumin was cleaved into seven peptide fragments, 

~Sing CNBr. This showed that bilirubin i8 attached ta two 

peptide fragments, that consisting of residues 124-293 and 

that vith residues 446-547 (Gitzelmann-Cumarasamy, 1976). 

Jori, et al. (Jori, et aL. 1980) showed that 

bilirubin and/or its photoproducts undergo a photo-jnduced 

covalent binding vith BSA. After fr~gmentation of the 

reBult~ng photoproduct, using CNBr, the covalently linked 

bilirubin was found in ft peptide vith an amino acid content 

c10sely related to peptide fragment 187-397 of BSA. In 

contrast, Hutchinson and Mutopo (Hutchin~on and Mutopo, 

1979) used CHBr to fragm!nt HSA ,previously labelled by 

;f 
, 
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FIGURE 13 

COVALENT BINDING OF BILIRUBIN TO ALBUHIN 

A) Jacobsen, 1976 
B) Iuenzle, 1976 
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photocova1ent binding to H bilirubine They found that 62% 

of the label is in peptides 1-124 while 32% is in peptides 

125-297. 

C. Jacobsen (Jacobsen· C., 1972) show~d that 

chemical modification of 10 arginines of lISA with "slyoxal .;J, 

or of 2 histidines with diethylpyrocarbonate or of 8 

tyrosines with tetranitromethane, results in. a decrease of 

the binding affinity of BSA for bilirubine Complete 

modification of the tryptophan and cysteine residues, as 

w~ll as of 10% of the carboxyl groups and of 22 of the 

amino groups does not change the binding affinity. In aIl 

cases, the tertiary structure of albumin is not 

significantly altered as a result of the modification. It 

was concluded that that arRinine, histidine and 'tyrosine 
, 

are involved in the high affinity sites of bilirubin while 

tryptophan and cysteine are not. No firm conclùsion could 

be drawn concerning the role of amino and carboxyl groups. 

In subsequent papers Jacobsen (Jacobsen C., 1974, Jacobsen 

C. and Jacobsen J., 1979) showed by reaction of lysine 

residues with dansyl chloride, and by trinitrophenylation 

with picryl chloride or 2,4,6-trinitrobenzenesulphonic 
4 

acid, that at least two d±fferent lysine residues are 

involvéd 1n the primary binding site of HSA. It is' 

significant ~hat the binding affinity of HSA modified by 

these reagents, in the presence of bilirubin, remains 

unchanged. This implies that, when bilirubin is present, 

these amino acids a~e protected from reaction vith these 

reagent.s • In the absence of bilirubin," the r.eagents used 
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actually modify the residues lnvolved in the bilirubin 

binding site. 

Based on evidence obtained by CD and ORD spectroscopy, 

Blauer and coworkers suggested that bilirubin bound to BSA 

or HSA assumes a dissymmetric configuration which is 

altered ~y a chànge in'pH and ionic strength (Blauer and 

King, 1970, Blauer, et aL, 1970). The ORD and CD spectra 

obtained wh~n bilirubin is complexed with BSA differ from 

those with HSA which suggests that, in spite of the similar 

amino acid sequences and conforumations of the proteins, the 

binding of bilirubin to HSA i3 slightly different from the 

bind~ng to BSA (Blauer, et aL, 1970). This was confirmed 

by Vee and Gillespie (Lee and Gillispie, 1981) who 

sug-gested, on the basis of evid~nce obtained by 

fluorescence spectroscopy, that bilirubin is buried more 

deeply within theh HSA molecule while that bound to BSA 

r-esults in a more open conformation of the bilirubin 

molecule which is also situated closer to the surface. 

THE PRESENT STUDY 

This thesis i8 divided into six chapters and is 

concerned mainly with the study of new adsorbents for use 

in either hemoperfusion devices or by direct ingestion. 

Chapter l is a general introduction. The possibility 

of using a commercially available insoluble, crosslinked 

polyvinylpyrrolidone (PVf) as an adsorbent for bilirubin 

has been investigated and is compared with the adsorption 
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u , 
behaviour of cholestyramine in Ghapte~ II. Thisustudy vas 

ba5ed on the result~ of Plouèsard. et are (Plous~ard, et 

al., 1972) which suggest that soluble PVP interacts with 
'-'" 

bilirubine 

One of the best adsorbent~ tested previously ia 

immobilized albumine The major limitation of this 

adsorbent is a'low eapaeity which arise~ fr~m the fact that 

al bumin is' a lar ge protein, molec ular wei g'ht > 66, OO~, and 

can bind bilirubin tightly only at tvo high affinity 

binding sites. Thus, the possibility of preparing improved 

adsorbents by mimicking the binding sites for bilirubin 

vith smaii peptide pendants immobilized onto a suitable 

solid polymerie matrix has also been investigated and is 

presented in Chapters III and IV. Chapter III considers 

the adsorption of bilirubin by polystyrene divinylbenzene 

4 (Merrifield) resins ante which single amine acids have been 

attached as pendants. A systematic study of the adsorption 

of bilirubin by smaii ~eptide pendants consisting of 

severai d~fferent eombinations of amine aeids synthesized 

onto a water swellabl~ polyamide backbone i8 presented in 
. 

Chapter IV. Sequences consisting of the amino acids 

lysine, arginine, tyrosine, and histidine have been 

immobilized onto this polymer matrix. The choice of amine 

acids is ~ased on the work of Jacobsen (Jacobsen C., 1972, 

1974, Jacobsen C. and Jacobsen J., 1979), which suggests 

tha t these amino ae ids are in vol ved in 'the pr imary binding 

.site for bilirubin on albumin. 

49 
} 

r 

:. 
, 



. ... , 

'1 • 

" Comparison of the binding affinities ~f these polyamide 

resins and of serum albumin was tested in studies of 

desorption of bilirubin from the polyamide resins in the 

presence of albumin and by studies of the adsorption of 
A 

bilirubin by theie resins from bilirubin-albumin solutions. 

These results are presented in Chapter V. Chapter VI deals 

with the binding constants for the adsorption of_bilirubin 

- by the polyamide resins. These chapters are followed by a 

summary of the contributions to original knowledge and some 
. 

suggestions for future work. 

Appendix l describes the equipment and the reaction 

scbemes used for the synthesis of the peptide pendants on 

the polyamide resins. Appendix II deals with the 

experimental data used to draw the figures shawn in ~he 

preceding chapters. ,Part df this work has already been 

published and the three reprints are given -in Appendix 

III. 

r _ 
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CHAPTER II 

ADSORPTION OF BILIRUBIN BY 

POLYVINYLPYRROLIDONE 

AND 

CHOLESTYRAMIHE 

) 
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" 

IIfTRODUCTIOJ' 

, 
Tbe firat adsorbent for blllTubin iDYe.~il.t.d iD tb1. 

,atad, v •• polJ'Yi}lylpyrrolidone C?VP) [II]. The choie.e of 

[ 1 l ] 

th1. adsorbent wa. based on a preYious report by Plousa.rd 

et al (Ploussard, et al., 1972) of • "red sh1ft!' in tbe 

yisible spectrum of b11irubin as weIl 8S the protection 

against photod egrad a tion 0 btained upon add i. tion of water- Il 

sol ubIe, i. e •• non-cross-linked. PVP to an aqueous 

bilirubin solution. 

In this first series of expe~iments, insoluble, cr088-

linked PVP was used instead of the soluble, non-cross-

linked polymer used by PlousBard (Ploussard, et al., 1972). 

The main advantage of using the insoluble PVP is that it 

could be used in a hemoperfusion system where the 

physiologieal factors that affect the adsorption of 

bi11rubin in the gastrointestinal tract seem to be of 

lesser importance. , Hovever, insoluble PVP could still be 

used in the gastrointestinal tract if it vere required. 

The purpose of this first series of experiments is to 

determine if the interaction between soluble PVP and 

b1l:j,rubln ls still present in the insoluble polymer ~nd if 
" 
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thl1 interaction ie strong enough to permit it to be used 

as ,Il ses venger. For the latter resson. the adsorption 

C8p8c~ty of P\'? wll: be cor:pared to that 0: the iOD-

exchange :-S'::'ln c:.olesty:::-noine (Dowex-lX2). Chçd.estyrardoe 

has alrenjy jee~ tested for ltS ad~orption capac~ty f~r 

billrubln and proved to be one of the better resins (Ta~le 

II, Chap. 1). 

r 
EXPERIMENTAL 

1} Preparation II lli. Resina' 

Cross-linked PVP (Aldrich) and choleatyraaine (Dovex 

1 X2,' Al d rie h) were pret rea ted in the f 011 oving "manner: The 

PVR was washed overnight with buffer (SOoe) to remove any 

trace of sol u ble polymer. Subsequently, both 

cholestyramine and PVP were washed overnight with methanol, 

twice with 1.0 M HCI (20 minutes), twice with 0.010 M HCl 

(20 minutes), and twice with 0.10 M NaOH/KH 2P04 (pH", 7.8 ± 
0.05) buffer. Finally, they vere fiitered, uaing a glass 

sintered filter, dried at 1000e under vacuum and the 

fraction with mesh size 1"00-140 was stored in a dessicator 

unti1 use. 

2) Bilirubin Solutions 

Solutions of bilirubin (10 mg/dl) were prepared daiIy 

by dissolving bilirubin powder (from gallstones, Sigma) in 

0.10 M NaOH and adjusting to volume with KH 2P0 4 /NaOH 

(0.10 M) buffer, made week1y, to achieve a final pH of 

7.8 1. 0.05 and a concentration of 10 mg/dl. This stock 
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solu~1on vas diluted vith rH 2 P04 /NaOH (0.10 M, 
t> 

pH - 7.8) 

buffer as required. Solutions vere kept in,the dark at OoC 

and aIl expericents vere ~ade in a dark rOOQ using a red 

11gh t. 

3) K~~etlcs of Adsorptlon and Adsorption Isotherms 

The ~dsorption s~udles vere done using a speciall, 

de5ig~ed adsorptlon flask, shown 5checDtlcally ln Fig. 14. 

It was bu~lt sa as to prevcnt foroation of scratches vhich 

encourage the preClpltation of bllirubln. Consequently, 

the g185,5 stlrrer was placed so that lt did not touch the 

surface of the flask. In addition to the inlet neck for 

the stirrer, the flask had twa other necks, each of vh1ch 

was stoppered vith a rubber septuQ to facilitate the 

purging of the flask vith an inert gas and the vithdrawal 

of solution during the experiment. Before the first 

adsorption the flask was coated, vith 

dimethyldichlorosilane overnight, washed with ethanol and 

distilled water. It was then washed with a bilirubin 

solution (25 ml, 10 mg/dl) for two hours. The solution was 

discarded, the flask rinsed vith ~disti~led water, and 

d ried. Subsequently. the flask was simply rinsed ~ith 

distilled water and dried between each adsorption 

experiment. 

The flask containing the bilirubin solution (25 ml, 

10 mg/dl) was placed in a thermostatted water bath or ice 

water bath and purged continuously with .nitrogen. 

Adsorption was initiated by adding the appropriate weight 
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of reein to the f1sak. Aliquote (1 .1) vere vithdravn st 

15 minute intervals for PVP and 30 minute 1ntervals for 

cholestyracine. The c'oncentration of bilirubin in the 

supernatant solution vas determined from its nbsorbance at 

438 nm measured vith a Beckmann model 2S double bca. 

spectrophotometer uaing the buffer solution BS the 

reference. Calibration experiments vith bU i rubin 

solutions of known concentrations yielded a linear Beer's 

lev plot, in the concentration range of these studies, vith 

a liolar extinction coefficient of 4.44 x 104 1" mole- 1 cm- l • 

The amount of bilirubin adsorbed was obtained from the 

difference in concentration betveen the initial and final 

bilirubin concentrations. 

For the studies of 'the kinetics of adsorption 8 

continuous flov system was used. The solution was 

withdrawn from the adsorption flask, entered into the 

bottom of a l mm spectrophotometer flov cell. withdravn 

trom the top of the cell by a piston pump and returned ta 

thé fIssk. Glass tubing vas used throughout except st the 

connec tians to the celI, pump, and f Iask. Corrections vere 

made for the rate of lOBS of bilirubin in the absence of 

adsorbent. 

RESULTS 
1 ..., , 

, 

1) Effect of Soluble EYE ~ ~ Bilirubin Spectrum 

Preliminary experiments were first made to verify the 

report of interactions betveen bilirubin'and PVP made by 
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Ploussard et: al. (Ploussard, et al:, 1972).\ When PVP vas 

added to aqueous bilirubln solution, pH ft 7.8, at a weight 

ratio 

À max' 

rathér 

of bilirubin:PVP of 0.5 the absorbance rwximum. 

shifted froo 435 to 420 no. i.-e, 0 "bluc shift" 

thon the rcported "rcd shift" was obDervcd (Fig. 
"'--..r -" 

15A) • However, when the weq;ht ratio of bilirubin to PVP 

vas decreased to 0.05, a shouldcr appeorcd nt 460 nr.:J on the 

peak with Àcax at 420 ne (Fl.g. 15A). A further dccrease 

in the blllrubin:PVP ratio down to 0.005 resulted in a 

relati ve deerease in the a bsorbance nt 420 nm and an 

increase at 460 to gi ve two peaks (Fig. 15B). Finall y at a 

bil1rubin:PVP ratio of 0.0012 the peak at 420 nm ves seen 

only as a shoulder on the main peak that appears at 
À _ 

max 

460nm (Fig. 15B), corresponding to a "red shift l1
• This is 

, 
in agreement with the report of Ploussard et al (Ploussard, 

et: al., 1972) sinee their studies were made at a 

bilirubin:PVP ratio of 5xlO-4 , Le., under conditions where 

the peaks at 420 nm are no longer observed. 

2) Kinetics ~ Adsorption 

The substantial effect of PVP on the bilirubin 

spectrum suggested that adsorption studies were warranted. 

The study of the adsorption of PVP and eholestyramine was 

begun with an investigation of the relative rate of 

adsorption by the resins. The kinetic studies at 

showed that bilirubin adsorption by PVP is complete by 20 

minutes while at least 60 minutes are required by 

cholestyramine to reach its ultimate level (Fig. 16). When 

56 

f 
t 
1 

1 
,1 

r 
1 
1 
! 



." 

( 

.< 
" 

------- -------~-

J! 

'. 

r~ FIGURE 15 
. 

EFFECT OF SOLUBLE PVP ON THE BILRUBIN SPECTRUH 

A) 

1 
2 
3 

B) 

[bilirubin] ... 10 mg/dl 
pathlength • 0.1 cm 
reference 
bilirubin/ PVP '" 0.49 
bilirubin/ PVP • 0.05 

[bilirubin] ... 10 mg/dl 
pathlength • 0.1 cm 

1 reference 
2 bilirubin/PVP - 0.0012 
3 bilirubin/PVP _ 0.0046 
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FIGURE 16 

'fIIETles OP: ADSORPTION OF BILIIUI'l' 

Bl CBOLESTTRAHINE AND PVP 

[bilirUb1nlinitial - la -g/dl 

--- cholestyramine (15 8') 
, 

- PVP (15 _.) 
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PVP ls added to the bilirubln solution, a sharp decrea8e in 

the " absorbance occura and 1a folloved by a levelling off 

àfter about 20 minutes. The completion of 8dsorptio~ ls 

clearly defined. In contrast, the initial rate of decrease 

in absorbance for adsorption by cholestyraœine ls less 

pronounced and adsorption extends over a longer pe~iod of 

ti.e while the point at vhich adsorption 18 complete i8 ~ 

difftcult to assess. 

3) Adsorption Isotheras 0 ", 

On the basts of the rate studies. adsorption ~sother.~ 

at several temperatures vere obtained as the aœount of 

bUirubin adsorbed per gr8111 of adsor bent (Fig. 17, 18) • 

The alIIount of bilirubin adsorbed, c81culate~ from the 

decrease in bilirubin con c e n t rat ion. vas taken after 3D 

Ilinutes of adsorption for PVP and after 90 minutà. fOor 
" 

cholest yramine. It appears trom these isotherms that no 

improvement in the adsorption capacity compared,to that of 

cholestyramine i5 obtained vith PVP. Furthetmore, while 

illproved binding capacity vith increasing temperature 0 18 

" obtained for cholestyramine t no temperature effect vas 

observed for PVP. 

~CUSSION 
01) Effeet of Soluble PVP .2.!l the Bilirubin Spectrum-

Tlie red and blue shifts observed in the absorption 
r 

spectrum of bilirubin as a reault of the addition' of 

,soluble, non-eroas-linked PVP , in.d testes a definite 

59 

, 

1 

t 
l. 
t 
1 
1 

1 



( 

". 

-------------- - --

FIGURE 17 

ADSORPTION OF BILIRUBIN BY PVP 
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, ADSORPTtoN OF BILliUBIH BY CBOLESTTtlHIIE 
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iat.nct:1oa. . Tb. .at.t •• c. of -tvo d1ff.r •• e .,bifta. 

d.' •• dl., OD tb. bilir.bl. to p" ratio.~ a1ao a •• ,.ata t~at 

_ aor. tha. o •• ocoapl •• ca. be for •• d.. Thi' ,act "a. aot 

~otic.d iD-the Ploul.ard (Plo •••• rd, et al., 
\ 

1972) report 

aiDe." that 'tud, ve. :co.duct •• ai... fixed bl1irubiD to., p,p' , 

ratio of 5 1 10-4 , i.e., a.der eo.dit~o.a "ber. ~he b1.e 
o 

.hlft 1. DO,lon •• r detact.d. It i, lat.re.ti.1 to Dote 

th.t t~e, tvo .e. ~ •. z obtaln.d ar •••••• ti.ll' id •• tlcal 

to th. I.la p •• It.' obtaia,~.upon lrr.diae ioft .o,f bil1r •• l • 
• 

vith vi8ible liaht. Pr •• io., report. OD th. • •• of PVP a. 
• • 1 

• an la chro.atalraph, of.ph.aolic co.pouada a •• 

ero •• tic a~ld. (Clifford, 197', 01 •• 0. aDd S •• uelao'. 1914, 

Plaizl.r-Verce •••• end de N.... 1982) or for .arioua dru, • 

. fIorD and Di tt.r. 1982) indicate. that b1.dial to P'f. 1. 

. ' 

I.a.rall, the result o! • ft-bon. for.atlon" lI.,r •• a •• bl,. t.o 

~h. C.O function Oil ~the PYP. Thu., lt i'. po •• ib1. t.bat P" 
. ,< i 

ha~ the •• a. effect OD billrub'f".. a. do •• , 'lllht, 1 ..... 

.~t.ruptioD of ~ 

b,droae.bond.a • 

• ~.e of tb •. bl1irubla i_tr,aollcal.r 
-, . , 

Tb. ab1ft I~ .a.l ••• to lo ••• r,v ••• l'D,ell 

ad.it~oD of 801ubl. ~'P i •• 1.0 ai.l1ar to tb. .bift 
) 

1. the ab.orption •• zl ••• of bt'lirabln to .60.. obtala.d 

_po. addition, of alb~.1 •• 

'''11irub1n •• au •••• cli •• y ••• trtc co.for •• tio. (Ilatutr •• d 

Il... 1970, Bl.u.r, et al., 1970) vhicb 0.~ .. 1D vo.ld, 

ita'fol.. brea'kl,DI t.h. h,dro, •• boada a.d • rot.tioa of tll. 

chro.,bor •• relati •• to •• cb otber. 
, î 
\ . 
1 
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r) linetics ~ Adsorption·!!! AdsorpS1on'Isotber.. ~ 

~~ ~iff~re~c~. in kinetics and te.perarure dependlne~ 
of the adsorption of b1lirubin onto cholestyra.ine and onto 

erosslinked PVP indicate different adsorption. prbee •• es. 

PVP is .ore vateravellable" ·than ,cholest~ra.ine vhich 

in .pite Qf ha.ing eharged funetional groups, doeà not 

.vell extensively ip vater as a result o~ its hydrophobie 

polyst'-yr'ene backbone. Thus, access a~d diffusion to the 
~ . 

binding si tes should be-:-'èiahanced in PVP _as compared to 
'-.-r-

eholestyra.~ne. Hovever~~ the adsorptio~ capacity for 

billrubln is hlgher for cholestJramlne than for PYP. 

Unlike PVP. cholestyra.lne has'. chàrged side chain, na.ely 

• queternar, a.lloniu. group. It is l4kely that PVP for.s 
.1 , 

h,drog,en bonds vi th the veakly acidic protons OD" t'he 
t"... 

bilirubin ,lacta,. rings vhile cholestyramine, forll strong~r.· 
, • Ct "..... l''l 

•• lt 1lnka8es~lth th4 blilrubin carboxylic scid group.~ 

1 'Although Insoluble, crossllnked PVP adsorbed 80llê 

bilirubln. it8 adsorption e~paèity .1. only approxi.etely 

08e_. half thet: of the jreferenee resin, ~hol,stJr.,.lnê. 

Hove,er, ,PVP la fayoured k~net~c811~ce '.d~orption of 

,bilirubin reaclie. &iaturetion-dn a fev .ln)l1:e.. At short , 
ti •• i, PVP adsorbs-.ore billrubln than does chplestyra.lne. 

This could be en i.portant factor if the resins vere used 
, , 

~ 

in . • col,u.n for perfusloft; ainee during, perfus'ion the a 

eoatact ,ti.e betveen the b'i11rllbin 811d the 1 

8d~orbent vould 

.. relatively brief •• realn,a4sorbins .orerapidely could 

thea vell, be .ore efficient than one vith hi8her~ capacity 

but alover' kinetics. Ji,'!netheles., in order' to .axiJize the 
,-" 
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CHAPTER III 
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AI diteu •• ad la Chaptar 1, tranaport. of bl1.1rubla 1 .. 

) tb~ body b8c-o.aa poallbl. "al a ra.ult of blndt"l to 
l, 

alba.jn. EacH aollcal. tof ISA II kaovn to blnd tl,btl, 

tvo .. 01eculel of bnirubin~'- Thi. lnfor •• tio~ v.a ala. 
" 

••• khg 1 to da'~8n,· .nd:·.intb.a'iza a 'Raetal 
, l , 

aorba .. t 
, . 

iD 

for 

~ilirubln. inat •• d of i.aobl11~in8 the antira HSA ' 

, 

, , 
, ' 

.olec~le, vl~h • aolaculer va18bt 8~eater tb •• 66.000. ont~ 

a' .u~t~ble "support it va. d.eldad tbat atte.pt. ,vo~ld be-. ' , 
.ade to Iyntll •• il.,- 'onto a '.aitable pol,1.er backbon., 

pendanta eonaiatinl' of lequeneea of .aino acid •• Sinca 
. ' 

bllitubin'lnteractl vith the .alno Ic1d. ln a~buain. thara , , 
, , . , . 

il .', atron8 poal1b11,lt, thlt, it ,eà. allo do .• 0 witb 

. For, the purpo~e of thia atud, it vaa ••• a.ad tbat tbe 

pria.r,' atructure, and •• ybe the a.condary ',tuctara. of, 
<, 

albu.in pU" the a.jor rol'e in the bindi~1 

Any conttibution fro. tha t.r~1ar, atrueture, 
" 

of bilirubin.' 
1 , 

vhich .canot 

be represented vith ••• 11 p.p~1d ••• v.a iaDore ••• an thou8b 

it i8 'reco8nis.d that tertiary .trutture of • protein play. 
'" • 1 

a role, in the bindin8 of .•• all 1i.anda to that proteia. 

Due -t~ the unu.ual~y lIiab confor.àt1oaal~ acl.pt.bilit, of 

.era. albu.ina and the po •• i\11ity tbat tb, b1ad1.1 ait •• 

., aie nC?t pr~foraed (laru,h, 1950) 1t va, ezpectad tbat ••• 11 
1 

p~p~ide8. .i~ickin8 the bi~di.1 alt., ra •• o.ably ,wall, 

could ,still be .yntheaiz.d~ 
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chloro •• tb,.l:ated 
. . 

or to ,'Herrifield 

poly.t,rene d1Yinylbenzene. re.in) 

(He,rrifield, 1963): \ The' 'a~iftO acid. to'o'be tested Iftclu4ed 

th. 10ur aaino acid., arSinin.,_ lyalne. hiatidine, and, 
" 

tyro.fn... p'r-op08ed by' Jàcobsen (Jacobsen C.. 1972, 1975,. 

Jacobseu C .. ' anJ J.~ob.eu J ." 197.9) t' to be act·!ve in t". 
bindinl of ,bilirubin to albùaiu. aa vel1.s aoae other 

.aino acid. vith vncherled R 8roupa (F~I. 19) • 

. 
EI·PERIHEHTAL 

~) Syntheal. 21 ~ Protected Aain9 Acid ~ , . 
• 

1 

A sorbenta va • prepared 

• ttachina.ainale a_tno acid. to the Herrifield re,in., For . 
tbia ayntbe.i~. eh ••• iao acids, ly.ine~ h18tfd~D. end 

." trro8ine vere prote~tecJ at- the œ-aaino aroup ,.nd -.t the 

re,cti •• aide ch.in aroupvith th. ter-butylox1c.rboDyl (t

BOC). Arsinine va. 'protected onl,. .t tbe a-'._iao' group and 

" - purcha",d .a 8\1cb fro. Sisa •• 

Protected 
, ~ 

a_ino acid. vere' .ynthe.ized fro. tbe aono-

BOC .aino acid. (N~t~BOC~L-hi.ti4ine, N-a-t-BOC-L-

t1roaine, SiS •• ) or fro. the unprotect,d a.ino acids (L

histidine HCI,. ~-17~Jne HCI. SiS •• ) by addiD8 di-tert

but,.l-dicarbonat~ (1 •. 1 ~ e.quivalent for tbe mono-BOC and 2.2 

equivalent for' the unprot~eted a.ino acid.) to. solution 

of t~e .aino acid (1 equiva1ent) and " triethyl.aine (1-2 
, 

~qui •• lenta) (MC&B), and di_ètbyla.inop,r1dine (2.4 mg/ •• ole 
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of amino acid). (Aldrich) in dichloromethane for t~e mono-

Boe or 50:50 water peroxide~free dioxane for the 
.. 

unprotected ~mino acids. The reaction occurred un der N2 at 

r-ooÎII temperature and. was' alloved to proceed for 18 hours'. 
l ' 

The bis-BDC amino acids vere isolated and 'pur!fied 

uaing the follaving procedures: 

t~om unprotected ~mino aeid 

The vater/dioxane solution containing tb~ bis-~bc 
0., amine acids vas vash'ed vith water (15 ml) and 

ethyl acetate (20ml). 

- The aqueous la~er was washed vith ethyl acetate 
(20 ml). 1 

. \ 

- The aqueQùs phase 
~id (1 g/aO ml). 

wàs acidified 'vith cit~1c 

- The .b'is-'Boc am;lno acids vere 
aeata te"C 3 -X ,20 ml) ~ 

~x t ra c te d w i toI\., eth Y 1 ... , . 
The, combi~ed extra~ts were washèd vith water 
(3, ~ 10 ~~). dried. over MgS04 • 8nd.rfi?tered: 

'- .Th~, solvent ~as e,vaporated using 
·evaporator and the ois-BOC ~ino acids 
overnight ~ndér vacuum. ..., . 

! ... . ' 
From mo~o-BOe 

a rotary 
were dri.e-d 
. . 

- The orgari~c ~hase was washed' with ~ citrie acid 
'solution (5%, 3 X 10 ml) and 'wster (1·X lOml). 

,- The organic ~hase va~ dried Qver MgSb,. fiitered, 
the soivent was evapora~ed, and the bis-BOC amino 
acids vere dried under vacuum. . 

Samp1es were identified by 'Hl NMR and 'their puri,ty" was 

checked by TLC~ 

" 

2) Grafting of the Amiio ,ACidS o~'to t:: Mer~ifi~ld Resina 

The protected amano.acids were attached to eithér the 
, 

.... 

chloromethylat~ resin. 
f 

" """ i""" in the case of ty~sin&. arginine, ' \. 
() f) 0 

(l 

nI) 
o 

o 
:, 

, 1 
1 , : 

, 1 

• f ! 



and lysine. or to the hydroxymethy1ated resin in the case 

of histidine. To attach the amino acids to the 

ch1oromethylated resin. a solution of the amino acid (1 

equivaIênt per equivaient of Cl present) in absolute 

ethanol (2 - ~ mi/g re~in) was added to the resln. 

Triethylamine (0.9 equivalent) was added and the mixture 

'was ~efluxed at 90 0 C for 24 hours (65 hours in the case of 

arginine). The resin was then washed (3 X 10 minutes) with 

absolute ethanol, water. methanol and dicholoromet4ane. 

To attach histidine to the hydroxymethylated resln 

(Bachem), bis-BOC-histidine (1 equivalent) was added ta an 
,-

Erlenmeyer flask containing a solution of 1-

hydroxybenzotriazole hydrate (HOBT)(1.2 ~quivalent) in dr} 

tetrahydrofuran (2 ml) and dichloromethane (15 ml) st DoC. 

Dicyclohe.xylcarbodiimide ,(nCC) was added and the mixture 

was stirred for 5 minutes before the resin (0.3 equivalent 

of OH. 0.5 g) was added. The reaction mixture was stirred, 

using a magnetic bar, under N2 st room temperature, ~or 60 

hours. The resin was washed (3 X 10 minutes) ~ith 

dichloromethane, abso1ute ethanol, , water and, 

dichloromethane.. Merrifield resins with proline, gl ycine, 

phenylalanine and asparagine pendants were purchased from 

Sigma as the N-t-BOC-amino acid ester. 

The attached amine acids vere deprotected by stirring 

the resin rin trifluoroacetic ,acid (TFA) (40% in 

dichloromethane, 40 minutes) and neutralized vith" 
.~ 

t.riethylamine. The resilllS vere then thoroughly washed with 

dichloro~ethane an~ ethano1. The presence of the amino 
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- \ 
acide vas tested using tbe picric acid test (Glsin. 1972). 

3) Adsorption Studi~s 

The Merrifield resin (~60 mg) vas added to the 

bilirubin stock solution (25 ml) in a,stoppered fla~k. The 

suspended resin vas mixed by inversion and left to stand 

for 3D minutes. The resin vas flltered, vashed first vith 

buffer and then vith dichlorometh~ne. Presence or absence 

of bilirubin vas judged from the colour of the resin. 

RESULl'S 

1) Adsorption Studies 

For none· of the amino acids immobilized ont a the 

Merrifield resln vas sufficient adsorption obtained to 

cause a measurable decreAse in the concentration of 

bilirubin in the adsorbate solution. Hovever, since 

bilirubin is highly coloured, qualitative observations vere 

possible based on the colour of the res1n after vasni~g 

vith CH 2Cl 2 (Fig. 20) (Table V). A yellov colour vas taken 

as an 'indication that· sor pt ion of bilirubin ha4 occurred 

vhile a white resin indicated a lack 'of or 'a weaker 

interaction. Tvo resins, one with lysine and the other 

vith arginine pendants, shoved colour with the latter being 

'" more intense. It ls of interest ta note that lysine and 

arginine are two of the four amin~ acids proposed by 

Jacobsen to be located at or near the binding sites of HS! 

f or hi lirubin (Jacobsen C., 1972, 1975, Jacobsen C. and 

Jacabsen J. t 1979). 
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FIGURE 20 

COLOUR OF SOME SUBSTITUTED MERRIFIELV'RESINS 

AFTER THE ADSORPTION OF BILIRUBIN 

A) Arginine Containing Resin 

B) Unsubstituted Resin 

C) Glycine Containing Resin 

Cl 
D) Lysine Containing Resin 

( 
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TABLE !. 
t.. 

AMINO ACID COMTAINIHG HERRIFIELD RESINS 

FOR SORPTION OF BILîRUBIN 

A_ino Acid R Gro.up Statua Colour at pH of 7.8 . 

,no acid charge white (reain only) no 
, . , 

Lysinoe positive ch'rrge yellov 
~ 

. .. 
Ar_ginine po~1tiv,e charge yellow -

- Il . \ . 
. Glycine no ch-arge white .. . 

Histidine no char8e wh:l.te . 
z 

Tyrosine no . charae white 

Asparagine no charae white 
, \" , 

'" . 
Phenylalsn1~e no charae 

:" 
whi te 

- :.. . 
Praline . , no charge white 

. ' 
... , 

\ ( 
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Tb ••• •• alitati •• ob •• i'.atioa. ' . iadicete 'tbat tlle 

pr •••• c. of .uit.bl, •• i.o .cid ,e.d •• t. oa tb' re.in ca. 

r •• alt in .trong int.raction vitb bilirabi •• Both. tb. 

ly.iae- aad tbe arainiae-coataiaiaa re.in, tetai •• d a 

.iaaifi~aat a.ouat of, ,.llov colou~atioa •• ~n .ft,r waahi.1 

vith CB2C12• Th. failar. ta adaorb larg.r qaaatiti.a of 
.. 

biIirubia app.ar.d to t •• ult fro. poor coatact vith ,tbe 
J 

all.orb.te aolutioa. lt voald 
" • ••• th'at ~eaina vith 

i.a.obili&ed a.ino 'acid. could ai.e lood ad.orb.nta pro.id.d 
, .. 

that water wett,bilit, could be obtaiaed. Atte.pta ver. 

• ade to acbi •• e bett.r vettabilit, &y" incr.aai.1 th. le.lth 
t 

of the a.iao acid peadanta. Pend,at. coaaiatial- of 

..d OD - a ~ 

~ - b ••• ,b,drila.ia. r.ala var. hov ••• r, 

t~. ad.orption waa obt,i.,d •. 

DISCUSSION 

1) A'.orptio. Stadl •• 

"Ad.o~ptio. of bil1rabin by tha Merrlfiald ra.in. with 

ly.ine or'·araini~ •••••• ,ta ~onfir. Jacob ••• 'a ~oatalata 
(Jacoba.a C., 1912. 1975, Jacobaen C. and J,cobaen J., 

o 

1979) tbat ly~~ne and .r,iaine .uat ba at or a.ar tha 
, 

~a 1 ·aite for bilirubia o ••• ru., alb.aiA. Of aIl th', 

a.ino acids' t.at,d in 
, 

tbl. ~art of th, atudy (vbich 

iacluded aIl the a.iao acid. propoa·.d br Jacob ••• aa .1.11 
, 

a. .0 •• otb.r uDchara.d a.i.o aeid.), ar.lai.e aad ly.L •• 
, 1 

'. ' 13 
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vere the only tvo .hovinl a' deteçtable 'iat~action 'vith 

bilirubine Ariiaine and ly,lne are a180 the oa1, tvo a.iao 

acida vith -. cbarged aide group at & pH of 7.8. . 
'urther.ore •. ~ilirubiD la knovn ,t~ e'iat as a d'lanion 

( 
in 

.q,~oua aolution at this ~H. Conaequent1" it is~po.sible 

tbat a aalt liaka.e la for.ed bet~een the carbo~yli~ acid. 

;grDUPS_ of bllirub1n and the poaitively charged R .roup of' 

. the a.ino acids and 1s re.ponsible, for the observed 

interactions. The R groups of the other amino acida are 

Dot ionized at a pH of 7.8. 'Thua, they are unable to fora 

aalt liDkag~s. Hovever, the lack of a detectable color in 

the'resins contsiniDI thea6~.ino acida cannot be taken aa 

indicatinl no interaetiona vith bilirubin, aince 'the 

,'poa.ibilit, of 

still te.aina. 

veaker interactio,ns than salt linkalea 
~ 

These interactions could take place at the 

~a.ino Iroup vhich is a1ao charled for ail the resins. 
1 

Hy4rogen bondinl, hydrophobic interactions, and/or specific 

nOD-ionie interaction vith the R aroups, can alao be 

'po •• !bie. 
) 

-The pref,erence Df bi1~rubi~ to for. an interac tion 

. vlth~ arginine .and l,aine vith the' 
, 

observation of Jacobsen (Jacobaen C., 1972, 1975, Jacobaen , " 
\ ' 

c. and Jacobaen J., 1979).and the tecent redi--acoyer', ~f a-
bilirubin (Vu, 1984). The presence. of this .b~lirubin 

covalently 'l.inked to albumin in the aera of. jaundiced 

i~fants vas de.onstrated br Wu. It vas sugsestad", that . Ô-

bilirubin 'is bound throush an amide bond· betveen the 

bilirubin COOH and ODe of the, a.ia~ ac~d NH2 'a OA the 

.74 

, . 

, , 

/' 

, . 



•• 111 

,1 
! 
t 

, " 
j 

, ' 

1 . " 
1 (~,: 
r 
'Ï. 

1 
'l, 

f 

". 

, ' ... 

fi l' fi l' 

11~u_in (Vu, 1984). lt lI, tbuI~ ,ùlt. 1ital, tbat aa la

ylyo iaterlcth)!l occllr.~ betweea t'he R aroup Il'2 of' certai, 

• aino Icids end ~ilirQbin~ 

The Merrif4eld r.a~n proYided a firat indicatioa that --. , 

aaino a~ids have 80.e potentiel.. ad.orbanta 
, 

for b11ir:ub1n. Cleariy. even ifObilirubln CID be ad,orbad 

br these aaterials, th. aaount of adaor,ption ',i. 

in.uffieient ta j~8t~fJ the replac •• ent of cholestyrà_ine 
- 1 

bJ the Merrifield-I.ino Icid re.1as. Nonethel ••• , th. 

abserved differences ln interlction tblt re.ult when 

.different aail)o acid.s fora th'e .ide (hlinl provlde .trona 

evidence' that .it should be possible ta prepare 1 .or~ent 

that has 8 high capacity and perh.p. IVln .pecificity. for' 
o ' ~ 

bilirubin br Ippropriate selection of the p~l,.er backbo •• 
, 0 

and of the a_ino acida on the ,peptide p.Dda~tl~ 
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'CHAPTER IV 

ADSORPTION OF BILIRUBIN BY POLYAMIDE RESINS 
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INTRODUCttON 

The adsorption of bilirû~int alb.it·~n .erJ ••• 11 

amounts~ by the arginine-Merrif1erd and ly.1ne-Herrifield 

rèsins ls 'an indicatio~the8e tVQ amino aCid.' •• , be' 

useful in forming a good adsorbent. Cle.r!" tbe, 

hydropb~bic nature, of the Merrifield resins offers a stroD8 

i~pe4iment to good adsorption frOID aqueous solution. 

Fur ~bermore. i t seem"s qui te' possi,ble tha' ~he pendsnt a.ino 

acids, which vere attaebed in the presence of orsanic 

solvents that cause the resin to avell, l1e buried vithin 

the po~ym~ beads and inaceesaiDle to the aqueoua bilirub1n 

sol ut'ion. 

In this part of' the study, of 't11.8 adsorpt;ion of 

b1lirub:i,n t:he use of a ltater-svellable "polya.i'de" re.in 

viII be presented'. The a~ino acids used' prado.inentl" 'a. 

the a~tiYe port~on of the pendants are arginlne and,11.ine. 

Hpwever, sloèe interactions vith other amino acids cannot 

be ruled out c-oncluslvel,y on the ba.is of tba stu'Ue. of 

the Merrifield resin, adsorption' by resins containins 
, 1 

histidine and ,tyrosine, the other tva amino acid. propo.ed· 

,by Jacobsen as 6éing ifivol.ed ,~n the bindiDg of bllirubi, 

by will also be studied. The p~n~aDts ar.fted 
~ 

.' 

'onto the polyamide resin~ w1:~1 be compo.ed of v.arlous 
l ,1 

se~ies of amino acids to prDv~de a "atematic stud, of the 

effeët of various factors, sueb 8a charSI! den.ity, leh8th of 
~ ,. e ~ 

the , pendants. distance between the active "amlno acid. an'd' 
/' 

the polymer back~Dne, and distance ~eparatiDS the differ.nt 
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.ct! •••• 1ao .ctde vitbl •• l.ad.at. 

IIPIRIMIITAL 

. 
1)' Stath •• l. 91 th. P.odapta'2a ~ Polt •• id. 1.,1D' , 

A polya.ld. -r •• ln (Ch ••• lol), vhlch 1. • vat.r 

.v.ll~bl. copoly •• r of dl •• thylacryla.ld. and N-.cryl-1,6-
, ',1 

,dia'l ttoh •• an,' r.tlculated vlth bl,acrylyldla.lnoethane 

(14%) . (Flg_ 21), vas u •• d a. th. poif •• r b.ckbon. onto 

vhicb the a.ino .c~~ p.nd.nt. ver •• ynth •• ized. 

a.lno acid of th. pendant va. attached dir.ctly to th.· 

r.aia NB2 arou, •• ia'th. a.lno acld C09B aroup thus for.laa 

an •• 1d. bond.' A trialanln. ".pac.r" portlon va. alva,a 

lnclud.d n.st to th. poly.~r backbon. to .xt.ad th. .cti •• 

IDit and .0 •• k. lt .or •• cce.aibl. for .orptio~~ 
, 

Th. r.actlon acb ••• for tb. ,yntb.'i. of th. p.ndaDt'-

ODto th. poly •• ld. r'sln 1. 'gl •• n ln App.ndls 1. Tb. 

aYDtb.ai. of th. p.ptld. pendant' va'lachi ••• d ualng a V •• a 
/ 

, . 

.od.l ~O .,to.atlc 'fnth •• i,er: (ApI.ndlx: 1) according to .. 
, 

IODe ,of tb •• equenc,.a 81.eo in 'ppendls, l ... Tbe' dilf.r.nt 

, .ch •••• · corr •• pond to 1.pro •••• nt. iD tb.· va.b c1cl.~ a. 

.or. 'YDthe •• a v.r. co_pl.t.d. 
, , 

Th. r •• ln va. flrat avoll.n ~n dlchloro •• than. and th. 

hydrocblo'rld. , 'aIt vaa 

(DEA) ln 

dl.pîac.d vlth 

dlchloro •• than. 
. 

401 

~ (30 

Fully protected a.lno aClde, N-œ-t-BOC-L-
" 

a1, .. ille, H-G-t-BOC:-2-bro,0-CBZ-L-tyroaln.. J(-a-t-BOC-Jf-E-

. 2~·4-.ichloro~CBZ .. L-ly.lne, , . 
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hist'idine, and N-a-t-BOC-N-{&I-nitr.o-L-argi~ine vere.obtained 

from Chemalog. The symmetrical anhydrides of the amin~ 
, " 

acids used as the 'ac1tive intermediates in the ,coupling s~ep jP 

-
(Wiland, et al.,' 1973) vere obtain~d by mixing a solution 

. 
of tvo equivalents of t~e amine acid in ~!c~loromethane or 

'~ydrofuran (for arginine) vith one equivale~.t of N-N'-

" dicyclohexylcarbodiimide (DCC)(lO% in ~The 

reae ti"on occ urred a t OOC for 20 minutes", Upon completion of 

the react10n the dicyclohexyl urea obtained as a by-product 
-il 

was filtered off and the filtrate containing the reactive 

intermediate vas added to the resin. 

Upon completion of the coupling step the a-amino 

groups were de,protected w~h 40%· trifluoroacetic acid 

(TFA)" neutralized with 5% DEA and washe-d. The next amino 
6 

acid was added and the synthesfs sequence was repeated. 
# 

Completion of the coupling ~t~p deprotectio~' 
, \ 

and were 

checked vith the n~nhydrin test. \ , 

The sorbents were synthesi~!!d in diffe'rent batches. 'To 

obtain the various pendant lengths in a given batch, part -

of the resin was withdrawn when a given sequence length:~as 

complete. The synthesis was resumed with the remainin8 
, . 

sample. After the Iast amine ~cid in the disi~ed sequence 

had been introd~ced. deprotected, neutralized and washed, . 
o 

the resin was washed a last time wit'h anhydrous et~yr ether 

and dried overnight under vacuum. 

The R groups were then deprotected by treatmen~ vith 

anhydrous HF (Sakakibara and Shimonish'i, 1965) .. The res'in 

was introduced into. the reaction flask of the HF line 

7.9 -' () 
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(Appendix n. Next, one ml of'anisoi vas added and the 

fissk was securery screwed ante the Une. The reaction 

mixture was cooled with liquid N2 and HF (15 - 20 ml 'per 
, . 

gram of r~sin) was distilled in"the reaction flask. The 
, 

mixture wa~ warmed to oOe while the resin was stirred ~ith 

a magnetic stirre~ to ensure thé complete penetration of 

the resin by HF. Once the HF had melted the stirring was 

kept ro a minimum to avoid grinding the resln. After one 
< 

hour the HF was evaporated, the resin was washed< with 

anhydrous ethy! _ ethe-r, dried under vacuum and kept~ a 

vacuum dessicator until use. 

2) Amino Acid Analysis 

Completion of each coupling atep and deprote~tion of 

the a~amino groups were checked vith the ninhydrin test 

which can detect less than 1% of free NH 2 (Kaiser, 1970) so 

that 8 minimum of 99% completlon of each caupling step ls 

indicated. Hence, for the longest pendant, consisting of 8 

ami no acids, at leaat 93% of ~he pendants should have the 

complete, correct sequence (Metnhoffer, .1973). A-recent 

study on the efficlency of the éolid phase peptide 

synthesis (Sarin, et al., 1984) reveals that even un der 

less than optimal condi tidhs, the' concentra tion of deI etion 

peptides, i.e., peptides miss~ng one residue, is less than 

1%, and, by forcing the conditions, it cao be reduced to 

less than 0.05%. Furthermore, ~efficiency is not affected 

as the peptide chain is lengthened. Nonetheless, an amine 

acid analysis was obtained, from the labQratory of Dr. S.A. 

80 
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St-Pierre, Department of Pharmacology, Centre Hospitalier 
. 

Universitaire de Sherbrooke, 'for the resin containing the 

The sa~ple vas submitted to hydrolysis 

in 6 N HCI for 20 houts~at IIOoC under vacuum. Upon 

" complet ion of th& hydrolysis the Hel vas ~vaporated and the 

amino acids vere lyophilized. The resid ue 0 btained vas 

dissolved in a ~ltréte ·buff~r (pH - 2) and analysed vith a 

Beckm~n 119 CL amine ~cid anaiyser. 

3) Adsorption Studies 1 
For the study of the adsorption of bil1rubin by the 

polyamide resins, b~lirubin solution at an appropriate 

concentration, prepared as for the studies of adsorption by 

PVP (Chap. II.), vas. added to an accurately veigh~d amount 

of the resi~ (""10 mg) contained in the -~ds6rption flaak 

(Fig. 14). The flask vas placed in an ice vater bath and 

purged continuously vith nitrogen. For the study of the 

kinetics o~ adsorption, aliquot~ (0.5 ml) were w~thdravn"at 

. desired· times. To obtain the ~dsorption isothetms, only 

one aliquot vas withdravn at 60 minutes. The bilirubin' 

concentration vas deter.mined as, for PVP and 

cho~est yramine. 

4) Adsorption .!!!. the Presence .. of Competitors 

Adsorption of bilirubin by polyamide resina vith 

pendants of Ar8SAla3 and Ar8IAla3 vas alao ~tudied in the 

presence of arginine (bilirubin to arginine ratio - 1/4 to~ 

1/7) • The arginine HCI (Sigma) vas added. either to the 

resin (10 mg) before the bilirubin solution (5 - 10 mg/dl, 

81 
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25 ml) 'was added or directIy to the billru'bin solution 

before it ws·s added to the resin. In the latter case. the 

biliru bin-arginine solution was stirred 
~ 

for 15 minutes 

before it was added to the resin. In both cases adsorption 

was carried out in the ususl manner once the three reagents 

were present. 

Acetyl salie ylie acid (10 - 13 mg/dl) vas added to the 

polyamide resin with Arg sAla3 pendants.C io ~g) wbile urea 

(20 mg/dl) and creatinine (10 mg/ dl) vere added to 

p-olyami'de resin with ArSIAla3 pendants (10 mg) before 

addition of the bilirubin solution (10 mg/dl, 25 ml). Urie 

acid '( mg/dl) was d issol ved in a small amoun t 'of 0.10 H NaOH 

and added to a biUru bin ~ol ut ion (10 . mg/ dl). This 

solution (25 ml) was added to p'olyamide resin vi th .Arg 1 Ala3 

pendants (10 mg). Adsorption was carried out as usual. 

RESULTS 

1) Amino Ac~d Analysis 

The recorder 'trace from the' amino acid anal ysis 

cOD,firmeQ the' presence of arginine and alanine. The area 

under the peak for each these acids were compared to the 

ares under the corresponding peak of refetence sample 

cootaining a known and equal amount of these tvo aéids. A 

ratio of, 2.8 alanines to 2 argin~nes was 0 btaioed as 

compared ta the expected ratio of 3 to 2. . . . 
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2) lineties of Adlorption 

Prelialoer, experiaenta ah-oved thWt'- the uae of a 

polyaer vith ~ater svellable baelcbone sreatly increa.es tbe . ~ 

adsorption capacity as coapa'red tq that of the hydrophobie 

Merrifield resins. 

resins should st8y in contact vith tbe bl1irubin solution 

before adsorption \ could be con.sldered co.pIéte 
1 • 

the 

adsorption of bi11rubin vas folloved as a function. of tiae 

for the polya.ide resins' vith pendants conslsting of 

Ar'IAla), Ara2Al83. and Ar'SAla 3 (Fig- 22). Adaorption ig 

rapid ~urin8 tbe first IS ainutes but then slovs dovn. A 

s8a11 cont1nuous decrease ln absorbance betveen 60 and 90 

ainutes sU88est8 that adsorption la .aiDt.ine~ as a slow 

process after the initial burst. Howe~er, the change in 

absorbance reading as a function of time is very saa11. not 

sigoificantl, different froll experiaental error, and aa, 

vell reflect loss-of bilirubln due to factors otber than 

adsorption, e.g., oxidation or deposition on the atirrer 

and flask. Thus, lor further studiea, adsorptl~n vaa 

considered complete at the end of 60 ainutes. 

3) Adsorption ~ ~ Polyaaide Reains 

ja) Effect of pendant 'composition 

AlI of the polya.ide reslns incorporated an Ala3-

polyamide structure as the atarting point. To eatabliah a 

referen,ce point for coaparison of adsorption 
) 

chilracter!stics. isotheras vere deterained for the 

adsorptio'n of 
't .. 

bilirubin by the uDlubatituted' poly •• ide 
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FIGURE 22 

IIBETles FOR THE' ~'DSORPTION OF BILIRUBIN 

BY THE POLYAMIDE RESINS 
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re:sin and by the Als 3-.,olyamide résin at OOC.· Figure 23 
" 

shows the amount of bilirubin per equivalent of' p'endants, 

adsorbed after 60 minutes, plotted'as a ~unction of ~he 

final equil1brium concentration. The adsorption capsc~ty 

of the polyam1d~ resln 18 nob significantly. incre~sed by 

the addition of ~he trialan~ne spacer. This might be 

". expected since the unsubstituted resin already hl}s NH 2' as 

functiGnal giriups ~hich could b~ considered slmilar to the 

"', 

terminal a-amino groups Df the trialanine spac~r. 

Acetylation of the termi~a). a-amino groups of the 

trialanine spacer reduces' the adsor'ption 'a,apacity "of the . " 

AlaJ-polyamide to less than"one half (Fig. 2J). This is à 

good indication that the a-amino gro,u~$ 'contribute 

substantially to the adsorption of bilirubin by' the 

polyamide r~8ins. However, there ls sOBle residual 

adsorp~10n which may be attributed to adso~ption by the 
ti 

polymer backboJle or. perhaps, to a 10ss of ,bil,irubin by 
, " 

~ollle proeess oeh.er than adsorption by the", resin. 

Aiso included in Fig- 23 for the pu~pose ot cOIll~arlson . , 

is the lsotherm, determined under similar conditions, for 
, . 

the adsorption of bilirubin by cholestyram1Qe (Chap. II) • 
• 

On the bs.sJ.s of eq u1 valents of aeti.ve si tes. both the 

.polJs~ide and the Ala3-polY8mid~ 're's,ins have the ability t'o 

.ad.orb bilirubln in amounts that signiflcantly exceéd that 
1 

adsorbed'by cholestyrslIline. HOW~Yerf ~~cause of the h1gh~i 

substitutiôn, of cbolestyramine it still 
~ 

h,as a greater 
fi> 

capacity for 'bilirubin wben' lt 1s expressed on ~ per 8r am 

of sorbe~t ~aB1s~ 
\ ' 
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The ,adsorption lsotherlD:~ of., vartou. p'olyalDlde reslns·" 

, to whlch were àttache~ 'p,endant,s 'syntheatzed with the ,f'ou,r 

am~no acld~. ar8i~ine, lystne;'histidine and tyrosine vere 

determi~ed st OOC. Duplicate ~xperlments lndlcste thst the . . 
precision of individ"ual points le àbout ± lQ;t in conditions 

'where adsorption la small, e. g., for the ,reference resins 

and the resins containing histidine and tyrosine, oc at ldY 
.' 

equilibrium cQncentration « 2 mg/dl). -. .. .. For ~xpert.ent. ln 

which the amounta of bl1irubin 8d~orbed are' larger the 
',1 

precision la better. Figur~s 24 to 27 show isotherae for 

res~~s vith the str~cture,XnA183-polyamide, where X is one 

~f the ~our amlno'acld~ mentioned ~Y Jacobsen and n varie. 

from 1 to 5. 
. 
,~ 

~he adsorpti9n isotherms for the poly8m~de resins'vith 

pendants containing ar8in~ne, one of the two amino acide 

whic.h S.how6Q some slgn of intetact,ion with bilirubin when 

immobilized onto the Merri~ield.resin. are shawn ln Fig. 
, ' 

24.· The resin with ~he ArS I Ala3 .show:s, enhanc.ed ad,orption 

as campared to the unsubstituted resin 'and the resin 
, '"' 

~ont~~nin8 the trialanine spacer (NOTE: In.colDparing Fig. 

23 wi't'h Fig ~ 24' the change in the scale of :the y, 'axis 

should bé n~ted). As the ~umber of argininès. in the 
. ' 

, pendant ia in~~eased Irom one to two a dramatic increase in 

the adsorption capaci.4:y is obtained.' However, no fqrther 

'enhancement ls obtained whên'three arginines, instead of 

two, are preserit~in the ~endants. A fur~her incresse ia 

obtained in the adsor~tion cap~citJ of the resins tbe 

pendant leng,th:i.e increased' frOID three to five arginines. 
" . 
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FIGUIE 24 
" ADS01PTIOR OF BItI1UBIN BI THE ARGININE-COHTAINING RESINS 
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FIGURE 2S " 

EFFECT OF PROTECTING THE R GROUP OF ARGIN'INE PENDANTS . 
~ ON POLYAMIDE RESrNS 
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FIGURE 26 

ADSORPTION OF BILIRUBIN BY THE LYSINE-CONTAINING RESINS 
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"ADSORP:rION OF BILIRUBIN ' 
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BY TH~ !~STIDINE- OR TYROSINE~CONTAINING RESINS 
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However, thi~ increase is less than the increase obtained 

between the resins containing one and tvo arginines. 
, 

The Ar82~la3 resin was a1so tested vith the two 

guanido groups still protected br nitro groups but vith the 

Q-slIlino ..,groups free. !he' adsorption 'capaei ty of this resin 

ls reduced to one third that of the' Ar82Als3 resin but it 

still remains slightly more active than the Arg t Ala 3 resin, 

(Fig. 25). This hehaviour, li~e that of AIs 3 pendants with • 

an acetyla~ed'Q-amino group vhich retaine~ a capscity Iess 
, , 

tban one half that of Ala 3, (Fig. 2~), gives strong ,evidence 

that the adsorption of bilirubin is not due solely to the 

interaction with the R group on the amino acid pendants. 

As shown by the a'dsorption behavlour of these rtprotect.éd~ 

resins, the a-amino grou~s a1so active.' This int.e.ract1on. 
/ 

wfi not detected with the 81yc~ne-Herr~Ji:éïd r~sin. 

probably because of its lack ~I vater s~ellability. The 
, .. " , 

fact that the arginine-Merrifiel.d • and" lyaine-Merrïfield 

resins adsorbed bilirubin shows that, as mignt be expected, 

~he interactions wit~ 'the charged R groups are more 

powerf~l. 
. 

The adsorption isotherms of the polyamide resins 

co~t~ini~g pendants vith l,sine (Fig- 26), the second amino 
, 

scid showing signs of interaction witht bilirubin vhen 

immobilized onto the Merr~field resin, a1so show an 

increased ad'sor ption capâcity as compared to the 

unsubstituted and the trialanine containing re8in~ (Fig. 

23). However~ the adsorption capacity of th~ resins 

cOlltaining .t;.he Lys 1Ais 3 p~ndants 1s amaller than that of 
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tbe restn conteining tbe Arg l Ala 3 pendants. The increase 

Ip~ adsot~tlon capacity obtaln~~ when one extra, lysine la 

added to tbe pendants ta yield a polyamide resin vith a 

Lys2Ala3 pendant is a1so smaller than the increase which 

was obtained, betveen one and two a.rg:tnines. Tbus, tbe 

adsorptign capacity. of' ,tbe polyamide contain:1ng tbe 
.' ;i " 

LY~2Ala3 pendants ls smaller than the ~orrespondi~g res1n, 

Arg2~la3' in the arg~nine serie~. I~ fact, lt' la slmilar 

to • the adsorptio~ capacity of the resin 'cotltai~in8' tbe 

However, the resin containtng tbe' 
III 

,~ys5Ala3 pendants,breaks tbe,trend of the lysine-containihg 

r~sins showing a lower adsorption capacit1 than their 

ar8inlne-cotlt~~n8 
,..."".... 

counterparts. The increaae in 

adsorption capaci~y between the resin containltlg the 

~ Lys2Alsj and tbe resin containing the LyssAla 3 ls larger 

tban any increase in adsorption capacity obtalned 

previqusly. Thus, although tbe resin contalnlng the 

LyssAla3 has an adsorption capacity whicb is lower th.n 

that of ArgsAla3 at low equillbrlum concentrations, it 

beçomes greater at bigher equilibrium concentrations. 

The adsorption isotherms for the resins contalnlng, , \ 

1 

histidine in the pendants, art amino acid mentioned by 

J~cobsen but wh!ch did 
,0 

no't show 'sn, vis'! ble sigo of 
<> 

interacti~n "~ \th' bilirub.in wh~{l immobilized onto tbe 

Merrifield resin, are shQwn in Fig- 27. Although the resin 

containing on1y one histidine doès not show any iacrease in 

adsorption capacity as compsred to that of the resin 

contain!ng the trisl~nine spacer, 

93 
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cOGt.ining pendants vith aore than one h~stidine show aoae . 
'.proye.ent in adsorption capaci tf (FiS_, 27). - Howeyer. th. 

lncreaae in the adaorption capac1&y ia a.aller than that 
?' • 

obtained for eit'ber the .arginine- or ,1y.ine-coDtaining 

resinà. Thè r~8iD eontàl'ning ~h. 818 2A183 pendants ha. an', 

adsorption capaci,ty vh;lcb ia aituated"lJo.evhere betveen the 

. adsorption c8p~cit1 of the resins 'coDtainins LJs}Ala 3 and 

L,s2Ala3' pendants while it 1~ approxi.ately ~i.iiar t9 that 

of the rejin.-contaiDin~ the AràiAl~3 pendanta. The resin' 
, 

adsorption ~sother.s for the tyroaiae-cpntaining 
l , ' 

resina, the four th a.ino acid ~ent~oned br Jaco~~en but 

like histidine d!d not .ho~ an, Yisibl~ ,i8DS of which 

interac~lon vith bilirubin whea it vas la.obili~ed oato tbe 

Herrifteld resin, are alao shown on Fig. 27. These reaina 

beh.ve like their histidine-coDtaininl couDterpart, with 

the resin contaiainl the TrflAla3 p.nda~ts ~hovi~S alaoat 

no 1aproyeaent 4n,the bindiDS ~apacity ~a co~par.d to that 

of the trial.nine contai.lns reain whil. a a.a-ll illcr.ase 

, ia- obt.ined for the reain vlth the Tyr 2,Ha 3 pendants. 

In general, the .d.orpt~oD capacity for the substituted 

r.sine vith a glwen nuaber (leas than,5) of actiye ,aaiDo' 

acide followa the order arsia1ne > IJ.in~) histidiR~':' 

tyro.lne. i.e., decre •• iDS vi,th decreSa1ng' ~ •• lcitt. At pH 

- 7~8 1t ls expected that both ara1n1ne,and lyaine pendanta 

vould ,be
j
poaitlyely cbaraed' vhile histidine and ,tYfosine 
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would be ·uncharaed. This ~ ba.ed on th'e a •• u.ptlon that 
dl 

the -,la of the a.lno acide in the pendanta, 18 atailar 't~ 
. 

those of free allino acids, as ls knovn to be tbe ca.e for 

•• all peptides in 801ution (Lebninger, ,1975) 

Doubling the ~uabér of 'actl ve aillao acid. ln the 

pendant. I.e" t Increa81ng D froa .1 .. to 2, generally r~.ult. 

in an incteased capactty for bilirubin when X 18 a ,cha!ged 

aaino acid vith a haaic pla' .uch as arg1nine or 1y.lne 

(Ftgs. 24 and 26), but a sIRa11er Incr'eaae ta obtaln~d "hen 

1 conaists of, the pendant~ vith, uncharged histidine afid 

t1ros~ne (Fig. 27). This suggests that charge denaity ~. 

an important factor in t.he adsorption of b111rubin by theae 

reains. A confira.tion ~f the i.po.rta~ce ,of charge denai'ty 

18 de.~n8trated by experillenta involving resins vith 

pendants containing an evèn hisher nu.ber of argtnine, , ' 

lysine or hist,dine units in t'he pendanta (Figa. 24, 26. 

.27) • In the case of arginine. increaaing the nu.ber of' 

~harged amlno acids from tvo to three, has no "appar~nt 

effect on the adsorption i80thera, but 8 further' increaae 

to five erlhance~ the adsorption'capactty by a factor of 4.$ 

as compared to that of ~he resln whose pendants c~ntain 

on1y one arglnine~ For lysine the adsorption 1a enhanced 

by a fàctor of 11 vhen the pendant 1ensth la incressed fro. 

one ta five while f~r histidine the enhsnce.ent la.about 6. 

. A ,8um,...ary of the isotherlls. based on the amoun t , of 

bl1irubin adsorbed a t' hig'h eqpili b;:i. u. concentrat ion (C • 
, . eq . , 

6 .g/dl) t where thè change' in adsorption v,lih concentration 

la a.a11. la given in Table VI. 

95 

.. 
• j 

1 
1 

\ 

. 1 
, t 

j' 

> , 



... 
.-- \,-----_.-_._, -

• 
. - , 

( 

TABLE li 
, ' 

RELATIVE ADSORPTION CAPACITIES FOR BILIRUBIN' 

BI SUBSTITUTBD POLYAMIDE RESINS 

1 
l, . HUlQber of Am1no Acide 

Attscbed ta the A183 
. 

Allino Acid 1 2 3 4 

Arglttine 3 , 10 10 14 
, 

1 

1 

, Lysine 1,3 4 --- 16 
( 

Histidine 1 2.5 --- . 6 , 1 

Tyra8ine .1 2.5 --- ---• . . 

. , 
.. 

• 1 

'. .' , 

: 
, . 

. ' l , ," 

( ~ t' , ' . , 
• 1 • 

t 1.1 
.. ~ 1'\ 

1 • ,,' ... . . . 
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lt ia of laterest to note that althoush the reain vlth 

the Krfi~la3 pendants bas e sre'ater cap.city for blllrubla 

per equival~Dt th.n 40e. th.,Lys2Ala3-conta1ning resin. the 

e~pac1ty of the ArSSAla3 resln ls sOllevhat les. than othet 

Rather surpriaiftsly, the resins 

vith Arg2~la3 and Ars3Ala3 pendants have an ,approxi_ately 
• ..",".j. ~ 

equal capaeity for bilirubine Boveve~, ,dding a hiatidine 

ln place of an'.rginin. ta the ~r~2Ala3 pendant. '0 yield 

HislAr82Ala3 pendanta, praduces e resln vith an adsorption 

eapac:t.ty 'sligh~ly lerser than that of the resins containing 

tvo or t'hree, arsinines (Fia- 28) _ Clearly ,80ae aynergtatie 

role 1. pla,~d by this added histidine. Tne fact tbat 

histidine is uneharsed and bas a .a.ll adsorption capaeity 
. . 

br itself augaeats that factors otber than,charge,deaaity • 

• 

perhapa confor_,tion of the peptide chain. _lao play a_ 
" . 

• iauifieant role in the adsorption proces •• 
\ 

3b) Effect !L Pendant Lensth 

The effect of the leuatb' of tbe pahdauta as oppo •• d to 

charge deftsity vas t.sted u81ng arginine-containins re.ina 

vith extra alanine .p~eer. eitber at the belinniua. of th. 

chain. i.e.. , before the first .rsinin~t or betv.en 

arsininés (Fig_ 29). Rach of thes. iesin. c.~ be rel.ted 

to another r •• in vith either the aaa. Duaber of •• ino .cid~ 

or ~ith th~ .aa~ nuaber of .~ginine. in the pendant. 'a 
aigbt b. expeeted, the reain vith Arl1Ala4 pendaDta behay.a 

like the resin vith ArS1Ala3 pendanta, wbieh has the .aa. 
t 

aa.ber of argiaia ••• rath.r th.n like the resia containiaa 

the Arg'2A1a3 pendaata. vhich ha. th. s~ •• nuaber 'of •• ino 

. , 
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FIGURE 29 

EFFECT OF 1HE ADDITION OF A SPACER 
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. 
acids in the pendants. However. it is soœevhat surprisiD~ 

", 

that the resin vith the Arg 1AIa 3Arg 1Ala 3 pendanta has an 

adsorption eapaeity vhieh is higher than that of the 

Arg2Ala3 resin. containing the sa me number of arginines in 

the pendants_ Hovever, it is still lover than that of the-

resin vith the ArgsAIa3 pendants, the resin vith tbe same 

number of amino aeids in the pendants. Thus, the Ala) 
"\. 

spaeer separating the ar,gi-nines apparently has a 

beneficial, albeit minimal, effect on the adsorption 

capaeity that seems to be more dependent on the number of 

arginines in the pendants tHan on the length of the 

.,endants • It appears that inereasing the' distance 

. separating the nactive n amino acids, in th1~ case arginine, 

has s positive effect on the ad,or.Ption eapacity • 

. 4) Effeet ~ Ionie Strength 

An adsorption isotherm for the Arg 2AIs3 resin va. also 

obtained at IQwer ionie strength of 0.010 M-as coœpared to 

previous studies at 0.10 M. Although, adsorption at l~v 

eqùilibrium concentration seems to be enhanced so.evhat, no 

changes are apparent'for adsorption st higher 
/ 

concentrations (Fig. 30). 
1" 

S) Adsorption vith Competitors 

equilibriua 

Of aIl the competitors testéd, argioine, uric aeid, 

creatinine and urea, none" had ani deteetable effect4 eitber 

positiv~ or negative, on the adsorption of bilirubin by the 

resins eontaining ArgsAla3 and Ari1AIs3 pendants. 

100 

--~------------------------

-.. 



' .. -

FIGURE 30 

, EFFEeT OF IONIÇ STRENGTH ON . 
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DISCUSSION 

Co-apari.on of 'f the adaorption iaothera of tbe 

polyaaide res~n,8 to that of chole8'tyl"aaine clearly shows 
, 

that foraer are aore effectiye on·a per equiyaleat of 

pendants basis. Eyea tbe IInsubaUtuted resin lad the Ala3 

resin theaselyes haye capacity for billrubin 4 to S ti_es 

grester than that of chol~styraaiDe vhen co.pared on aa 

active unit basia. Hoveyer, cbolestyra.ine ha. a .uch 

bigher .uba~itution, sore tban 16 ti_es greater tban tbe • 
unaubstituted polyaaide resin. Bence, sinee atertc 

hindrance froa the alread) adaorbed bilirubin can influence 

further binding, this co.parlson· aey be soaevhat 

unjustified. For th!.' rea.on a co.pariaon OD a ve~lht 

basis a.y be .ore appropriete. On • ve1abt basts •. the 

resin cont.inina ArslAlaJ pendaDts is the resin vith .~ 

adaorption cap.city closest to tba. of cholestyraai.e. 

Resi.s vi th aore than one araiDine re.ldue as vell as thô •• '., 

vith the Lya2Ala 3 , LyasAlaJ , a.~ BisSAl.3 r~~da!~, -al-i baye .. 

a auch hlgher ad .• orption capacity. ]'he •• , eyen OD a veiaht 

basia are still 
, 
aore adsorbent. th •• 

cholestyr •• iDe. Moreo.,er. on a actt ye uni t ba.l., 'the 

Ar1SAla'3 redn has. capacity vhich 1. 70 ti.es Ire.ter 

~ tha. that'of cbole.~yr •• 1D •• 
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2) Ceapariaon betveen Polla.ide 
Sorbenta 

Otber 8il1rubin 

Adsorption 
G 

capacities for other sorbents used 

pr,yiouslf for the re.oya! of bilirubin b~Ye been presented 

in Chap. l (Table II). For adsorption of bilir~bln Iro. 

aqueous aolutions, the pol,aaide resins are of the arder of 

100 ti.es aore efficient tban .ost of those sorbenta. It . ' 

ls of particu~ar interest to note that the i •• obilized 

alb.ain has a capacity of approziaatel, 0.2 .g/g -(Plotz, 

et al., 1974a, 1974b). B, coaparison, the resin vith 
.... 

AriSAla3 pendants resin has • capacit, for bi11rubin 1 that 

is approxi.ately 500 tiaes a. lar~e. , Ro~ey.r, Bost of th. 
" 1 

r.siDs list'd ia Cbap. 1 baye been tested for adsorption of 

bil1rubia i·n pla •• a vbere the pres.llce of alb •• ill .a, ca.a • 
. ' , . 

_oa. int.rf.reoce vith tbe adsorptioo procea •• 
~. 

3) Flctors Aff'Stiil8" the Adaorption gL ,Bilirubi~ ~ th. 
Polla.ida ae.1S-

Tb. adsorption of bilirubin b, tb. poly •• id. r._in-- can 

b. _aff.èted dir.ctly bJ aeyeral featur' •• of tbe ad.orb.llt-~ 
" 

-
Thea. include baaicitJ or charge density on the peDdanta, 

tbe dist.Gce •• par.tl11g'tvo ch.r~.s, dfetanc. b.tveen th.' 
-

actiy. p.rt of tbe pendant and th. poly.er aatrix, and 

total chai. leDath. In addition, other factors Bucb •• th. 

-coBfora.tion of th. p.ndanta .a, ,baye a l.as direct effect. 

Co.pari_oD of tbe pol,aaid. restns aaong th •• a.lye. 

~.Y .. l. that tbe charle on the pendants is undoubted11 the 

a.ln f~~tor in the adsorption of bilirubine Ch~r8e.·oo th. 

p.adaDts C'D the R g~oûp , . of 
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constituent a8ino seide and tbe ter.inal a-•• ino aroaV. Th. 

cârboxyllç aeid doe8 not contribute to' the charge ainee it, 

is involved io the peptid,e bond lin,king the aaloo aciel8 ln 

tbe pendent. 

Thë charge on the R group of the aaino acid reaidue. ia 

of pr~aar1 laportance and haa a profound effect on the 

adaorption capaeity vhich incre.aes vith increa.ina 

basleitr of the' R groups. In the resins vitt. one relt.idu. 

beyond the Ala 3 epacer, thoae vith a charaecl aaino acid. 

such as arginioe and lyaine, adeorb .uch .Ore bilirubin 

tban the resins coataining tbe uneharged histidine and 
fit 

t,roaine. Morèover, arainine, 'vhlcb is aore baslc than 

\,sine (pt of 12.48 .e coaparecl to 10.55), la aor. actly •• a ,. 

Tbe iaportanc~ of charae denalt, of the R iroup~. ia a 18,0 

confiraed 

tbe 'reslns 

br the trend aeen ln tbe adaorption eapacit, 

~itb aore than one reaidue after th. 
1 

of 

spacer. Addi~a ~ore charaed a~ino ~cid reaidue. enhaicei' 

tbe ad80rp~!on . ta a areater extent than addlns ~Dcbarled 

re.Ua •• , e:lçept in the caae of Bi81'r12Al'a3 pendania. " 

Electroe~atic interaction. are a180 8u88.sted br the 

inereaee in adaorption c.pacit~~f the resln ~ith tha 

Arl2Ala3 pendanta vben the 10Die atraDlth of tbe ~d.orb.ta 

solution is r.dueed froa 0.10 H to 0.010 H. Ileetroatatlc 

iateraetions, resultinl in aa laer.a.e ia biDdiD, capacity 

:aa the ionie .treDlth ia redlueed, baye a1ao b.e.. raported 

for the bindins" of bilirubtn to albu.ia (Jacobaen J., 

1'971') • 
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At th, pH of the adsorption .tudi •• , the terainal a-
~ 

a.lno aroup, pl. ; 9, is chara.cl for .11 the a.ho ac1.ds, 
, 

and ita contri butlon to the total ad.orptlon ca,paei ty ia 

aot- nea1ia1b1e, a. shown br the appreciable a~aorption 

capeci tJ of the Ala1 reain. This is confiraed' br 'the fact 
"" that although the resi'ns vifh protected pendants have' a 

iove~ capacl~1 than the reains with unprotectecl pendanta, 

the, 'atill adaorb a silnifi~a~t qua~~1tJ of bili~ubiD. 

Koreover, the unsubstituted resin ltaelf adsor,ba. 'Th1s 

rfiesin, '+ when not substituted, pos.esses an NU) group whicb 

can be • conaidered sial1ar ta' the 0-aa1no 8~ouP. In the 

aubstituted resina, only the teralnal a-a.ino group is 

charged t aIl tbe others are lovol.ed ln tbe peptid4! bonda 

a.d do Ilot contribute to the .oyerall charle. Thu.. for 

lo,nger peptide chaina and for albuain, contr1bution fro. 

the a-a.ino ,group should be auch le.s i.portant than, 

contributiona fro.', the -R groups. 

. F~rt~er inte~e.tinl lnsilht iDto the specifics of tbe 

bindinl of bl1lrubln 'to t,he polya.iele, re.~na can be 

obt.ined bJ varring the br8~ni%ation of the rfaidues vithin 

a pendant. Filure 29 ahows that a reslb contalnlnl a 

adsorbent than t'he realna con tainlnl the 
1 

pendants. Tbe enhaneea.nt cannot be due 'to tbe increa.e ln 
" . 

the alanine content since the resin 'coDtalninl the Arl1Ala4 

peadante has the saae activity a. that vith the ArgIAla). 

Thu., the observed enbanceaent i. probably due to an 

lncrease in the distance between the charges. In th1. ca.e 
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lt 'is expected tpat binding of a second bilirubin to the' 

second arslnine in the pendants vobld be facjJ..itated as 
.... ..- ..... - , 

,compar.ed to ' the case of the resin w:f.th the Arg2'Ala] 

pendants. 
, , . 

Several observatiana cannat be explained on the basia 

of charge density alone. For instance, a làrge ~ncrea.e in 

bindins capacity. va. obtained between the resin cont.ininl 

pendants and the resin eontainins 

~endant8, "hile a allla11er increaent ,Via obaeryed. betveen 

the reain vith Arg'sAlal, pendanta and the rel1n vith 

For ,the 1yaine aeri.a. the rey.rae,va. 

obtained vlth a sae11er ioereaa. b.tveen the relio vith 

Lys;A1a) pen'dents. and t,he real~ vith Lysl,Ùa3 pendanta 

thali betveell'" the realn vith the LY.SAl.~ ,peadanta and 

that vith LY.2Ala3 pendants. 'Th. equa'l calae'i'tiea' ~f the 

, resin vith:the ArS2Ala3 -pendanta and vith Art3Al.3 and the 
, . ' 

locrease in cap.city obtained vhen one histidine inlt.ad of . . 

an arsinine lé addecl to ArS2AIa3 a1ao indicate. that 

factor. other ~hln th~ charae oo'the pebdanta Ire ~nYoly.d 

in the bindlog proceas. The.e 'differences say indic.t. a 

dlfferebce in the cbain confor.ation, diffezrent 

o bindinl ~ites. 

Confira.t,ion t.bat factor. otl1er than .1eC:~,rost.tic u, l~ 

be involved ln ~he ad.orpti04·ptoce.a. cao alla b~ iaf.rr,d 
, 

fro. the beha.iour o( the reaina vith protec~.d pendanta 

(FiS- 25). vhicb still adsorb more thlô the un.ubatituted 

resin or the Ala3 re.in..· .. If the eh.arae 011· .!th.'r the 1 or 

Œ-a8ino groups vere the ,sole factors respoR.ibie for the 
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adsorption. res1ns ahould ad.orb b1lrubln ·to 
, . 

approxl.at4tl,. tbe' sas. extent aa the .referance' reaina. 

The preaence of a al.ultaneoua interaction of the firat 

bilirubin bound vith Bore than onè ,r'eaUue ia indicated by-

, the co.p1e.re trends. in t'he adsorption ,capacitiea of variou" 

resins. The interaction need Dot to 

electroatatic, -.speciall,. 'in the e ... e of th'e teaia vith the 
1 • 

Interaetiona of bouad iona vi,th 

ancharaed ~~.idu.s ia .~dition ~o the pri.ary eleetrostatic 

interactions baye . been aU81ested 'previ.oual,. br (arush 

(Iaruah. 1950) for the bindinl of allt,1 aulphate to 

albu.in. 

'For.ation of .pecifie interactions be~veen biliprotein. 

_ prot.in vitb • bllir~biD-like .oiety. snd histidine 

. i_obilized onto •• pbarose sel. has beea report.d (iabiIU. 

,et al.. 1983). Tbea.' interactiona sre et tbeir aaxi.us ât 

a pB" of 5 vhich ia above the isoelectrlc point of the 

prot.la and belo. ~bat of histidine. Thea. biliprotelns 

_l@ exhiblt an Interaction "ith l,..ine and ar.inine,. the 

othv " poalt1.,.1Y chat.ecl ••• ino' acids.' Aithouab a "proton 
f , 

aschanae or chars'e traDsfer .achapia. vaa propoaact ln tbat 

, stad,. salt: liAltaaea aee. equ.ll, 

lnteraction betveeu 

,probabl,. 

bllirubin 

1100-

.~O~1P.ptid.a hay'e been reportect by Van de t'" Eyk (Van der 

Ejk. et al., 1980). Apparently b111rûbin doe.'not interaet 

vith protonat.d polybi.tidine (pl - 9.4) but 'doea vith 

unprotonated' pol,.bi.ata.lne (pl .. 5.2). 8ydrosen 

bet".en tbe veakl, acidic prrroilc nltroaen and th~ 
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basic protoAa of the bilirubin' lac ta. rin •• , ratber tb.n 

.1.ctrosta~ic interactions. vss propo •• d. The ;reseat 

,atull, 'd'oea no nesate such interactiona but these sre 

obYiously,veaker thaa tbe.eleetrostatic lnl.ractidna wbieh 

p'redo.inste in such re.ina a. that vi th ehe ArasAla3 

psadants. 

4) P~s.ible Bindinl Sites ~ Albu.in 
. 

Althouah the elucidatioa of the ~ri.arJ biAdina site 

of albu.~n for bl1irubln i. not the saia 80a1' of tbi. 

stud,. t"e adsorption studies offer aoae iqslsht lnto this 

probl... It ia' intere.tias 'to note that tbe •• queDce 8i.-

Ara-Ars appeara tvic~ ln natiye alba.iD. Tbi. sequence ia 

located' at reaidu.a 143-145 and and 334-336 of the Brovn'. 

a.quence for BS! (Brovn J.t., 1977a) and re.idu.. 144-146 

and 336-338 of tbe Brovd's aequlnce for HSA (BrovD J.I. 

1977b). Th.a. a.quence. are aituated ~n loop 3 and 6. aD~ 

are located at tbe tip. of· tvo loop •• Thu., they ahould 

be neer tbe aurface of.tbe alobular proteiDe Pro. tbe 
, 

literature surye, 81y.n in SèctioD 6 of Chap. -l, it sppear. 

tbat the pr.i.aJ'Y bllirabia biDdinl aite ahould b. situate. 

in the resio'ft coatainina re.idals 180 to 250 or rouah~y 

10,op 4. 

argi.niDe 

la· th. c ••• of BS!, _bia 'loop coat.iaa 

(197) at the beaiDning of the 'loop alrd 

oae 
, 

ODe 

blatidlne (245) on the opposite heldx. Since reaidue. 244 . .' 

and. ,198' are tvo cyateiaes. ~bOUDd througb a c disulphide 
J 

bridge, th~ araiDine 197 aad histid~ne 245 are clos. 
, ", . . 
toaetber and .ar be in a faYor.bl~ confor.atipn for 
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bladlaa,. 238 

corr.spoDdia. to 1ysiDe 239 (240)" of KSA v.h1:c.h va. proposeil 
/--:--

b1 Jacobsen (Jacob.en 'C.. 1978) to he inyol,.d in th. 

pri.ar, binding aite for bilirubine This re-aiofl al.o 

coatain. 2 otber ar,iDi.es (193. 195), one,other histidiDe 
.' 

(240) and tvo Gther l,siae (203, 241). In the c •• è of BSA 
, 

the correspondiD •• alno acids vould be ~ralDi~e 198 et the 

tip of ODe 100p vith histidln~ 246 at tbe other end of the 

diaulpblde bridge. Lysine 239 (240) 18 n~.r by and soae 

otber arginine (196), bistidine (241), and lysines (194, 

204) are Jres~at~ Based on the present re.ulta that a 

of arliaine and bistidine and/or a hiah 

~rli.ine eoatent inere •••• tbe bilirubin affiaity, of tb~ 

peptide eontaini •• resins, loop 4 see.8 a likely location 

for the priaary biarU.Da 8ite ("or bilirabin on .l'buaia. 

Altbough tbe po1,.a1de resins vith pep~ide , , 

-J 
pend;u~" 

syntheslzed .ad tested in thi. study d~ not exactly _1aick 
" ' 

the location' on loop 4 aenfioned preYiously or .-ny other 

pO.8ible' biladina site for bilirubln on s-l bu_in. their 

adsorption capaeittes_ia aqueous solutions ~Ddicste tbat· 

these resias sre 800d .d80rbeD~. for bili~~bla 1~ .queous 

buffer. Bove.~r. a a •• sure of their adsorptioft capaeit} in 
I!l 

the presenee· of albu.in is r,equ1red to obtain a .or~ 

thorOulh ' •• âluation of their bindinl .trenlth • 
, , . 

.. 
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CHAPTEI,V ' 

ABSORPTION AN~ DESORPTl'ON 
. ' 

FROM 

BILIRUBIN-ALBUHIN SOLUT~ONS ' 
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INTRODUCTION ,; 

In the previous chapt er e f fieien t ads orption of 

bilirubin from aqueous buffer solution by polyamide resids 

contain,ing variou...s pept ide pendant s was demons t rated • 'To 

further' characterizé the adsorption by these resins . tneir 

bella'vioun in the presence of BSA, a molecule that is"known 

to bind IHlirubin tightly, is studied. 

desorption / of bilirubin frQID the 

In this chapter the 

polyamide resins 

c<Yntain ing pepti de pen~ants by a buffer solu t i on and 'tY 
albumin in buffer solution as weIl as the adsorption of 

bilirubin bJ these resins from a bilirubin-albumin solution 
\ 

are considered. 

EXPERIMENTAL 

1) Interacti.an between Albumig, !ru!. Polramide Resins 

An albumin-buffer solution (1.0 S/l, 25 ml) was added 

to ei ther Ala
3

Arg 5 or A la
3

Lys 5 resi n ( ... 10 mg). The 'mix,ture ... 
"as stirred for ~n hour under the same conditions as for 

the adsorption of bilirubin, 

At\· the end of the .adsorption t.;f.me. t 'an aliquot. vas wi thdrawn 

and diluted 1 in 4 with the buffer. The absor:banees of the 

solu tion and of the di luted solu t ion vere measured a t 

278 Dm. The absorbance readings were ~atched against a 

calibration curve obtained fr'om diluted samples of the same 

albuœin-buffer st;ock solution. 
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2) Desorption II Bilird'bin :!1!..h. Buffer 

Adsorption of bilirubin was carrie,d o~s described 

previously (.c;hap. IV). Following the adsorp.tion, an 

absorbance reading w~s taken ~t 438 nm to determ!ne the 

amount pf bilirubin adsorbed. The supern,atant was 

decanted, using a Pasteur pipette, and 2S ml of buffer was 
~ 

added to th~ resin. A O.S ml aliquot was wtthdrawn 

immediately . and an absorbance reading was taken to 

determine the aJlloun't of bilirubin oot. adsorbed \ but not 

removed by decantation. The remaining mixture of buffer 

and resin with adsorbe~ bilirubin was then stirred for one 

hour under conditions identical to those used for the·_ 

ad sorption 0 At the end of the desorption period, an 

absorbsnce reading was taken st 438 nm. The amount of 

bilirubin desorbed was calculated from the absprbance. 

readings. 

3) Desorption 2f Bilirubin with Al bumin/Buf f er--:Jutions 
~ 

Bilirubio was adsorbed onto po~yamide resins w~th 

pendants of Arg1A1a 3' ArgsAls 3 , LysSAla3' and His1Arg2Ala3 
- ... ' 

as described previously. Upon completion of . the 

'adsorption, Q.n absorbanee ~.reading wa-s obtained to determ!ne 

the amou~t of bilirubin adsorbed and a known amount of 

bovine serum albumin (5-200 mg, Sigma Chemical fraction V) 

was added to the remaining supernatant. The resul ting 

mixture was then stirred under the same conditions useq,r fo.r 

adsorptioJlo To determine the -kinetic~ of desQrption,' 

aliquots wer, withdrawn at several intervals over a petio~· 
f 
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of 3 hours. 

To compare the relatiye aaounta of bllirubin deaorbed 

from each resin, the initial adsorption vas aade 8sing 

approxi.ately ,equal a.ounts of each resin. The bl1irubin 

stock solution vas used as the adsorption aediua. Upon 

coapletion of th~ adsorption step. the sa.e a.ount' of 

albumin (80-85 ag) vas added to the supernatant for each 

resin. Desorption vas permitted,to continue for 'One hour 

under the usual conditions. 
Il 

For each resin. additional data vere obtained by 
. 

vàrying the initial concen tra tion of bilirubin in the 

adsorption step. Thus, different amounts of bilirubin vere 

adsor bed onto the reslns. Additional data vere a180 

obtained by varylng the allount of al bUlli n ad ded at the 

beginning of the desorption step. For these additional 

points, desorption vas alloved to continue for tvo hOUTS • 
• 

q) Desorption ~.Bilirubin ~ 0.010 ~ Ionie Strength 

For polyamide resina vith a Arg 2Ala 3 pendant, 

adsorption vas carried out in 0,.010 H bufter solution 

instead of the usual 0.10 H. The adsorption vas folloved 

by decanding. addition of a 0.010 H bufter (25 al), and 

desorption for one hour. After this albumin vas addèd and 

desorption vas folloved 8S mentioned previously. 

Absorbance readings vere obtained after adsorption, after 
y 

the addition of the butfer.. after qesorption vi th buffer 

f,or One hour, and ~after the desor~tiori vith albumin. 
" 
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5} Adsorption gL Bilirubin ~ Albumin~Bilirubin Solutions 
(COmpéti tlo,nl 

Adsorption of 'bilirubin from albumli~bilirubin 

solutions vas carried out at ~ne initial concent~atiQn of 

bilirubin, 10 mg/dl. The stock'bilirubin solutions vere 

prepared and handled in the usual ma.nner. 

beforé the adsorption procees .was ini~iated, 

Immediately 
. 

the stock 
> 

bilirubin solution (40 ml) vas-added to a known amount ~~ 

solid b~vine .erum albumin (5-200 mg, Sigma Chemicals 

fraction V).. The resulting soluiion -vas s~irred gently . ' 

vith a glass rod or by gen~le shaking until the albumin vas 

çompletely dissolved~ lt vas then alloved to stand for 

ap~roxlmately-l~ minutes. The resulting albumin-bilirubin 
, 

so~ution (25 'ml) ,,!as added to one of the polyamide resins 
.. 

(~10 mg? contained in th& aasorption flask. The adsorption 
1 

vas allo-wed tb pTo-gress as for the a.dsorption from' 
~ 

biliru~in solutions. 
• Il 

. This procedure wa~ repeated severat 

time~ with differént amount's of albumin to yi~ld different 

bl1iTub!n t~ albumin.r~tios. 

RESULTS 

1) Desor2tion II Bilirubin 1!.U.1!. O. 1 0 M Buffer -
Dèsorptlon studies were made uaing the Arg~Ala3 

polyamide resin which, afte,r adsorption. ' contained 1.02 

moles of bilirubin adsorbed per equivalent of pendants at 

mg/dl. After an equilibrium concentration of .: ' 
5.0 

d,esorption into buffer for one the bilirubin 
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1 

concentration attained a value of 0.8 ag/dl which 

corresponds to 0.86 moles of bilirubin per equivalent of 

pendants still adsorbed. Thus, less than 20%- of tbe 
. 

adsorbed bilirubin was desorbed. Reference to the isotherm 

(Fig. 24) shows that the resin retains much more bilirubin 

than elpected for re~ersible adsorptipn; 0.86 mole~~instead 

of' 0.25 moles at an equilibrium concentration of 0.8 mg/dl. 

Due to the limited desorption, the-dif~icdlty in removing 

excess "bilfrubin. ,and the number of steps 1 each of which 

introduces an error of ~ 5-10%. th~8e results must be 

considered Ço be semi-qualitative. However, it 1s cleer 

that very little is desorbed. 

2) Desorption 2t Bilirubin ~ Bovine Serum Albumin 

Better success in desorption was realized when a 

solution of bovine serum albumin (BSA) in buffer was added 

to a resin with adsorbed bilirubin. To begin this study 

the possibility of aD interaction between the resins and 

BsA wa~ considered. 

albu~in is not adsorbed ~nto the res~n vith th~ Ala 3Arg 2 

pendants when this resin is added to an albumin buffer 

solution since the absQrbance of tbis solution after on~ 

hour of stirripg r~mained the same as the absorbance of the 

calibration curve at the same albumin concentration. 

Studies of the kinetics of the desorption of bilirubin 

fro~ -the resins with Ars2Ala3 and ArSSAla3 pen~ants by 

BSA/buffer solution 8iv~ stroRg indication that lt ~~ a 

slow process (F~~. 31). Although, desorption le relatively 
\~J 
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F~GURE .31 

IINETIes OF DESORPTION OF BILIRUBIN FROM THE POLYAMIDE RESINS 
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,fast during the tirst hour, bilirub1n 1a still desDrb1na 

even sfter 
~--

t,hree hours. lt ia of interest to note that 

desorption trom Ar82Ala3 res!n 1s faster thsn from the 
o 

AraSAla3 resin. Furthermore, the former loses considersbly 

more bilirubine Desorption from the resin with the 

HislAr82Ala3 pendants is faster than desorption from the 

resin vith Arg 2Ala 3 pendants and appears to be complete 

~efore tw& hours (Fig. 31). 

The desorption trom the resins vith Arg 2AIs3 , Ar8SAIs3' 

LysSAla3 pendants and from cholestyramine by BSA/buffer 

solution vere tested after one hour of desorption. The . ' 
relative' amounts desorbed from t'hese resins after the 

addition of a fixed amount of albumin can be obtained by 
. 

~o~paring the amount of bilirubin desorbed from the resins 

vhich have been loaded to the same extent (Table VI~). 

Loading to the same exten~'corresponds to the amount of 

b11irubin adsorbed by 10 mg of resin from 2S ml of the 
1 

stock solutions (10 mg/dl). This corresponds to a point on , , 

the adsorption isotherm where,the resins are almost 

saturated, i.e., near plateau valu~s. Upon the addition 

of 1'.25 ± O. ~S wnole, of al bumin, 11% of the bit irubin 

adsorbed enta the resin with' Lys sAla 3 pendants was still 

_retained, 16% remained on the resins with HislAra2Ala3 
-

pendants, 57% was still adsorbed on the resin with Ar82Ala3 

pendants, while a2% remsined on the,resin with Ar8SAla3 

pendants and 100% remained on choles~yramine (Ta~le VII). 

The addition bf this amount of BSA is Sufficient to tightly 

bind'all of the bilirubin in the system aesumlna that eacb 

\ ' 
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'JQt.al • Altuan 8i.l.irub1n atlinbin 
hadaDU tiUnbin MW ~ a.taiaed 

~\ (u.nl.l 1. ~, .\ , 

( . Jz9~3 1.78. 1.2 1.01 57 

Al9~3 2.44 1.l 2 .. 00 ez· 
Lp~l 2.T1 1.3 0.33 12 

BUllAÎ'9~3 2.OC 1.2" 0.31 16 

OIOlMtyiMiDe 2.01< 1.2 2.01 100 

.. 
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BSA moleeule binds tw'o bilirubi.ns. . . 
bi1irubin. once it is adsorbed, follows the arder 

,eholestyramine > ArgsA1a3,> Arg2A1a3 > LY9 SAla). To ~emo.e 

2Gt of the adsor~éd bili~ubin by the r~siri vith LYBSAlai 

pendants only 15 mg (0.22 ~mo1e) of BSA 1s required~ Thls 
. 

represents less than 1/5 of the BSA re~uired ta desorb the 

samé amount from the re~in vith ArgsAIa) p~ndants. Of the 

thrèe resins, the resin containing the Lys5A1a) pendànts ls 

"the only one from vhich can be ~esorbed . more than one" 

b111rubin per albu-min' (Tablè ,VII). r 

Further' ~esorption etudies· vere made on these tesins 

to test the effect· of vàrying the BSA levei or the 

bilirubin adsorbed on the res1ns to obtaln different 

equ11ibriu~ bilirubin to BSA ratios. To ensure equilibrium 

desorption. results vere takert tvo hours after the addition 

. of albumine 

. FOl" ,t'he resln containing the ArgsA1a3 pènd,ants the 

.parcentage . of bi,lirub1n retained inc:;.reases ra"p.ldly as the 

ratio of bil1rub'in ta albumin inc~eases" i. e., ,as the 

.b1nding, site~ far bil1rubin on' albumin aj;e being ,oc.c:upied 

(Fig. 32). Ie shou1d be noted that ev en at'bll1rubin to 

.albumin ratios of lese than one, 1.e., be10w ehe saturation 

- Qf 'the first binding site of the added albuain, Dot aIl of 

the ~ilirubin ,1s desorbed from the resin while 1ess ~han 

20% desorptlon occurs at a rati~ of tvo bilirubin per 

a1bumin, I.e., at e~turatlon of the second b1Ddins site ,on 

·albulllin. 

" 
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FIGURE 32 
- , 

DESORPT10N OF BILIRUBIN WITH BOVINE SERUM ALBUMIN 
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As the ratio of bilirubin ta albuain increasea, 

fraction' of adaorbed b±lirubin retained by the resin 
'" 

contai~ing the Arg~Aia3 pendants increases 1es$ rapidly 

than it do.. for the resin - containing the Arg5Al.~ 
• 

pendants (Fig. 32). ,At saturation of the first bindi./g' 

site of the added albumin, desorptton frQII the 'former ta 

complete while at saturation of the second binding aite' 

desorption is of the arder of 70%. i.e., only 30% of 

adsorbed bilirubin is retail1e<" 

O •• orpt10. fro. the ;.Si'.1'ooto1n108 th. L'.5Ala3 aod 
j 

the Hi.lAra2Ala3 pendants d~eases eyen less· rapidly thaa 
/~ 

it does for the resin cfntaining - the 0 Ars2Ala3 pendant's 

(Fig. 32). For these) tvo resins less,than 20% of the 
1 

adsorbed bilirubin is ret~ined after the saturation of tbe 

second binding site. 

In tb./ case of· cbolestyralline no desorption vas 

obtained UpOD addition of albumine 

. 
3) Desorptton.o!. Btlirubin ~ 0.010 ~ àüffer 

Atteapts vere also made ta desorbed bilirubin froll the 

resin cOD~ainiD8 Ara2!l.) pendants usins a buffered 

solut~on at 0.010 H (Fig_ 33). It should be recalled ~hat 
. 

at tbis ionie stren8th the adaor~~ion vas highe~ at lov 

equilibriull concentration of bilirubin than for adsorption 

~roa 0.10 H butfer. Hoveyer, the eztent of desQrption vas 

~ l,as than that vith 0.10 H and appears to be independent of 

tbe equilibriua bilirubin to BSA ratio vith the pos~ible 

exception 'of the tvo points at either end. In th~s case 

, 
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FIGURE 33 

DESORPTJON OF BILtRUBIN F.R.OM· ARG
2

ALA
3 

WITH 

BOVINE SERUM ALaUMIN AT 0.010 M 

o 0.10 M 
• 0.010 1'1 
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higher desorption would start on1y b~low satura~ion of th~ 

first binding site. 

4) Adsorption of Bilirubin f~om Albumin-Bilirubin SolutiOns 

The capaci-ty of some o'f the resins to a4sbrb bilirubin 

'which has previously been alloved to form a complex vith 
, . 

bovine serum albumin was ' a180 evaluated. This i8 
'Yi 

essentially the complement to the desorptiop experiments in 

which the resins vere first allowed to a~sorb bilirubin 

that was then desorbed by addition of BSA. The amount of 

bilirubin adsorbed, X, on each resin as a function of the 

equ~iibrium bilirubin/BSA ratio ia shown in Figures 34 to 

37. Also plotted in the same figures is the initial free 

bilirubin concentration assuming that albumin binds either 
~ 

one or ~wo molecules immediately, i.e.. before adsorption 
<!1 

by the resin begins to occur. 

For the resin containing the ArgsAla 3 pendants (Fig. 

34) there is one point at a bilirubin to BSA ratio~ of 1.7 

at which the initial free bilirubin conc~ntration i8 .. / 
negative, i.e.. aIl of the bilirubin should be hound to 

albumin assuming ~hat albumin binds two molecules of 

bilirubine Thus, although there is no free bilirubin, 

adsorption by the resin still occurs. This indicates that 

the resin containing the ArgsAIa3 pendants can competeowith 

the second binding site for bilirubin on BSA. Above this 

ratio of two bilirubins per albumin the adsorption 

increases signif1cantly indicating that the resin can 

definitely compete successfully with the weaker binding 
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FIGURE 34 

ADSORPTION OF BILIRUBIN B,Y ARGSALA3 

IN THE PRESENCE OF BOVINE SERUM ALBUMIN 

Â Bilirubin Adsorbed o Free Bilirubin Assuming One Binding Site 
a Free B11irubin Assuming Two Sinding Sites 
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FIGURE 35 

ADSORPTION OF BILIRUBIN Br ARG2 A.LA
3 

IN THE PRESENCE OF sœntE- SERUM ALBUMI.N 

.. Bilci.r,ubia Adsorbed 
<> Free Bilirubia AS8uming One' Biadiag Site 
â Free.Bilirubin Assuming Tvo Biadiog Sites 
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FIGURE 36 

ADSORPTION OF,BILIRUBIN BY LYS SALA3 
IN THE, PRESENCE Of BOVINE SERUM ALBUMI! 

Â Bilirubin Adsorbed 
o Free Bil;rubln Assuming -One Bi'nding. Site 
A Freé Bilirubin Assuming Tva Bindins Sites 
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FIGUiE.37 

1 
/ 

ADSORPTION OF BILIRUBIN BY CHOLESTYRAHIN,E 

lB THE PRESENCE OF BOVINE SERUM ALBUHIN 

.& BU-lrubin Adaorbed 
<> Free Bilirubin Aalumins One Binding Site 

~ 6 Free Bilirubin !aauming Tvo Binding Sites 
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sites for bilirubiJ1 on album.in. This is in cOllplete accord 

vith the desorpt~on data shawn in Fig. 32 that inAicat~ 

that all'of the bilirubin adsorbed by the resin is retained 

at bilirubin ta BSA ratios greater than tvo_ 

" " When there is no free bi 1 irubin presen t in 

'V, ,~ 

sol ut10n, 

again base4 on the assumption that albumin can bind two 

bilirubin molecules, the resin containing the Arg 2Ala
3 

pend.ants does not adsor b bili rubin (Fig. 3S). Thus, it 

appears that this resin cannot even, compete vith the second 

bindtna site on DSA. As the ini tiai free bil irubin 

concentration i8 increased the adsorption also increases 

but· not as much as for the re.sin containing the Arg sAla
3 

. f 
pendaqts. Actually, adsorption does not increase 

significantly until a ratio of four bilirubins pel' albumin 

i"s reached" Agsin titis is re~Iected ta some degree in the 

d~sorption data (Fig. 32) 'whieh indieate that only 30% Qf 

the adsorbed bilirubin on the resin vith the Arg
2

Ala
3 

pendants is retained at a bilirubiri ta al bumin ratio of 

tvo. This indicates that vhile the Arg 2Ala
3 

can compete. 

vith the veaker binding sites it is not as efficient as the 

'-Arg sAla 3 " The resin containing the ~5Ala3 shows the same 

behaviour as the t;esin c9·ntainin the Arg2AI~3 'pendant's 

(Fig. 36), i _.e _, i t cannot compe e vi th the second binding 

site bu~ it viII compete vith t e weaker binding sites with 
..,. -

the adsorption increasing si nificantly'after a ratio of 

four bilirubi'ns pel' albJmin. 

In the casb of cho'lestyr 1ni:n7r"-\ the amount of bilir~bin 

adsorbed ,is 'not significant affè.<Sted by the presence of 
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albumin (Fig. 31). This ie in good agreement vith the fact 

that albullin c;ould not desorb bilirubin' fro. 

cholestyraminè. However, 'Figure 37 once again ellphasizes 

the very I1m1ted adsorption capacity of cholestyrall~ne. 

-~Thus, the adsorption of 'bilirubin froll biliJ;:ubin-

albullin solution shGWS that competition betveen albullin and 

thé adsorbents fallows the order ArgsAIa 3 > Arg2A~aJ ~ 
,-

These resulta are in ~greellènt vith thé 
. 

desorpt~on resulta. BotK ~u88est that as cOllpetitors, the 

ArgsA18 J ~esin_ binds bllirubin lIortt strong1y than doee the 

W restn -vith the. ,Arg2~la3 pendants ~hich in ,~urn brnda more 

strongly than does the resin vith LyssAla3 pendants. 

'DISCUSSION 

,l} Adsorpt'ion 5!! bilirubin 1!!. lli Pre&ence II Albumin 

.Relative adsorpti vi ties of the resins as . competi tors 

vith BSA does not fo,110w the same orde,r as their adsorption 

-capacity~ When complexatioI4 with albumin preceded the 

addition of ohe resins to the resultin~ buffer so~ution of 

albumin and bilirubin, . the resina containing the Arg'2AIa) 

and LyssAla3 p,endants proved to be poor competitors vith 

the albùmin for available bilirubin and adsorbed very 

li t tle below, ~evels', corresponding to ,approxi'mately 5 

biJirubin molecules per albumin molecules. They' are 

appare'ntly unable ta 'compete with even thè second binding 
1\ 

site for bilir>ubip bound to albumi~ ___ .. ·· . . _. 

" , , .. 
4 ' 
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The resin vlth"the ArSSAIa) pendants proved to be a 

better adsorbent and shows ao.e signa of co.petition vith 

the .econd blnding site on aSA. Hovever, the data augaest 

that it 
.. 

ls not able to co.pete with the pri_ary bindin8 

site for bil~rubin on .Ibu.in. 

On the other h.nd ll in ter •• of cspacit-, for biIlrubin, 

the resin with the LyssAla) pendanta 1a co.parable to the 

resin vith ArgsAla) pendants. Hence, it .ight have been 

expected thst lt would have been co.parable to that resin 

in • co.petitive situation and that it vould definitely be 

better than the resin vith pendants. However, 

auch is not the case and st least s partial anaver .s, be 

found in • carefui inspection of the adsorption isother. ~f 

the restn vith the LyssAla 3 pendanta (Fig. 26, Chap. IV) 

~hich reveala that.at equilibrium ~centrations belov 1 

8g/dl, LyssAla) follovs approxi •• tely the same isotherm ss 

the restn ~i th the Arg 2A1a3 pendants, (Fig. 24, Chap.' 1 V) 

'and does not reach the adsorption capacity of the resin 

containing the ArSSAIa) pendants unti1 the equil1brium 

concentration of biltrubin reaches approximately 2.5 mg/dl • 

At lov equilibriu. concentrations of bilitubin the resia 

vith the Lys SAla) pendants has 8 lov adsorption capacity 

which increases tapidIy 8S ~he concentration of bilirub1n 

increases,. Thus, 

18 not e(ficient 

it appears ~hat adsorption of bilirubin 

at Iow concentrations and that the 

adsorption improves in some manner 8S concentration 

increases, perhaps becoming more favourable after smalI 

amounts 'have been adsorbed. In the presence of added 
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alba.in. vhtch binda aY.ilable btlirubln etronal, and 

quickl,. the bllirabia CODceDtrat10n is 10v reaultinl in a 

lov adaorpti-on, capacity for Lya sAla 3 , contetninl reatn. ", 

this resin ia a poor co.petitor. .Tbe 
" 

~,.. .. erais. obtained vith inc:re.ainl bi'lirubin concentrat.10n 

a., be an indication that the contor.ation of the pept~de 
, 

cbain .ay pIe, en~i.portant role in the adsorption of 

bilirabin. For exa.ple.· in tbe àbaence of edsorbed 

bUita,bin, the LyssAle3 penélants 8ay baye a unfayoureb1e 

confor.ation for the bindinl of bilirubin., Hove.,er, tbe 

adaorption of saa11 a.ooats of bilirubin ta the pendant •• y 

chanle this'contor.stion to a ao~e faYOUTable' one. 

~ 

2) Deaorption ~ Bilirubin !1!! BOTine Seru. Albasin 

Desorption fro. the resins due to the addition of, 

albuain follova the sase tr~'Dd 8S does the adsorption vben 

albu.in ls present in the solution. Hovever, the partition 

betveen the bilirubin adsorbed by the tesin and that bound 

ta albuain depend8 on which of the tvo co.petitore co.es 

into contact vith bilirubin firat. 

ln good agreement vith the del!0rption tesults 

indicatlng ~ high deaorption irom the resin contain~n8 the 

" LyssAla 3 pendants, the results for the adsorption froDl 

bilirubin-albumin ~solution show that this resin 18 also , 

poorladsorbent in the presence of BSA. The BSA crestes a 

low ,equilibriuDI - co~centration of free ~ . bilirübin 

corresponding ta a region of the 8~sorption isotherm where 
f 

' .. , , 
1 
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the resin vith the Lys sAla 3 pendants i9 a relatively poor 

adsorbent. 

The la r S e d e g r e e 0 f des 0 r p t i~ n f rom the resin 

c ontain ing t he Hi sI Ar,82A1 a 3 pen dants in the presence 0 f BSA 

is rather surprising. From, its higher adsorption capacity 

as compared to the resin v!th Arg 2Ala 3 it vould have been 

expected that this reSln vould be a better competitor than 

the resin vith the Arg zAla
3 

pendants. However, i t i9 

actually as paor a competitor as the resin with the 

One vay to explain this phenomenon is 

to consider that the abnormality lies vith the resin 

eontaining the Arg
2

Ala
3 

pendants and not vi th the resin 

eontaining the His l Arg
2
na

3 
pendants. The resin with the 

p~ndants exhibits mueh slower kinetics of 

desorption than does that with the HislAr82Ala3 (Fig. 31). 

Thus, given enough time, the resin eontaining the Arg
2

Ala
3 

pendan t s ilia y even t ua l1y de sor b enough bU i r u bin to reach 

the same level as the resin with the Lys sAla 3 • Predi c t ion 
(. 
I.. 

of larger. desorption from the resin wi th 

pendants also correlates vith the small amount of bilirubin 

adsorbed in the pre sene e of al bumin. wh ic h in fact is 

similar to adsorption, by the resin containing the Lys sAla
3 

pendants. Under those terms, the resin with Arg
2

Ala
3 

pendants would be expected to be a poor competitor. On the. 

ot her hand, if the same logie were applied ta the resira 

vith the ArSSAla3 pendants, whieh a1so shows slow kinetics 

for ·q.esorption, it would be ,expected that the resin would 

also be a poor'-comp,~itor.' Yet, the adsorption in the 
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presence of albumin elearly demonstrates that the resin 

with the Ar8SAla3 pendants can suecessfully compete with 

albumine 

True èompetition where the two competitors would be 

added 'to and be in contact with the ad'sorbate solution 

simultaneously, would provide a better comparison of the 

"relative binding strength of each res~n as opposed to that 

of al bumin. However, this is not possible experimentally 

sinee adsorption by the reslns involves a diffusion within .~ 

the polymer beads and is thus fairly slow while 

complexation with a1bumin ls rapid with a rate constant of 

the order of 106 M- 1s-1 (Reed, 1977). 

In the ,presence of albumin the efficiency Qf the 

adsorbents tested for the adsorption of bilirubin f0110w5 

the order Arg sAla 3 ) Ar82Ala3 ) LyssAla 3'- His l Arg 2Als3 " 

This order i5 not similar to the adsorption capa~ity in- the 
, ,-

abse~ce of albumine This difference was unexpected and May 

be taken as a further indication that although charge 

density is a primary factor in the adsorption of b~lirubi~ 

conformation of 

by the polyamide resins. other factors 

the peptide ~ts may 

.sueh as the 

also /80 

important role. 

1 " J 
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INTRODUCTION 

III Chap. IV it has been demonstrated that cert8"in 

oli8opeptides bound to the water swellable polyamide resin 

are capable of eff icien t 1 Y adsorbing bilir.u bi n f rom aq ueous 

buffer solution. Adsorption of bilirubin i~ the presence 

of al bu.in indicated that the strength of adsOr~ti,!n of 

bilirubin to certain of these materials is suffic~ent .to l ~ 

co.pete vith albumin for bilirubin (Chap. V). This chapter 

describes the derivatlon of binding constants f,or the 

adsorption of bl1lrubin to the various sarbents from the 

,adsorption isotherms. 

'Since the pendants on the resins are constituted of 

•• ino aCids, binding constants can be obtaine~ by 

conàidering e8ch pendant as a small protein. P, whic h can 

bind 8 maximum number, n. of ligands, A. Two different 

types of binding constant:s, ~ and stoichiometric, can be 

defined. 

" ... 
1) ~ Binding Constants 

The mos t commonly u sed constant ls the. si t e bind ing 

constant which considers the binding of a ligand to a 

specific site on the protein regardless of how Many othe-r 

ligands are already bound to that proteine The equi1ibrium 

between the protein and the ligand can be represented 8S: t 

IP + A-> IPA 

2P + A-> 2PA 

nP + A-> nPA 

1.33 

" 

(I) 



o 

'. 

~----'~-----.-..o:----,:" l. 

where i P reprelenta a ape~ific :biadlnl att. 1. oa the 

protein, -\ 18 the 1 t.and. and t PA ia the prot.j,.D "~tb ODe 

liaand attachëd t,a bindin8 aite, 1. 

The bindinl conatanta .a.oci.t.cI vith tb... .~U •. ~10 ... : 

are 81 ven br: 

'k • 2 

The exp.ri.eatal para"t.r l, •• f1 ••• pr •• i •• al, a. the 

aol,ar ratio of Itouad li,a," to total proteia (or D.aber of 
... 

pendaDta) • 'cail b., .xpr •••• ct a.: 

.-

(2) 

1 - ClPA] +-..;;;...----
, [2Pl+(~PA] 

+ - ••• '1' {3} 

D 

X • 1: 
i-l 

(4~ 

." 

Sub.titution of t.h~ •• pr ••• ioll for tb. bl.Cllll co •• t •• t, 

into th •••• quation. ,~.lda: 

. 
1 • (5) 

, 
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.-t' k i [ A 1 ,,f , 

1 - i-l, l+ki [A) 

Equation (6) la in the fO,rm of the well-known Scatcbard 
~ 

equation ,( S.c~tchard, 1949): 

, 
n ~i,[ .. A ] m ~j[A~ 

X 
\ • + + • •• i~ l+ki [A] 

E 
j-l, 1+k j [,A l . 

Eath luaa.tion represents ont! class of equivalent binding 

lites <and n and m are the number of binding sites per 

protein in each class. as is ev1dent from 

co.perilon of equation (6) 8fld {7}, the Scatchard method 

giyes .!.!ll binding constants'l although th~s is not 'always 

taken~ in1;o account "hel) it ois used. As a result, 

.isleading numbers will be obtained.if the lim;tations of a 

aite binding constant'are not "recognized. 
, . 

The major 1~m1tat1on of the site binding constant model 
~ ! 

1~ that it assumes that.the sit~s are independent, i.e., 

the presence of a ligand at one site will not affect 

bindlng at another site. Thus, the values of the site 

binding constants are'not expected to change throughout the 

whole binding process. Obviously, for Most binding 

processes this assumption will not hold. If interactions 

occur, n2 n- 1 site bind~ng constants, ~here n is equal to 

the maximum number of ligands which can 'be hound per 

,protein, will be require4 to describe the system (Ilotz 
'1 

ana Hunston, 1975), or, alternatively, the constants kt can 

be by some empir~cal etc. replaced 
" 

k/3' constants 

135 

j 

(6 ) 

,.6 

(7) 

, 



, ' 

1 
~ . 
~ , 

1 . 

1 
1 
t , 

1 . 
, 1 

'( 

'. 

Rovever .. th ••• eonst.nt. n.ed not ... c •••• ·riIJ ".al' 
.. 

aDJ 

relationJhip to the site binding constant. the, 

(Ilotz and Hunston, 1975, 1979). 

2) Stolebiometric Bindi~8 Constanta 

repr •• eat 

An alternative va, of d.~cribinl the .~.. .J.t.. ' . 
(Xlotz ~ '1946) ,1,8 to conll1der the lIequantial addition of 

r 

'ligands ta the protain regard le •• of the aite to vhich 

tho.e ligands ar~.bound. In thi. e~.e, tbe bindlng proc ••• 
, 

can be deacribed .11: 

p + A -) PAl 
~ ~ 

PAl + A -) PA2 

PA n-l + A -) PA . n • 

Whe .. a PA i i~ • protein to vhich 1 ligands &r,_ boand. 

~he ~correspondln8 IItofchio.e~rlc btftdin~ conet •• t.' 

ara given b,: 

, 

(8) 

t.1 '. 
~PAl] 

(9) (P'l) • '1 (P][AI (10) 
(PHA] 

0 

'2 
[PA2 ] _. 

. 
[P'I](AJ 

.(P'2 ] • ( 1 ['2 ( P ]( A ) 2' 

[PA ] 
In 

n .. 
[ PA n_l HA) 

~ 

. 4{p'n} • 1:1'2 ••• '. (P )[~J • 

Under thelle conditions, 1 la Il ••• b,: 

1 • (11) 
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.Substltut:lon \f 

1ields~ 
~ 

x • 

whlch ls 

1971)." , 

J 

sretlmes 

• 1 

, 
the 

, , 
seolchi~me,t~ic bindlng 'constan'ts 

1 

cal1ed the Ada.ir equatlon (Van' Hol.de, 

, 
This apaIysls carrles no underlying assumpti~ns .nd la 

ç • 

(12} 

applieable even 
,t 

in the'èase of non-independent bind ing -
fil 

sites. 

'-
3) 'Interaction between Srtes 

; 
" 

~ 

The stoichiometric do~s' not' provîde appr08ch 

information about the individual binding sites although 

aOlle Insight can be 
~ 

obtained as' to how the dif.ferent sites 

'intjraet. • When the sites are equivalent and noo- ' ,. 
~nteracting , the stoie hiomet r i$= bind ing c on'sttIn'ts can be 

related to an ov\e~ll' bin<!ing constant, K (Klotz, et al.,. o 

1946), as f0110ws: 
,J 

Each protein can be tr,ated as 

'consisting of a series 0 f ~pendent si tes, y, each of 

whieh can fot'm a binary c()mpl~ yA with a ligand. Thé 

" oyerall binding copstant K can -then be def ined by: o 

t • 
o . 

[Ay J 

[A] [y] 

( , 

This eqpation can be rewritten in terms of the measurable 

experlmental parameters P and A sinèe: ~ 

,[ Ar 1 • concent ra t 10n of bound 1 i gand - hound 
\ . 

• sites occupied 
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[A1 ' . . . -concentration of f.ree ligand 
/ 

[y] ôf - concen trat·:1:on frae sites -total prote1n (P) t1mes ms'ximum R\l~be'r of binding 
sites per protein (n) minus the sites occupied 

(; , - nP - bound 

T~us, , fJ-. \''1 

. _. 
-{ bound 1 

K . 
t (14) - 1 " o. ~ ... 

!A] [np bound] -f' , 

or 1 

[bound] (1 +- K [A ]) • n K [Pl [A) { 15} 
\ ' 0 0 

~ \ 
and 

. . 
·t:fboun"d] n [A) 

x - , (16)' -[,P] I/K + [A] o 

Equation {12} gives the expression for X'1n terms of 

the Lndi \fidùa~ constants t - Ki' 
. 

When it 1s recognised that 

the numerator in equatipn {12} ls simply [A] times ~e 

derivative of the denominator, kthen 

) 

, 
where 

• 

x -

f -

ft [A] • 

f 

(} 

Substitution of equat10n {16}, which is the expression for .. -
x in terme of the overa11 binding constant. (. 

, 0 
ioto 

equation (11) yields: 
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x • ------
;1 
l' 

f 

, 

..,. , 
ft [A) 

1/10 + 

' . 

. J 1 ., , 

, (.19 Jr , 

(A] \ 
,\ 

i, 
Int.sretion of e4uation {t9} yle1da the fUliction 'f iD ter •• 

- .. 
of '0' 1.e. , 

1 

" 

f . (1~.' + 
\' 

[A] ) ft, 120. 
-' 

'111 

1 \ 
&qU_tiDS both fUDctioDa, I.e., f'. fro •• qu_tio •• (IS) and 

• -'(20), yle1da: , J 

1 

, , 

[A) )I! ,(21') 
I/[ , 

o 

B1 dlff.~~tietins 

.~rt ••. Ofje,uetiO •• 

n t~ ••• and sol.IDI (or ~h. con.t.~ •• 

/ 

/ 

1 
/ 

. 
1 

1. olS~aloed, 

-[ 0 
0 

• 0 
, 0-1 

0 

(of/if) 
a 

(n-.{) ! 

,-

.. -
.. " 

-. 
, 

1 1: 
0-

IlIdi.idual blhding constants ca,. now be o'bt.lned bJ . .t.kin8 
, 

eaitable ratloa. Hence, 
... 

'1'2···'1 (n - (1 1» ,-
0 

• '1 
, -

,11'2 ••• '1-1 i 

"" .1('1)1d· •• 1 'oCn + 1) - ~ 1 ~ 

• 

,. 
r, 

139 

) 
, 

'( 22) 

(23 ) 

f24) 

,US) 

(26) 

. . 
1 

\ . 

~'," 
,1· l, 

• j 

. , 



~ , " / __________ --~'~ . _______ ~'-----------.~~------------~--~~t! I ......... "!" .. ..I."':". _ ........ ,_._ •• ,----" -" .. /........ ... ! .... "'-:--~ !if • --"--........ ....--. • 

, . , .. ... 
l\ '9 

, " 

1 

" , 

<-

- \ 

.. 
'" 

( 

" 

,', 

.' 

• 

~. " 

Thu., c:he ideal ai tu.tion of 
. --, 

equiYale'~t:- ,noo-
" 

lnte1actlns blndln~ 8itea ~ 'plot of ll i ~s a functlon pf i, 

ref.rred to as an affinity plot, should be 11neer vith an 
1 

x~~ntercept at i. n + 1 et which point Ii • 0 (since i 

caDnOt be zero). In the case of a positive interaction, [i 

viII be larger than (Xi)ideaL for equivalent sites. Thua, 

the slope of the line betveen r i _
1 

and 'i vill bel 1eas 

D~8.tive than tne Ideal line. For s negatiye interaction 

vill be s.aller thsn ('i)ideal and the slope will alao 
SI 

be aore negative (Ilotz~ 1974, ~lotz and Hunston, 1975). 

When the sites are Dot equivalent, the sffinity pro~ile 
, 

. 1. .ore coaplex and depends on the nu.ber of classes of 
. . 

equi .. aIent .~ si tee, the nuaber of ai tes in each class, and 

their interactions wit~àch other. ~ffinitY profiles for 

aeyeral different cases have bee~ coaputed by Ilotz and 

HU,nston (Ilotz and Runston, 1979).' 
. 

As an exasple, fhe case of a protein vith 2 binding 

.ites will be considered in the folloving,di.cusaion: To 

obtain ~he relationahip betveen the sites in the case of a 
Il 

, 
prote in vith two non~eguiyaient and interactins sites, it 

~ 

ia conyenient. to relate the binding stolchioaetric . " 
CODstants to' tbe site blnding çonstants. For a tvo site 

.J.tea. four site bi'nding cons~ants 'are needëd as shown 

ach •• aticsllr in Fig. .38. Theae constanta cao be 

repr.8eated br: j 

(b) [c] ----- (27) • r.) [A] [a] (A1 
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• (29) 

[b] [A)' [e] fA] 

, . . . 
[dl ", 

• 

"-

Vliere [a], lb), [e], and [dl represent the concentrations" 
< 

of the four differeDt proteln-ligand co.pl.xes' pre.ent 

(Pia_ 38) _ The corresponding' stoiehiometrie b~ndiJlg 

conatanta ar, repre.eQted by: 

,-

-, 
-1 

(bl + [e] 

ra] {A] . . 
• 

" 

[dl 
1: 2 '. 

[b J [A 1 + [c 1 fA] ~_', 

" 
rel.tio.ebip." betveen the ..tvo types of Iri~ 

coastallte can bè ~bta1ned br s'ubstitutlna eq~atiolls (21) to 

{29} tato equatlons (31} 'and (32) to yield :'1 

1 2 

k i k I2 • 
.kt + "2 

la t" Ideal case of 'gutyalent and' DO,n-interac: tins 

.itea, "tll. aite binding 
'If 

equal. CODstants are 1.e •• 

k l - k2 - k3 - k4 - k , 

'1 • 2k 

,'2 • k/2 

'2 \ ~ '1 /4 , 
" . 

, 
142. 

(30} 

{lI} 

{ 32} 

... 

{ 33} 

{ 34} 

(35 J 

li 

{36) • 

{371 

( 38') 



..... ~ ___ rl __ .'_' ____ ~~_'_.~ _______________ ~ ____ -------~--~~~--____ ~ __ ~ __ " ____ ~~ __ , ___ ~.~ ____ ~I_ttt~,_.~t) 

l 
f ' 

t 
t 
" 
j 
1 

c. 

f 
t 

, 
• } 
~ 

t 
i 
~ 
f 
fi .. 

" 
l' Bq •• tion (38) il! in a"reeaent vi th equ~t~oD (2.1) vhich .180 _, 

<. 

f 

r, 
~ :r~'d'. 

. ~ , 

.. 
predicts that 10 an lde~l c.s. the ratio of (1- to '2 ia 

/ ~ 

In ~, plot of il 1 as 8 functio.n of ,i, . the four when 0 • 2. 
1 

\ 
i.cl.a1: li.n., vh'ich i8 the li.ne-connec,ti.ng ~l at i-1 and O.,t 

Thu8. 212 will in,deed fall. 

OD the ideal line. 

" 1 

-
~ 

, 1 

, . , 
If tbe aites are eguiyalent but non-indepeqdent, 

. . " 
.... :tt. 

, , 

,,, 1 ,_ 2 

'l 
2 

• 2k . , 

- • 

. .... 
( 

" 
.. i>'-- .. - .. 

• 1 

( 

~ 

l' 

! 'l. 

,la a ca.~· of, •. po.iti ve,riater.'ctioo., k 12 > k.. . "Thu., 2~2 
J 

li.a ,boye the ideal line. In the case of ~e8ative . 
interact:lon, It L2 < k. and '2(2 lies' .balov the Ideal line. 

-
In the case of non-equivalent ~i tes vi th' interaction 

, , 

i t i. couyenient ta' d-efine an interaction para_.ter. 1 t as:' 
) ..... _, 

1 ... 1 • 

If k2 ia, 'assisned . sucl.;hat i t 

diff:erence parà_eter. a. can a1so 
.. fi "" 

n" () 
() 

14~ fi 

o 

ie-

be 

.. 

~l.' larger thaa a 

defined: _) 
,,' " 

:) -

o 

• 

(39) 

(40)' 

{41} 

(42 ).. 

, 

'(43) 

l' 



- {44} 

Accord ing to eq ua tion {38} , to lie on the idea 1 line, 

K1 - 4K 2 so that according to equations {33} and {34} 
1 

1 

1 

- (45) 

Thus, from equation {44} 



( 

'\ 

~---------"~~---------

1 • 
4( "+ l) 

Thus, "beB 1 ) ,,2 / 4( 1) +1). 2'2 viII fall aboye the Ideal 

line; if 1 t ia a.aller. thea 2'2 viII be belov. For non

illteracting 8itea 1 • 0, so that the 2'2 point viII alvaJs 

be belo" the Ideal line, s1nee by definition the " 

eODtaiainl tera ia alvaya poaitiye~ For negati.,ely 

iat.racting 8itea, 1 is Ilegati.e. Thus, tbe 2'2 point viII 

also alvaya be 'belov tbe Ideal liDe. Hoveyer, if positive 

illteractions are preaaDt, the 2[2 POiDt ean be an,wbere 

dependiug OD the .agnltud-e of 1 and ô. For a diyalent" 

s,ste., it ia then iapossible to dtfferentiate betveen 
.-

equiyalent, negattyel, interacting sites and nOD-equivalent 

aites aa vell as betveen positiyelr interactin! equivâlent 

attes or nOD-equiyalent aitea (Table VIII). 

ID tbia cbapter, the constants for tbe biDding of 

bili~abln to tbé polyaaide resins viII be obtained uaina 

atoicbio.etrie approach. These COllstants viII then be be 

co.pared to the biDdiDg constants for btlirabin to BSA. ' 

Finall,. for tbe resina contaid!n! .or~ thaD one billdin. 

site, the interaction batveen thoa. aitea viII alao b. 

cOIl.idered. 

assyLTs 

~ 
1) Stoiebio.etrie Bllldinl Conatant. !J!. !!!. lel •• l Ca.e 

Stoichl0 •• tric bindi_, eODstalits for the "billdiDI. of 

bilirabln to tbe yarious polya.ide re.ias vere derl.ea 

145 
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TABLE !.lli 

EQUIVALENCE AND INTERACTION IN AFFINI~Y PROFILES 

2[2 . Situated Equiyalenc:e Typ. of 
1 

Interaction 

above ideal line' equi.alent po.:rti ve 
t , 

non-equi .alent poaiti.,e 

. on ideal line equtyalent none 

non-equi'Yalent poaiti.,e 
1 

belov ideal l'ine equivalent negati •• 

non-equl'Y.lent 
~_. 1 

none 
, 

poaiti., • 
. 

negati., • 
. . 

( 
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~ -

1 

•• t •• tb. bla.t •• .0 •• 1 ' •• crl ••• b,. 84··tloa (12) • Stace' 

.0 •• of tbe ad.orptioD t •• tber •• .bow .1... of •• t.rat.l0. 

b.lov o •• aolecula of bllirubl. par p •• d.at wblla otb.ra 
• \ le •• l off .o.e~bere b.t •• e. o.e •• d tvo •• l.cel •• of 

, 

bll1rebl. per pe.d.at lt wo.1d' .pp •• r tbat .1tb.r • o •• or 

tvo bl.dl ••• it •• 041.1 .bo.~' da.crl •• tb •••• ,..t..... 1. 

tb. c... of O •• , bl •• 1 ••• 1t ..... tl0. (121 r ••• c •• to: 

1 • 
o 

wblle • ao'el vitb tvo bla.l~, .1t. r ••• lt. 1.: 
"," 

1 • 

, •• fir.t ~ppro~i •• tl0.. tb. ~i •• ia, co •• t.aat. ..r. 

d.t.ral ••• fro. a plot of III a •• fa.etio. of l/(A] •• iace 

.~COJ'.l •• to ., •• tl0. (16) : 
" 

1 1 
~- 1 l -- -+ 

~, 1 .1 • [A) a 0 , •• aat.. t~ •.• lt •• to be ••• 1.al •• t a •••••• ,. .... t. tbi. 

,lot .b081.-b.' Il ••• r vltb a àlo,~ of 1/.lo~ rb ••• 1 ••• of 

'1 a.d '2 ca. th •• be calculat •• b,. •••• tlt.ti •• '0, lato 
1 

e, •• tioD (2'). 

U.ia. tbe d.ta obt.t... for t~ ••••• r,tloa i.otb.r.. ID 

Cb.p_ IV for th... plot. ,1.1d. the .al ••• for '1 .a. 
'2 . ,l.e. lD r.ble Il •••• t..r.t ••• b,. 11a •• r r •• r ••• loa 

, .D.l'.i ... · 
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~ " TAB~E . 
• . 

BIIDIXG COXSTAIfTS FOR THE 
. . TO lllIOUS POLYAMIDE RESINS 

. 
'eadaat. Oae Site 

'1 
. 10-3 M- l 

. 
, 

re.ia 1.4 
. 

Ala3 1.6 
1 

Ala3 (ac.t,~at.d) 0.4 , 
Arl l Al,a] S!O 

. 
Ar'2Ala3 

, 
, Arl3Ala3 

AraSAla3 
. 

, L'·lAla3 2.8 . 
Lf·2Ala3 3.9 

. .; ['·S,lla3 

Bi·1Al·3 
1 3.5 

li 

~ 
Hi·SAla3 12 

., ArilAla4 7.4 

irilAla3AralAla3 . 
. 

Bi·1Ara2Al·3 
1 . 
\ 

. ( 
. 
. 1 , 148 

" 
" 

'" . -- ~ 

-- ---~-- ---~~--~~~~~.~._~ .. ---- . ---~- --~-

______ ~__ L - ._-." _ ...... ,'"'_~ ______ • i_' ____ _ 

il. 
ADSORPTION OF BiLIIUBIH 

ASSUKING IDEAL BEHAVIOUR 

1 Tvo Sit •• 

'1 '2 
10-3 K- l 10-3 M- 1 

, 

. , . , 

0 . . . 
. 1 

• 13 3.3 

22 S., 
74 1 18 

1 

14 1 3.4 

1 1 • 
" 

19 ,., 4.5 

1 23 1 5.8 

1 

'! 

1 
1 

1 

• 

. . 

. . 

, r ~~ ~ 

". ___ L---..._~ _____________ ~ ___ ------- ----- -~ 



1 ....... ------------------•• -·-- ,--- ----------.- ...... -, .------
1_ .. d 

1 (, , 
• 
t~ 

~ 
i 
~ 

~ " ,.. 

'-

1 
t 

~. 

• plot of- 1/1 • • a f.act1.oa of l/(A) 'do •• aot •• c •••• ri1, . ,. 
yl.1d .cc.rate .... 1 .... of 'o· Mor.o.,.r, •• ch • plot of 

l/[A] . eo.pr ••••• tb. d.t. .t blah fr.e li •••• 

co.c •• tr.tl~D., (A], 1.... .t blah .qul11briu. "a1u •• of , 

'lltrabia, .ad tead. to bide de.,latioa. fro. lde.11t1 to 

Il.,e appar.at .tr.llbt li ••• (104b.rd. 1973. Ilot., 1974). 

Thl. li.lt.d .ccur.cy 1. refl.cted la the exp.ria.atal d.ta .. 
bJ.the follovi •• oba.r.,atio •• : 

a) • • •• atl.,e .,alue for tb. y-iat.rcept la obtal... iD 

c.rtaln c •••• j9). Tbi. 1. aDrea.o.able 
o 

accor.l.. to equ.tio. (16.). th. reciproca1 of th. f-
t 

t~tereept aho.ld .t.e the .axi ••• n.aber of bindlnl .it •• , 

a. 
. 

.) Th. eale_l.te. 1.oth.r •• obtai ••• b, r ••• '.tltati.. th. 

d.ri ••• 'l'al ••• for ~l •• d '2 Into squ.tio. (51) or .~.ati~. 

(52) .re .enerally not • lood repr.aeatatioa of the 

experl.eotal· d.ta, p.rtieu1arly for th. re.io. r •• chiaa 

.. tur.tlon .bo.,e o.e .oleeale of bilirubia p.r· p.~daa~. Aa 
.. 

ex •• ple of tbe reaaltial fit for the a.sorption b, tbe 

,,. 

. ... 

2) Stolcbl0.etric Bi.diol Coaatant. !a Aa 109-id.a1 C.a •. 

Usinl a aoa-liaear it.rat1.e co.pater prolra., ILII 

fro. SAS (SAS Iostitute, 1982), b1adl0.·eoo.tant~ v.re 

d.r-i.,.d for eacb r •• ia ••• u.101 a .odel vith ooe bi8dlal 

alt. but •• ki.1 .0' •• au.ptioo .bout ~qai •• lenc. ..41 
indep •••• ac., i ••• , b, ao1.,1nl equ. tioa (51) .' 

( 

The ~ ;-

criterlon for tbe b •• t ftt va ••• 1Di_a • .,.l.e for tbe au. 
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FICjJlE 40 

CALCULATED-ISOTHERH FOR ARGSALA3 
, , 

BAS!D OR A IDEAt CASE, ASSUHING A TVO S~TE MODEL' 

/ 

-

- Calculated isotherm 
iO Experimental data 
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\, 

If 

,. 
" 

( 

p 

of the squares ,0 f ,the d iff erences between, t'he experilIIental 

and calculated values obtained from the model equation. To 

begin the Iteration; the constants, Ki' obtain,d from the 

previous method were entered. The values obtained for 

~ by this ~ethod are given in Table X. 

- l 
\ 
\ 

Thesé-values of KI were substitut/d into equation (51) 

to obtain 8 second set'~f cilculate~ isotherms assumlng a 

one binding site model. For the unsubstituted resin, and 

fo~ the resins vith pendants o'f Ala 3 , Arg l Ala 3 , Lys l Ala 3 , 

LYfla): this His 2Ala 3 ' His SAla 3 and Argl~la4' one 
\ 

bi ing âite model appeared to describe the system 
. 

ade uately. However, as might be expected, for resins vith 
\ 

pehdants of A~g2Ala3' Arg 3Ala 3 , 
1 

His 1Arg 2Ala 3 a~d Arg l Ala 3Arg 1Ala 3 , the one binding site 

model predicts X values vhich are too high at low free 
.' 

bilirubin concentrations and tdo lov at high 

concentrations. Fig. 41 shows, as an example, the case of 

Arg sAIs 3 " 
, 

'A two binding site model was th en assumed. By solving 

equation {52}, again using the 
,,\ 
non-linear regression 

methods, binding constants and a third set of calculated 

isotherms ?s then obtained as for the one binding site 
~ 

model. For aIl of the resins the non-11near regression 

lIIethod, assum1ng f!ith~r a one or a two binding site model 

f depending on the resin, yields satisfactory.curves vith the 

experimental values scattered uniform!y below anq above the 

predicted curve (Figs. 42-46). 

( 

~52 

.. 

, , 
.. 

. ~ 
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TABLI! c' , . 

~ , . 
BIIDIIG~O~STAITS FKOM 101-LIIZAI IEGIESSIO! A'~LYSlS 

0' TBE ADSOIPTI.OI OF, BILIIUBI. BY 'AIIOUS S,UBSTITUTIP POLYAltIDI 

d 
Penelant. Olle ~lte T"o Site. 

. 
'1 '1 '2 

10-3 M- 1 10-3 "-1 lO-~" "-1 
~ 

r •• in 1.0 1.0 0 
1 

Ala3 
,-

1.1 o 1.1 0.07 

A1·3 (acetylated) 0.7 --- ---. 
Aral'I·3 \ 

~ 4.5 4.2 0.03 . 
Ara2,I., 

" 
42 19 7.8 

; . 
ArS3'1·3 • 5'7 24 7.2 

" 

Ar·S'1·3 187 86 
1 

., 
1"2 

[Y·141·3 
i!' 

1.6 1.7 0 . 
[Y82A1·3 

, 

5.3 3.3 2.'9 

LY·SAl·3 130 1.0 700 

il1 .. 241·3 2.8 2.8 0 

ili·SAl·3 17 - 13 ,1 .. 1 

Ara1A1a. 4.2 4.2 0 
" 1 i 

Arl1A1a3'rllAla3 112 2S 10 
-. 1181Arl"2Ala3 114 61 4.2. 

\ 
lind1 •• coia.a.t~· 'a l". co •• id.recl to 1». ace.rate vi tb1. ± 10% 

Il ( 

15'3 
". . 

------ ----------~-------
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FIGUIE 41 

,CALCULATID IS~TBEI"S FOI AiG5ALA~ 
, ' 

B1SE~ 01,' MOI-IDEAL CASE 

• ft 1 ODe aite .odel 
--..... Tvo aite .odel 

O~ Experi •• Dt.l data 
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FIGURE 42 

CALCULATED ISOTHERHS FOR THE REFERENCE RESINS 

NON-IDEAL CASE, ASSUMING A ONE SITE MODEL 

o Unsubstituted resin 
o Ala 
a Ala; Ac~tylated 

"r"'~~ 
,""-;-- -" 
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FIGUIE 43 

CALCULATBU ISOTSEIHS FOI THE AIGIIIIE-CONTAlIfIIG 18SIIS 

IfON-ID,AL CASE 

. - \ 

AAralAla3 (oae ai te .odel) 
OAra2Ala3 (tvo lite -.odel) 
V ~rl3Ala3 (tvo ai te .odel) 
o ArISAI"3 (tvo aite .0d,1) 
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FIGUIE ,44 

CALCULATED ISOTBEIHS FOR TRE LYSIIE~CO.TAI.I.G RESl.S 

lOI-IDEAL CASE 

ALya1Ala3 (oae aite aod.l) 
o L,82Ala3 (oae aite aodel) 
o LY8SA1., (tvo aite .odel) 
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FIGURI 45 

-----CALCULATBD ISQTBEIMS FOI TRI BISTI~NE-CO.T'I'I'G IRSINS 

JOli-IDEAL CASE 

o 818 2A1a 3 (oDe a1te .ode1) 
o 818SA1a3 (ODe 81te .ode1) . 
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FIGURE 46 

. eALCULATED ISOTBEIKS FOI OTB!I POLJAMIDE IESINS 

NON-IDEAL CASE. 

• ArilAle4 (oDe site .odel) 
• Bi. Arl Ale (~vo aite .odel) 
• Arl~Ala~Arl~~le3 (tvo .ite .odel) 
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3) Thermodynamic Parameters .. 
The free energy change acc~mpanying the bindiD8 

process vas calculated according ta; 

o 
6G • -RT ln Ki (53) 

vbere 'i is the stoichiometric blnding constant obtaiuei 
r. 

fro. the non-linear regresaion. The values for-the various 

systems are reported in Table XI. 

4) Interaction between Sites 

To determine the interactions betveen sites, a plot of 

"iIi as a (unction of i vas made for the resins·~hat appear 

to have ~vo binding sites (Fig. 47). The affinity profiles 

for Al'g2Ala3. Arg-3Ala:p Lys SAla3 and Arg 1 Ala.3Argl Ala3 shov 

that the slope betveen '1 and K2 ls greater than the ideal 

slope thus indicating pos~tively interacting sites, either 

~qulvalent br non-equivalent (Table VIII). For the hsins 

vith ~rgsAla3 and HislArg2Ala3 pendants this slope is 

s.aller than the slope of the Ideal line. Hence, it is not 

possible to determine the type of in~eraction since, as 

aentioned in the Introduction. these results are consistent 
. 

vith either non-equivalent s~tes vith no or positive or 

negstive interactions as vell ~s vith equivalent sites vith 

~egativ~ interactions (Ta\le VIII). 

DISCUSSION 

1) Stoichioaetric Bind~n8 Constants AA ~ Ideal Case 

Since stoichiometric binding constants can be obtalned" 

vithout making anJ assumptions about equivalence or 

160 

1 
J 



, { 

, 

'. . 

, 

. 

.' 

_~, ___ "_'b' __ '_-~-".' -' ----_____ 'f-,._ .. ~----...:.-_---

~ 

TAlLE .u. 
riEl 'IBIGT .CH'~GE rOI BIIDIIG OFoBILIIUBII 

TO "IIOUS SUBSTITUTRD POLYA"IDE IRSIIS 

Pend41lta -, CO (1 ) 
(joule,.Ale 

-,1) GO «( ) 
(joule/.ile . . ' 

, 
; 

re81n 16 -----
A143 

> 

·16 _ .... _-
A143 (acetylated) 

IS" ------
AriIUa] 19 --... --
Ar_aiAla ] 22 20 

Ara]Ala] 23 20 . 
Ar1SAla3. 26 "21 

LY~lAI4] 17 ----- , -
Lya2Ala3 19 ----- ~ 

.LY8SAI43 21 31 

81a2Ala3 18 -----
Hi8SA~a3 22 - -------, 

AralA144 19 -----
AralAla3Arai 23 21 

1 

il1a 1 Ara2Ala3 2S 19 
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AFFINITY PROFILES FOR BINDING OF 'BILIRUBIH 

10 VARIOUS SUBSTITUTED POLYAH1DE RESiNS 

- Ideal line 
----- Experimental 11ne 
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interactions between binding siçes, they are preferred to 

the si te bindi ng constants in the ... da ta trea tmen t • As a 

first approximation, the simple graphieal method of 
, 

plotting l/X as a function of l/[A) was used to obtain the 

binding constants. Howéver, this- method did not yield 

satisfaetory results for some of the resins as indicated by 

a poor correlatioh between the isotherms calculated 

aeeording to the Klotz model, using the derived binding 

constants, and the experimental data (e.g., data for Arg s , 

Fig. 48). This is probably due to two factors: 

a) The intrinsic property of such a plot to compress 

the data a t high free ligand, i . e • , bilirubin, 

concentration and th uS hide deviation from ideality ta give 

an apparent straight line (Rodbard, 1973, Klotz, 1974). 

b) Such a plot is valid only in the case of non-

interac ting ; eq ui valen t bind ing sites, wh ic h is not the 

case for a number of polyamide resins as shawn by the 

affinity profiles. 

& Sinee deviation from the experimental values occurs 

mainly for the resins with two binding sites per pendant, 

the assumption of equivalence a~nd non-interaction of the 
c 

b1nding sïtes 15 probably the major drawback of this method 

for use in certain cases being studied here. 

2) Stoichiometric Binding Constants in ~ Non-ideal Case 

Better correlation between the experimental data and 

data predicted f·rom the Klotz" C10del was obtained for aIl 

the resiris when the binding constants were obtained by a 
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BOll-lin.ar resre •• ion aethod. In thi. case no a •• uapt10.s 

are aade regarding the equiTalence and interaction. betv •• n 
. 

tbe ait... Initially. a one binding site aodel vas aaau.ed 

for aIl the resins. In cases vhen the 8yst~m could not be 

de.cribed adequately vith these calculations, extra aites 

vere added ,until the calculated isothera 8ay• a 

aatiafactor, representation of the experiaental data (e.s-

ArSSAI_] resiD, Fig. 48). 

To yerify vhether or not the au.ber of biadins aitea 

assu.ed vas correct, the an8lysis vas carrled out for a 

-aodel ss.uaing one site aore than the nUllber 'of 

adequatel,. sitea deeaed necessary to deacribe the 

For the resins vith one bindins site aodel assuains a tvo 

bindinS site .odel resulted in a Il vhich vas ~a~entiall, 
\ c 

aite .odel 
, 

identical to Il 0itained using a oae bindinl 

while tbe resulting 1 2 vas equal or close to zero (Table 

1). HoveTer, assu.ing a three biading-aite aodel for the 

resins adequatel, deacribed by a tVQ site model did Dot 

alva,. yield a 13 equal to zero. ~n the case of 3 or .ore 

T'ariables .any different co.binations of variables viII 
, 

deacribe these aJ8te.s. Derived biuding constants viII 

dep~nd on the esti.ated values of ~i uaed td start the 

iterationa. ~encet very 800d firat esti.ates of Ki are 

nseded. Even then the a.theaatieal liaitations of the 
, 

aethod should be recolnized and the Yalue~ of Ii obtained, 

ahould be treated accordingl,. In the ca.e of less thaa 3 
..~.' , , 

\ 

yariables this proble. is aot aa serious and for aIl the 
tr 

r •• ins aubaitted to th' non-lin.ar cur~e fittinl, the •••• 
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, 
.alues of ~i vere obtained, relardless of the .aluea a •• d 

to atart the Iteration. 

In the case of the reaina c~ntain~ng the Lya 2Ala3 and 

,Hi.SAla3 pendants a one site aodel aeeaed ta describe ,the 

ayate. adequately but the .~lue of '1 obta~ned uaina a tvo 

aite aode! vas DOt equal to Il obtained uains a one site--

.odel. For further consideration, the loveat posa~ble 

nu.ber of binding aitea vaa aasuaed. lt ahould .be kept' in 

aind t~at thia nuaber do.a not necesaarily reprea.ent the 

"true" ouaber of ~binding sitea but rather the ainiaua 

nuaber of sites required ta deacribe the 'syates adequate-If. 

Since it is baaed on the )av of ~.as action, the (l~tz. 

aodel requires that t~e syste.~hould be reyersible ,nd et 

equilibriua • D~aor-ption vith albu.in, alt~oUrB alov for 

• o.,e resins, :1rhova tbat ad8o~ption of
J
,li11irubïo by' thè 

, 
polyaside reaina ia reYer~ible. .. Further.ore. the aaaii 

, , 
changes ln the j)ili'rubin cçncentration in tbe ad.orbate .. 

. " 
solution after one hour ~dsorption indicat~ that the ayste • 

. aust be at 9r very near equilibriu •• 

~ Adaorbe~ta follo~in8 a one binding 

Jainlr ~hose vith, only one .aino acid 

. . 
site .odel are 

~ 

bayond the ,Ala3 

spacer as vell as the unaubs~ituted resln and the .reain 
, 

,Binding constants for tbeae resins 
w • 

once 'again' shov that the adsorption followa the arder 

arginine > lysin~ > histidine > alanine ,or r " iocreasiDS 
, .. 

bin~ing atrength vith iDcre.aing baaicity of the pendanta. 

Soae other 'obaeryationa originall, .adl! on the ba.ia of 

the Jdsorption iaother •• are alao confiraed by the deriyed 

.... 
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bind1ng constants. For example, the binding constants for 

the unsubstituted restn and the A1a 3 resins correspond to 

vithin 10% • This is weIl wiOthin experimental error ~ and 

confirms the previous postulate that the a-amino grou,p on 

th~ pendants and the + equivalent as far resi!\. NH 3. are as 

tbe adsorption process is concerned. The 'derived binding 

conitants for the resins wit~ Arg I Ala 3 and with Arg I Ala4 

also correspond within th~ limit o( experimental error. 

Tbis strengthens·the.observation that chain spacèr length 

. ia not an important factor. 

AIl of the resins following a tvo bindi~g aitt~ model 
'3 

have at least two amino acids beyond the Ala 3 apacer 

indicating that a given amino acid viII bind 0l'11y one 
,~.~. 

Thua, molecule of bilirubine a terminal amtno acid cannot 

bind a molecule of bilirubin at the a-amino site a"nd 

another at the R group. The binding constant for the 

priJllary site on these resins ia ~t least one ord"er of 

magnitude larger than the binding constant for any of the 

resins fitting the one binding site madel. The second 

binding constant ls always at least as large as the 

constant for the resin with the corresponding single aaino 

acid that fits the one site model. This indicat~s that the 

addition of active amino acids not only lncreases the 

nu.ber o'f bindins sites on the pendants of the resin but 

ai~o i{lcreases the affinity of the se sites. If the 

affinity of the sites vould remain unchanged 'while only the 
1 

nUlDber of sites was ·increased, the firat binding constant 
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• bould reaaill u,~ch.n8ed while, silice '1 2 • 'l/4 L ,the aecond 

conatants .hould be aaaller. 

Unlike the resins fitting the one binding site model, 

where the binding constants do not offer much added 

tafor •• tton oyer that ayailable from the 

, adsorption isother.a, blnding constant. for the resins vith . . . 

tvo bindlng sl~es give more detailed information. For 

instance, a small increase in the value of Il and a 

decrease in the yalue of '2 can be observed for the resin 

cont·alning the Arg3Ala3 pendants as compared tô the values 
.\ 

obtained for the re.in ~ontaining the Arg 2Ala3 pendants. 

The decrease in the second binding constant is very slDall, 

,le.. than 10%, and may vell reflect experiaental error. 

Rovever, it is also possible that the addition of the 

third arginine changea the confor.ation of the binding 

sites soaehov hindering the binding of a second billrubin 

aolecule. The more substantial increase observed in the 

first bindlDg constant is probably resl and ia probably due 

to an increase in charg~ density. The binding conatan~ for 

th. flrat aite on HislArg2Ala3 1. larger than that of 

Ara2Al.3 or of Arg3Ala3' as expected froa the higher 

adaorption isotherme Once· again, the second binding 

conatant i. lover. Thus, the addition of 8 histidine 

inatead of an arginine enhanc.s'the binding of the first 

aolecule of bilirubln by the 'pendant at the e,xpen!le of the 

bindinl of the aecond bilirubin, iaplying that the addition 

of • histidine aay affect the confor.ation of the binding 

aitea. 
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Arg 1Ala3 Arg 1Ala 3 has th~ same first binding constant, 

~ 

within ~xperimental error, as Arg 3Ala 3 but lts second 
.. 

binding constant ls larger. Evidently, in this case, the 

longer chain length has a slightly ~ositive effect on the 

binding. The Iarger distance bètween the arginin~s and the 

~arges seems to favour the binding of 8 second molecu!e 

of bilirubin slight!y. 

The lysine-containing resins show a different pattern 

from the other resins, with their second binding constant 

as large as the first one in the case of Lys2Ala3 (if tvo' 

binding sites are sssumed) and even 1arger in the case of 

As shown by its isotherm (Fig. 26, Chap. IV), 

the larger second binding constant of the 

containing resin has the éffect of increasing its 

a~sorption capacity to a higher level than the capacity of 

Args~~a3 at hi~h equilibrium concentrations 

Second binding constants that are 1arger than 

(Fig. 

the 

24) • 

first 

have a1so been reported previou~ly for some protei~s ([lotz 

and Hunston, 1979) and appeaD to be a results of a large 

positive interaction between the sites. Thua, it appears 

that binding of 8 first bilirubin mo1ecule by the Lys sAIa 3, 

pendant affects the conformation of this pendant in su ch a 

vay as to facilitate the binding of a second bilirubin 

aolecule. 

3) Interaction between Sites 

Positive interact;ions between the sites for the 

LyssAla 3 resin are clearly del80nstrated by the affinity 
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profile. Certain other !esins also show deviations trom 

ideality but the interactions are not ~eariy as pronounced. 

,Although it was not possible to distinguish between the 

different co.binatio~s of equivalence and interactions for 

a two site model for many of these'resins, it is apparent 

that a second binding constant higher than that predicted 

by the ideal case, which will be referred to as positive 

behaviour, Is more favorable to the binding capac~ty chan a 

lower than ideal (2 (negatlve. behavio~r). An understanding 

of the factors controlling this behaviour would be an 

i.portant asset in the design of future adsorbents. 

The positive interact~on between the sites of some 

resins . rule out charge density as the only determining 

factor. ~lnce the binding of the first bilirubin molecule 

ahould decrease th~ overall charge density'~n the pendant, 

this should always have a neg~tiv~ effect on the binding of 

the second Molecule if the electrostatic charge effects 

w~re the sole determining factor. lt appea~~ that chain 

length can also be excluded as the sole factor sinee the 

various resins with 8 amino acids show differ~nt types of 
p 

behaviour, e.g., Arg sAla 3 shows a negative behaviout while 

Lys sAla 3 and Arg 1Ala 3Arg 1Ala 3 have positive· i~te,rac~ion. 

Si.l1ar behaviour can be seen for th~ resins ~ith 6 amine 

acids; shows a positive ~bebaviour wh~le 

Bis t Arg 2Ala3 has, negstive behaviour.. The, ïdentit.y· of ' th'e' 

•• ino acids do es not seem to have any ~o~relation with the 

b~haviour of the sites sinee, for e~aBple, ,the various 
t ,f. , 

arginine-containing resins show either posit~Ye o~'qegative , 
1 t' ~ 
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interaction. lt seeaa very p~aa1ble that the iateraction 

betveen the aitea 1s not governed by a single factor but 

rather by a coaplex coabination of the above aentioned 

factors, as vell a~ posaibly certain othera. 

4) Theraodrnaaie Paraeetera 

The derived values for tbe change in free eneri' 

associated vith,the bindi~g of a bi1irubia lao1ecu1e to· the 

various resins at OOC are in the raDge of -15 ter -31 

Ijoule/mole. Excluding the values for the resin, ~la3 • 
• valuC!! 6GO for resin and acetylated Ala 3 resin, the average 

the first binding site i8 -21 ± 3 kJ/aole while the 

corre~ponding average value for the second binding site ia 

-22 ± S, vhere the uncertainty represents the standard 

deviat19n. The overall average value, excluding the reain. 

the A18 3 resin, and acetJlated Ala 3 reain. ia - 21 ± 3 

kJ/eole. Since the adsorption isothera. .hoved no 

indication of -te.pe'rature de.,-endence. ~Bo for the entïre 

process eU8t be zero. Hence, 6. SO .vould be in the range. 55 

-1 -1 to 113 joule aole degree • Using the av~rage value for 

6. GO together vi th ~ HO • 0 yielda 6S.0 
• 19- ± Il. 

, 
Contradictory thereodrna.!c paraaeters for the bindiDg 

of bilirubi~ to HSA (Table, XII) have been reported by 

Shapovalenko and (oloaov (Shapovalenko and (olosov, 1918) 

and by Jacobaen (Jacobsen J., 1976). While ~Go ia negative 

in both studiea, 6.80 and 6S o vere •. reported ta be poaitiye 

bJ Shapovalenka and (olosoy (Shapolalenko and (olosov, 

1978) . vhile negative yalue. are reported iD Jacob •• n'. 
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TABLE ru . . 

. 
TRERHODTNAHIC PA~AHErERS FOR THE 8INDING OF BILIRUBIN TO aSA 

-c 

" . 

, -
Reference 

Jacob •• n J. . . 1977 
') 

, , 

Sh.poyaleAlto 
and 

101080. 
1978 

. . 

ARo T 

I joule Oc 
Iole 

20 

25 
- 57 

30 

", 37 
B 

3 

6 

3~ 12 

/ 20 

37 

172 

/ .. 

AGo êSo 

I joule joule 
.ole~ , .ole dIS 

~! 
) 

46.0 - 35.6 - -
- 46.0 - 35.1 

. 
- 45.6 - 36.0 

- 45.6 - 35.1 . 
- 28 il 

- 30 

- 31 240 
-- 34 

- 37 

. -
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~tud1 (Jacobsen J., 1976). Thus. the theraodyn.aic 

paraaeters obtained froa the ~inding of bilirubin ta tbe 
1 

polya.ide resin are in better aareeaent vith the values of 

Shapovalenko and 1010sov (Shapovalenko and lolosov, 1978). 

It ahould be reaeabered thai the reported constants for the 
, 

bindina of bilirubin to albbain span 8. vide ranae o~' 

values. Furtheraore. the" ranae of te.peratures at: vhich 

they can be determined is very liaited. Hence, a reliable 

evaluation of the paraaeters ia 

experi.entally very difficult~ lt abould a1so bi noted 

tbat the b~ndina of bilirubin to .Ibu.in Involv.. aeverai 

steps. in particuler some rearranaeaen~ of tbe albuain 

conformation. 

that vhich 

V,hiCh "is "expec ted ta be q~iffere~t "from 

cen occur vith the sma11 ~eptid~ fra.aent.· 

Thus, siailarit, betveen th. 

the~.odynaaic par.~ters ia not reall, expecteA. 

5) CoaDarison betveen Pol,.aide-Bilirubin and - A1I .. ,a111-
Bilirubip B1adinl Constane. 

,Consta~t·s for blnding bilirubin to aibuain' bave been 

repaited by several .uthors (Teble ~II and IV) ind for 

6 8' , " 5 
aoat, '1 varies froa 10. ta 10 while (2 varies f~oa 19 ta 

Comparison of theae values ~itb the der~ved bindia. 

co.nstants for the polyaaide resins inUc:ate that the resi.na 

blnd bilirubin soaewbat .ore weekly tban do.s albuat~. 

Tbese lover bind1ng constants are in ,ood alreeaent vith 

tbe fact thât', although s~. of the. re8in. are very sood 

.' 

adsorbents in aqueoua solution.. aast- caDnot coapete vith " 

( àlbuain. 
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~ Boveyer, the resia contafning th,e AriSAla3 pen~t 
abova ao.e co.petition, even vith the first binding ai te 

of albu.in and can definitely co.pete vith the~ second 
o 

binding site. This Î res lf1.J has a first binding constant of 

5 J • 
roughly 10 o~ depending on tbe source, approximately 10 to 

-
-l~O fold lover tban th~ reported values for the first 

bindin. site fOr bi1irubin on albu.in and 1 to 10 foid 

'lover than that of the second hinding sIte. On this basls 

the ability of the AriSAla3 resin to compete for billrubin 

vith the first ~inding ~ite on BSA Is somevhat unexpected 
.' . 

• nd suggests that the values reported in' the 11terature for 

the-binding constants of HSA are sOlDevhat higb. Cer~ainly 
-. ~ 

better agree.ent 1.8 obtained if the lover values for these , . 
biadina conatants are accepted. 1t is also pos'sible that 

tbe binding of bilirubin to BSA i8 Dot as strong a~ the 

blndi~g to USA. 
.. , 

Tbe leneral conclusion that can be derived from the 

v.rioa. .spects of this study ia that the best polya.ide 

re.in ' •• de for the adsorption of bilirubin ls one vit~ 

pendants of high arginlne content. Adsorption of 

'-bilirubia see.a to be ,f.vored by penda~ts vith .'strOngl} 

••• ic character • 

. , 

174 

( 

, 1 



o 
~ht.,,_ ..... ~oI<l~t"'l .... "'--'-"-'" ..... 

. .,.- ..... _~~ -... _* .... _-,---_."""'--....,..:...".."'"_._.~ .~--- ~-----------------<~----.-j--------------

" 

~ 

CONTRIBUTIONS TO ORI~INAL KNOWLEDGE 
t·f' 

> " 

Throughout this project, a number of orig~al find~n~s 

have been made. These were discussed 'in det'ail ,in t~e-

preceding chaptèrs and are summarizeâ below. . ' 

. " 
1) lt was shown that although crosslinked PVP adsorlis .. ~ 

bilirubin more quick1y than does cholestyramine, whi~h ia 

one of ~he Most wiaely used~adsorbents for biliru~in~ 0 t~~ 

former has a much lower capacity and thus, ·i~s use a~ 8n 

adsorbent is not feasible. l , 

2) Using eight different, single amine 'acida ' reaidues. 
4 • 

• 
immobilized by solid phase peptide à~nthesis ante a 

pol 'Ystyrene di viny lbenzene restn (Merrifield,\'resin), i t was 

demonstrated that an inter~ction exisfs betwe~h bilirubin 
" ' 

and two of these. The amine acids·~hich showe4 the best -,, 
interactions were arginine and ly~ine ~hish~are the -%' only 

two with a positive charge at a pH of 7.8. Th-'ese are a1so 

two of the four ~amino 8cids that have been proposed 

previously to be e bilirubin binding site on# ... 
albumine 

~ , 
~) Using longer peptide pendants immobilized onto 8 

. , \ 

water "swella ble polyamide resin increased the adsorption' 
. 

capacity for bilirubin of the polyamide resins. An 
" 

interaction between bil!rubin and tyrosine and histidine, 

tlle other two amine acids thought to be situated at :rliè." 
.. , 

, 

... ' .. , "'''11.. 

J,75 
.. : 

, , 
( ---
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binding site for bilirubin o~ albumin vas a1so 

demonstrated. 

4) A .systematic study of the adsorption capaèity for 

bilirubin , by polyamide resins containing different 

combinations of arginine, lysine, ty(osine. histidine, and 

alanine, the last acting as a spacer, revealèd some of the 

tact-ors controlling the adsorption of bilirubin by 

immobilized amino acids to be: 

a) The a,-amino group:· This group contributes 

moderately to the adsorption of bilirub1n as shovn by the 

fact that acetylating the a-amiho group of a Ala 3 pendants 

resu1ts in a decrease in the adsorption capacity. 

of 
, 

the 

b) The, groups: 

pendants ls the 

The nature of the R groups 

main ~ontributor to ,the 

adsorption of bilirubine 

c) Charge density~ Resins containing' the 
. \ J . '"" ) , 

charged amino acids, argtnine and rysi~e, adsorb more 

'~bilirubin than do resins containing th<e uncharged 'all1no 

acids tyrosine and histidine. Furthermore, as' the 
\, 

number of arflino' acids in the pendants increases, the 

corresponding enhancem~nt in th~ adsorption capacity is 

higher vhen the amino acids are charged. Arginine and 

lysine vere found to be the strongest adsorbents vith 
< 

histidine and tyrosine shoving veak~r binding. 

d) Spacing: The distance from the base resin 

to the active part of the pendants does not appear tO 
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play an important roie_ 
~ 

Adding a apacer betveen tvo act!ye •• ino acida 

residues haa 
~ 

a positive effect on the adsorption 

capacitl· The resin containina the pendants 

adsorption 

capacl~y thaQ ,a resin containina the pendants Ara2Ala3-

e) Mixed resldue.: Combittations of actiye reslduea 

in a pendant can de.oDstrate ayneraistic behsviour. 

f) Conforaatlon and/or other factors: 

Discontinuities in adsorp~ion capacities and bindina 

constants suaaeat that steric and confor.aUonal 

effect .. are present. 

5) DesorptioD by albu.in aboved that re.ias containial 

pendaDts vith arginine bind bilirubin .ore stronll, thaD . " 
1 

thoae coapoaed of lysine. ,. 

6) Adsorption so.lution, cont.iniDI both 

bllirubin and albusi. -.boved that soae . relina. ia 

.' par~i'cul~r ,the . resin contailliDI ArISAI'a3 pelldànta. ca. 

cosl!ete layourabl,. vith albu.in lor bilirab.in. 
, , 

7) B1DdiDS constanta for bilirubin, obtaiaed for .ach 

of the pol,.aside resin. contaiDiDI pepetd •• pendant.- aaial 

stoichioaétr1.s bill-diog conatant approac~, ilere in th. 

ranle A f 1 0 3 ta' 105 • Tb b i div f . e D na conatant or tbe ba.t 

rea:Ln, t'hat cODtainins ia 

approxi.atelY tvo ta tbrae order of ... aittade lover tla •• ' 
-.jt 
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the bindina of the tirat site for bilirubin on bu.an serum 

albuain. For pendants vith more tban one site an 

interac tian between the sites vas generall y detee ted. 

8} Binding sites for btlirubin on albu.in: The present 

data give some insight to the deeply researched question 

concern log the si te a t- whi ch the two strongly bound 

bilirubin molecules are attached to albumine Sites .. 'where 

aecess to tvo argi tlioe retfidues is possi hIe are considered 

to be prime places for consideration. By virtue of its 

high argioine. iysine and histidine content, the tip of 

loop 4 (Fig- 8-9, Chap 1) should also be considered • 

. ~ ',~' ; 
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2), . Tbe syntbeaia and stndy of tbe adsorption cap.c:ity 
, 
\ 

f6r billrubln of resias containial peptide penda.ta aia11ar 

to tbose found in native huaaa aerua albuain and/or bo.i •• 

aerua albaain abould he eon.ldered. Tbi. eoul. 1... ta 

batter adsorbenta and a better cbaraceerizatioa of tb. 

~iDdlna altea for billrubln on albuains. 

. . 
3) Since it is suspected that confor_tioD of' tll. 

pendants aay play an i.portant ro~e iD tbe 'adaorption 

proeess, a atudy of the conforaation of ·the i .. oblli& •• 

peptide pendants ls suggeseed. 

4) Synth.ais of actl.e paptide pendaDta 'o_to a .or. 

hi8hly subatituted re.ln -.hould be considered. ITbia aboul. 

lead to • "reain vith a increalJ.ed. cà,.clty~ 

~ 

5) Syntbesis of pendant a eade of aaiao acida 

derivatlves which would be non-hydrolizable ahoul. also be 
• 

undertaken. Th1s type of resin could then be ua.d for 
, 

re.oval'of bilirubin froe the sastroint.stinal tract. 
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TABL! !:.l 

PIOGIAN FOR AUTOMATED SOLID PHASE PEPTIDE SYNTHESIS 1 

Step Operation Re.~ent Nu.ber of 

f!1!j,-=== =======I=t:· ~===== Re pet! tions J.. >11 

Tille 
(.inutea) 

( 
·r 

1 couplina 

2 ..,.abing 

4 

3 deprotection 

4 ..,.abing 
\ 

5 ..,.ab1na 

6 Deutral1zation 

vaabina 

.yaaetrical 
anhydride 1 

4 

1 

2 

2 

1 

unt!l 
coapletion 

2 

20 

0.75 

0.75 

5 

CH
2

C1 2 2 2 __________ ---....0:::._---- ____________ , 
8 ,. v •• bing DHF 2 2 --- , 
9 v •• hin. CH

2
C1

2 
_ '. 2 2 

10 nest coupl~nl back to stap l 
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,TABLE A:l1 

PIOCIAH FOl AUTOMATED SOLID PHASE'PEPTIDB SJHTBESIS II 

Step· Ope ation ReaaeDt 
,. 

Huaber of Ti •• 
aepetitions (atDutes) 

! . 
.y.a.trieal until , 

1 couplina aDhydri4e 1 coaplation. 

1 . 2 vashina CH 2Cl 2 2 0.5 
-

3 v •• hinl· hexaDe ,2 0.5 

4 vasbinl CB 2C1 2 2 0.5 " 

5 deprotectioD 40% TFA in 1 20 , CH2Cl 2 

6 v •• hina CH 2Cl 2 2 1 
, 

5% DEA 
J 

7 va.hina in 2 0.75 CH2Cl 2. 

8 nautrali~ation 
5% DEA in 

" l 5 CH 2Cl 2 

9 va.bina CR2Cl 2 3 0.5 

10 r next couplinl back t,o: step 1 
• -r 

-' 

l 
" 

, 

.. ' 
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TABLI A-111° 

" P.OGIAH POl AUTOHAT.P SOLIO PHASE PBPTIDE SY~TBISIS ll1 

.\ 

Step OperatioD l'ealeDt Hu.ber of Ti •• 
1 1 1!1~~!C!aOD. 'Iilllt !!} . 

. • ,-••• trical uD,til 1 coupliDI allbJ'd,rid. 1 coapl.t1oD 

2 "a.hilll • CH2C1 2 
, 2 1 

3 ' . "a.hilll DMF 1 1 
; 

, 4 va.billl CH2C1 2 3 1 
~ 

, , 

5 deprotectioD 40% TF' in • . 20 CB2Cl 2 
. 

6' v •• hial CH2C1 2 · 2 ·1 
. 

diozan./CH2C~2 7 va.hinl . 2 1 .. :. 
, 

8 v •• hinl CH2Cl1 2 1 r i 

. '. , 

9 v •• billl DMF 2 1 .. , 

10 v •• hilll 5% DEA in ,2 0.75 CH 2C1 2 
." 

-

.\ 
11 D.utralizatioD 5% DEA in . 1 5 CB2C1 2 
12 va.billl CB2C12 4 2 

13 .. ezt cOlll'lial back to .tap 1 

! 1 

"\ 
1 

'. 
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FIGURE 17 

ADSORPTION OF ~LIRUBIH BT PVP 

Te.peratur~ • OoC Te.perature • 10°C 

eq (ag/dl) X (ag/8) , C
eq (ag/dl) 1 (.g/ g) 

u 

1.5 26.3 1.4 20.3 
J 

2.7 30.2 1.8 26.0 -

3.2 33.1 2.5 31.6 

4.2 35.9 4.1 37.6 

4.8 41.6 6.4 44.4 
0 

6.4 43.5 8.1 48.8 

Teaperature - 20°C Te.perature - 2SOC 

Ceq (ag/dl) 1 (ag/g) C , eq (ag/dl) X (a./l) 

; 
1 -

2.2 31.9 4."0 31.0 
< 

2.9 34.8 3.1 J 33.9 
" 

, 3.2 41.0 

6.1 48.1 

.. 
o 
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FIGURE 18 

ADSORPTION OF BILIRU~lN BT CHOLESTYRAHIHE 

Teaperature _ ooé 
'" ! 

Ceq (ag/dl) 1 (lIs/a) Ceq (lIg/dl)- ',~ (ms/s) 
( 

, , 
1 n 45' . 

1.3 27.0 0.7 38.8 

--1-...-9 32.0 1.2 42.9 

2.6 35.1 1.7 46.0 
i 

4.5 34.4 2.6 '49.8 
: 

. 6.5 60.4 4.2 49'.2 
~ 

5.1 60.0 

5.5 52.7 

6.1 63.0 

Ceq (Ilg/dl) 1 (ag/a) 
A 

Ceq (Ilg/dl) X (Ilg/g) 

.' 
0.1 45.1 0.3 64.9 

0.6 60.9 0.7 1 69.9 v 

1.1 62.4 1.9 81.1 

2.2 64.8 3.7 88.1 
z 

4.2 74.3 6.4 89.8 

6.2 71.8 
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FIGURE 22 

lINETIes FOR THE ADSORPTION OF BILIRUBIN 

BY THE POLYAMIDE RESINS 
, , 

T!ME (.cin ) 1'" Absorbance A~8orbance AbaorbaDce 
" 

" " 1i , . 
0 . , '0.448 0.448 0.850 , 

\ ' S.- 0.375 , 0.'3
0
00 -0.626 

i 

15 0.340 0.240 0.560 -
30 0.325' 0.205 0.462 

c j . 
60 0.330 0.160 0.400 

90 0 .. 320 0.140 " 0.380 ... t.. 

,... f 

p 

• c, .. , 

" 
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FIGURE 23 

ADSOIPTIOI or BILlIU,I. Il rBE IIFEIEICE IESI.S , 

Chol •• tyr •• ia.. 

Ce. (a./d1) 1. (ilo1e/ •• ) c •• (a./ctl) 1 (aole/e .. ) 
1 

-
2.5 0.060 1.3 . 0.013 

, 

. 4.7 0.015 1.9 0.016 
1 

4.8 0.064 2.6' 0.017 
8 

1.1 0.140 " 4.5 0.017 

7.2 0.130 6.5 0.0~5 
1 

9.2 0.146 

Al.3 Acet,latact 

c (ag/dl'}- 1 (aole/eq) eq 
C

eq
,- (ag/dl) ~ (ao1e/e.) . 

• 
-

1.9 .0.044 2.4 0.014 

4.4 0.072 4.1 0.030 -

9.3 0.160 9.5 0.1~0 
Il 

1 1 

• 1 

, . 

:. ' . 
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.FIGURE 24 
, 

ADSORPTION OF BILIRUBII 8t THE ARGIMINE-COITAIIIIC IESINS 

c. eq (aa/dl) 1 (aole/eq) 

0.7 0.06 

l.2 0.08 

1.9 0.11 . 
3,. ~ 0.19 

3.2 0.17 

3.8 0.24 

4.3 0.28 

4.7 0.23 . -
5 .. 6 0.31 

• 
7.7 0.38 

; 
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c 
·4 

• 

. 

<a,l'dl) 

0.5 

1.3 

1.4 

2.1 

2.7 
, 

3.0 

4.0 

5.3 

7.0 

,~ .. , 

1 <lIIo1e/eq) 

0.11 
! 

0.25 

0.42 

0.58 

0.71 

0.77 

1.02 

0.93 

1.20 

l' 

__ ~ _____ ~J~.-. 
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.. 

FICul1 24 coat'. 

c .... (a.I.1) 1 (aole/e.> , 1 , 

1.1 0.32 

'1.7 0.64 
, 

i 
- 0-, 

2.1 0.67 
Q 

'2.2 0.66 

3.7 0 .. 80 
1\' 

5.4' - 1.09 
1 

8.2 1.37 

.," .. 

.. , 

... , 
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C •• (a.l.l) 

• , 
0.1 

0.2 

0.5 -
0.8 

5 

1.3 

1.6 

2.6 

3.1 

4.0 

4 .. 1 

4.7 

6.6 

. , 

\ . 

-
1 (ao1e/ •• ) 

1 

0.16 

0.24 

0.42 

0.8S 

0.80 

0.91 

1.07 
, 

1.20 

1.33 

1.25 

1.27 

1.74 

-, . 

,. 

, 
1 

i 
5 • 

ï 
! 

, 
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FleuiE 25 1 _\ , ~ 

. EFFECT OF PI.OTECTIIG THE 1 GIOUP or AIGI.Ilf! PE.D.ITS 
-
-j 

01 POLYAMIDE IESI'lIS .' 

c (a./cll) 1 Cao1e'.q) 

1 
' -4 

j 

1 C., (aalell ) 1 (aole'.q) 
, 

O.S 0.11 3.5 0.27 , 

1.3 0.25 7.9 0.48 , 

1.4 0.42 8.0 0.42 

2.1 0.58 

2.7 0.71 

3.0 0.77 

4.0 1.02 

5.3 0.93 

7.0 1.20 d 

(.-
./ 

202 



\ \ \ 
'" 

1 1 -.... ___ .... _~ -"""-4 "., 
l' \ tt 

, 1 

. 
, 

0, 

, , 

( . p . IGVII ~6 
", 

~ 
" 

ÂDSOIPTIOI 0' BILIIUBI. BY TBE LYSIIE-CON1AIII.e IESII5 
\ 

• 1 

\ 

- LY8 l Ala3 

0 

eq (_,/dl) 1 (_ole/eq) Ceq (-a/dl) x Caole/eq) 

\ 0.9 0.04 0.8 O.OS 

1\ . \ 2.2 0.08 0 2.0 0.13 

\ \ 4.6 .~ 
0.11 2.8 0.21 

\ \9.2 0.19 3.8 0.25 

\ 1 . 
1 . 

4.2 0.21 

5.8 0.35 

7.6 0.56 
, 

1" 
. 7~7 O.SO 

-
o 

---- LY·SAla3 . 
Ceq (-S/ ) X (.olejeq) ., 

! 

1\ 
, 0.5 \ 0.12 
, 

1.1 
\ 

0.30 --
1.7 0.67 

1.7 0.70 
, 

2.6 1.10 

3.3 1.40 
. • 6.1 1. 74 

-1 0 

( 
-

- 2Q3 
" 

" I~ 
, 
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FIGURE 27 

ADSORPTION OF BILIRUBIN 
. "..., ~ 

- - -- ~ --___ '_IIJIII 

\ ' 

Bt THE 11S11D181- OR TY.OSIME-C08TAIMIMG Ils Ils 

H1· 1'1_3 -

C.q '(as/dl) 1 (.ol./.q) C.q (al/dl) 1 (aol./eq) 

4.3 0.13 2.1 0.11 

9.2 0.15 2.2 0.20 
" 

~ 3.5 0.16 

4.0 , 0.19 

H18SAla3 6.5 0.23 , 

Ceq ( •• /dl) 1 (aole/eq) 6.6 0.20 

8.5 0.37 
1.5 0.25 

9.0 0.21 
3.0 0.44 

6.8 0.76 

7.0 0.66 

Ceq (lag/dl) 1 (lIo1e/eq) Ceq (mg/dl) X (1I01e/eq) 

=;::, ====== ========== 
4.3 0.20 4.3 0.14 

9.1 0.23 9.2 0.16 

, ' 

·204 
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FIGUII 28 -'7 , •• 

IrraCT OP THE ADDITIOM or AM BISTIDIRE TO AIC2ALA] 

C.q (as/dl) 1 (aole/eq) 

0.5 0.11 

1.3 0.25 

1.4 0.42 

2.1 0.58 

2.7 0.71 

3.0 0.77 
q 

4.0 1.02 

5.3 0.93 

7.0 1.20 
1 

c (m8/ dl ) X (mole/eq) eq 

0.5 0.40 

1.6 0.76 

2.8 0.96 
, 

4.7 1.06 

6.8 1.23 
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C eq (as/dl) 

1.1 
] 

1.7 

2.1 

2.2 

3.7 

5.4 

8.2 

X 

.. 
'"," 

(aole/eq) 

0.32 

0.64 

0.67 

0.66 

0.80 

1.09 

1.37 

-
\ 



'. FIGUR·E 29 

l'PI CT OF TBE ADDITION OF A SPACER , . 

C.q (a./dl) X (aole/eq) C
eq

< (a./ dl) X (aole/eq) . 
, 

0.7 0.06 0.5 '0.11 

1.2 O.OB 1.3 0.25 

1.9 0.11 1.4 . 0.42 

3.1 0.19 2.1 0.58 

3.2 0.17 2.7 0.71 
t j 

3.8 0.24 3.0 0.77 

4.3 0.28 
, 

4.0 1.02 

4.7 0.23 5.3 0.93 

5.6 0.31 7.0 1.20 

7.7 0.38 

C (Ilg/dl) eq X (mole/eq) Ceq (mg/dl) X (mole/eq) 

0.7 0.07 1.1 0.31 

1.8 0.18 1.8 0.65 

2.6 0.21 3.0 1.00 

4.0 0.20 4.9 1.13 

5.6 0.20 5.0 1.04 
.$ 

5.9 0.29 ' 5.0 1. 26 

( 8.0 0.41 7.01 1.32 
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_ rIGUIE 30 

IPFlCT OF 10NIC STllNeTB 01 . 
ADSOIPTION OF BILIIUiI. It AIG2ALA3 

" 

Arl2'la3 
. 

.', 

Ionie Strenlth - 0.1 M Ionie StreDlth • 0.010 M 

Ceq (as/dl) 1 (aole/.cl> Ce. (al/dl) 1 Cao1e/e.> 

0.5 0.11 0.9 0.33 . 
1.3 0.25 0.9 0.56 

1.4 0.42 0.9 0.55 

2.1 0.58 1.4 0.73 

2.7 0.71 3.0 0.89 
, :1 

3.0 0.77 4.8 1.09 

4.0 1.02 4.9 1.05 

5.3 0.93 ,5.0 1.02 
, -

7.0 1.20 

_:.-----
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FIGURE 31 

(lIErICS OF DI$01PT101 OF BILIRUBIH FIOM PO~Y.MIDE IESIHS 

Ti •• (aia) Ab.orbaace .bsorbaace Absorbaace 

lE 

0 0.452 0.345 0.390 A 

15 --- 41 
.., --- 0.662 , 

,30 0.610 0.409 0.754 

60 0.-678 0.467 '0.781 

120 0.734 0.520 
~. 

0.823 

190 Q.758 0.576 0.821 
.. 

250 0.774 0.593 ---
• 
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FIGUIE 32 

~ DISOIPTIO. QF BILIIUBIK VITI 80Y11! SElUN ALBUMI~ 

b!ltru"!. bilirubia 
B A retained 

~'ii'!I~ia bilir."ia 
SA ret:al ... d 

%,'- ' f 
'. ; 

0.87 0 , 0.54 4 32 

1.19 18 0.80 45 " 

1.61 22 1.07 48 
. 

2.02_ 1i" 1.43 65 

2.81 47 1.74 82 
J , .... 

bilirabin bilirabia 
fiS! retaiaed 

r 

~11irl~!a bilirubin 
BSA ('-retaiaecl 

% % 

2.32 5 2.93 17 

3.65 11 9.22 78 
, 

4.81 27 -: . 
9.24 ,75 

\ -.-
9.43 60 

( 
) 
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FIGU"E 3) 

DESOiPTION OF BILIRUBIN FROM ARG 2ALA 3 
WITB BOVINE SERUM ALBUMIN AT 0.010 M 

/> 

ArS2Al_3 ArS2Al_3 

Ionie Strl!ng th • 0.10 H Ionie Strength • 0.010 M 

)!illrubln' bl11rub1n " 

BSA· 
, 

reta1ned 
bl11rubin bilirubin 

BS! retained 
% % 

:se::. 
• 0.13 40 0.87 a 

0.21 54 1.19 18 
t 

0.37 53 1.61 22 
,. 

0.39 48 2.02 29 
. 

0.47 53 ..., 2.81 47 

0.54 52 
'. 

0.60 59 

0.70 49 

0.84 ~ 54 

0.95 46 

1.40 63 

, 

. , , . 

1 

210 
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bil1rubin 
BS! 

1.72 

2.02 

2.23 

2.50 

2~9,5 

3.94 

4'.78 

5.51 ' 

6.07 

8.45 

( 

- -.~--- ~-~..----~ --------_ ... ---'-

FIGURE 34 
, 

ADSORPTION OF BILIRUBIN BT ARGSALA3 

18 THE PRESENCE OF BOVINE SERUM ALBUMIN 

X (liole/eq) free bilirubin free biU:rubin 
, 1 binding site 2 binding sites 

i .. 
0.09 1.97 - 0.31 . 
0.10 2.32 

1 
0.40 ~ , , 

0.16 2.61 0.89 
'" 0.22 ,~ 2.82 1.33 

t4 , 
0.18 3.06 1.83 

j 

0.36 3.45 2.59 

0.45 3.65 2.97 
" 

0.57 3.76 °3.22 
+ 

0.47 3.78 3.28 '" 

~98 
) 

" 
0.75 3.67 

f • 

• 

21.1 
, , 

1) '. 

" 

1 
1 
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FIGURE 35 

AbsoRPTION F ~ILIRUBIN BT ARG2ALA3 

IN THE PIESEN BOVINE SERUM ALBUNIN 

billrubin X (lDole/eq) free bilirubin free bilirubin 
BSA 1 b1DdiD8 site 2 b~ndiD8 sites 

• . 
1 

1.70 0.004 1.90 - 0.46 
, 

2.08 0.027 2.33 0.40 
1 

3.26 0.058 3.09 1.85 
, 

3.76 0.062 3.28 2.23 

4.45 0.11 3.47 2.62 
'll 

; 

6.80 ---- 0.·41 3.84 3.36 

9.89 0.56 4.01 3.71 
) 

( 
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FIGURE 36 
l ' 

ADSORPTION OF BILIRUBIN BY LYSSALA3 
IN THE PRESENCE OF BOVINE SERUM AL8UMIN 

bilirubin 1 (llole/.eq) freelbilirubin free bl11rubin 
BSA 1 binding site 2 binding sites 

1.74 0 1.88 - 0.48 

2.13 0.019 2.36 0.46 

3.29 0.031 3.07 1.81 

4.37 0.083 3.42 2.53 

5.39 0.20 3.63 2.93 

6.36 0.32 3.76 3.23 

6.68 0.43 3.83 3.34 . 
8.96 0.79 '4.01 3.71 

( 
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FIGURE 37 . 

ADSORPTION OF BILIRUBIN BY CHOLESTYRAMINE 

IN THE PRESENCE OF BOVINE SERUM ALBUMIN . 

.. 

bi,lirubin 1 (mole/eq) 'free biliru biD free bilirubin 
DSA 1 binding site 2 binding site& 

. 
1.68 0.0118 2.33 Q.41 .. .. 

1 , 
2.11 0.0115 2.72 1.2 

2.54 ~ \~ 0.0129 3.00 1. 76 .' 

5.63 0.0181 - 3.77 3.30 

8.90 0.2018 3.95 3.66 
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FIGURE 39 
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DOUBLE R~ECIPROCAL .Pl-OT, TO DETERMINE 

THE BINDING CONSTANTS AT OoC FOR VARIOUS POLYA~IDE REStNS 

1/C
eq l/x 

le 10-4 (M- 1) (eq!mole). 

l/Ceq l/X 
x 10-4 (M- 1) (eq/mole) 

1 -
0.88 0.57 ~ 0.95 0.57 

, 

~ 1.24 - 0.79 1.76 0.71 , ~ 

, 
1.41 0.80 . 2.26, O~91 

1.47 0.75 3.43 1.49 

1.87 3.83 3.46 1.44 
\ 

( 

2.28 0.93 5.18 3.31 

3.64 1.00 r2.54 8.58 
. 
4.67 1.25 

7.02 1.18 

12.8 2.38 

26.9 4.12 
- . 

'1 . 
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FIGURE 40l.... 

CALCULATED ISOTHERM FOR ARG5~LA3 

JASED ON A IDEAL. iSSUMING , TWO SITE MODEL 

C.q (Ilg/dl) X (lIo1e/eq) 

0.1 0.16 

0.2 0.24 

0.5 0.42 . 
~ 

, 
, 

0.8 0.85 

1.3 , 0.80 . , 
1.6 Q.91 

2.6 1.07 , 
, 

3.1 1.20 

" 4.0 1.33 

4<\,1 1.25 

4.7 1.27 

6.6 1..74 
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FIGURE 41 

CALCULATED ISOTHERM FOR ARGSALA3 

BASED ON A NON-'IDEAL CASE ' 

One site model 

Il - 187 1 103 M- l 

Ceq (mg/dl) 

0.1 

0.2 
Q 

0.5' 

0.8 

1.3 ..... 

1.?/ 

2.6 
) 

3.1 ' 

. 4.0 

4.1 

4.7 . . 
6.6 . 

\ . 

217 

~ 

Two sites model 
, 

3 -1 (1 -,86 X 103 "_1 
(2 • 12 X 10 " 

X (mole/eq) 

." 

0.1'6 
.~" 

0.24 

0.42 
" 

0.85 
1 

, 
0~80 

0,.91 

1.oa 

1.20 / , 
1.33 . 
1.25 

, 

1. 27 
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FIGURE 42 ,(; 
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CALCULATED ISOTHERMS FOR TH& REFE~ENCE'RESINS 

NON-IDEAL CASE,ASSUMING A ONE SrTE MODEL 

Unaubatituted Resin 

3 -1 
'1 - 1.0 X 10 M 

Ceq · (mg/dl) ~ (mole/eq) 

2.5 0.060 

4.7 0.07'5 

4.8 0.064 
• g 

7.1 0.140 

1.2 0.1~0 , l) 

9.2 0.146 , 

A18 3) 

'[1 - 0.7 X 103 M-1 

C
eq (mg/dl'> X \{ mole/eq) 

R 

• 
1.9 0:044 

4.4 0.072 

9.3 . 0.160 

, I~ 
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A183 Ac~ty18ted 

'1 • 1.1 X 103 M-1 

Ceq (Ilg/dl) X (lIole<eq) , 
2.4 0.014 . 
'lt.7 0.030 

9.5 0.120 

• 

., 

)" 

• Il 

1 

1 
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1 
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.- FIGURE\ 43 . " 

'i 
~CALCULATED ISOTHERMS FOR THE ARGININ~-CONTAIHING -RESINS 

. ~NON-IDEAL CASE 

C eq (mg/dl) X (mole/eq) 
- • , 

0.7 , 0.06 

1.2 ,0.08 

, 
1. <Jl 0.11 

, b 

3.1 0.19 . 
3.2 0.17 

3.8 0.24 

4.3 0.28 
" . 

4.7 0.23 

. 5.6 0.31 

7.7 0.38 
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Ceq 

,.. 

" Ar82Ala3 

'1 • 19 X 10
3 

M-
1 

I 2 • 7.8 X 103 M- 1 

(mg/dl)- X (mole/eq) 

0.5 0.11 . 
1.3 0.25 

~ 

1.4 0.42 

2.1 0.58 

2.7 0.71 , 

3.0 , 0.7,7 

4.0 1.02 

5!3 0 •. 93 

7.0 1.20 
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FIGORE 42 Cont-' d 

~eq (lIIg/dl) X (Illole/eq) 

1.1 0.32' ,> , 

1.7 0.64 
1 , ' -. 2.1 0.67 

o 
2.2 0.66 

, 

3.7 0~80 

'5.4 1.09 

8.2 1.37 

,. 

( 
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ArS,SAls] 

'1 '. 86 X 10~ 
[2 ,. 12 X \0 

'èeq -(.g/dl) X 

O.L 

• 
0.2 

's 

, 0.5 

0.8, 

1.3' 

1.6 

2.6 

3.1 

4.0 
i 

4.1 

_4.1 

.6,.6 
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-1 "_1 
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, . 

(lIoIe/eq) 

0.16 .. 
0.24 

0.42 
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0.91 
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\' FIGURE 44 ,\ ' , 
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CALCULATED ISOTHERMS FOR ,THE LYSINE-CONTAINING RESINS 

NON-IDEAL CASE 

L1s1Ala3 ,Lys2Ala3 

'1 • 1.6 X 10
3 M- 1 

) 
(1 • 5.3 X 103 M'-1 

X eq (mg/dl) (mole/eq) Ceq (mg/dl) 'J. (môle/eQ) 

0.9 0.04 0.8 0.05 
, 

2.2 " 0.08 2.0 0.13 
0 .. 4.6 0.11 2.8 

, 
0.21 

, 

9.2 0.19 3.8 ~ 0.25 , , 
fi; , 

4.2 0.21 , 
<::: 

5 • ..8 0.35 

7.6 0.56 , 

7.7 0.50 

(mg/ dl.) 
1 

Ceq X (mole/eq) 

0.5 0.12 

1.1 0.30 
6 ) 

1.7 0.67 

1.7 0.70 
0 

, 

2.6 1.10 \. 

3.3 ,1.40 

6'.1 1. 74 
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11 FIGURE 45 

CALCU~ATED ISOTHERHS FOR THE HISTIDIRE-CONTAI,~NG RESIHS 

NON..;IDEAL CASE 

C (IlS/dl) eq X (mole/eq) 
. 

~ 2.1 0 .. 11 

2.2 0 

0 0.20 

.3.5 0.16 

4.0 0.19 

~ 
6.5 0.13 

6.6 0.20 

8.5 0.37 

9.0 0.21 

, 1 
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Ceq 

\ 

, 

H1· SAla3 
[ • 1.0 1 103 M-1 

[~ • '700 .X' 103 H-~ 

(mg/dl) X (flole/eq) 

1. 5 u 0.25 

3.0 0.44 . 
, 

6.8 . 0.7'6 
!, 

7.0 0.66 
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CALCULATED ISOTHERHS FOR OTH~R POLYAMIDE RESINS 

NON-IDEAL CASE 

" ... 
Arg 1Ala4 

j , '1 • 4.2 X 10
3 

M-
1 

Ceq (mg/dl) -X (mole/eq) 
...... 

Ceq (mg/dl) X (mole/eq) 

. 
0.7 0.07 1.1 0.31 

1.8 0.18 1.8 0.65 

,2.6 0.21 3.0 ) 
. , 
.~/1. 00 

u 

4.0 0.20 4.9 1.13 . 
", 

5.6 0.20 5.0 1.,04 

0 5.9 0.29 5.0 1.26 . 
8.0 0.41 1 7. 01 1.32 

e 1 

, 1 _ ~ 

C (mg/dl) X (mo1e/eq) eq 

0.5 0.40 

1.6 0.76 
. 

2.8 0.96 

4.7 1.06 c 
0 

, 

( 
6.8 .' 1.23 

1 

, 
~ 
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FIGURE 47 
, 

A?~INITY PROFILES FOR THE BINDING OF BILIRUBIN 

TO VARIOUS'SUnSTITUTED POL~AMJDE RESINS 
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l,' .. CALCULATED ISOTHERM FOR ARGSALA3 

BASED OH A IDEAL AND NON-IDEAL C~SE 

Ideal c~e 3 -1 
.11 • 74 X 1.03 M_1 
1 2 ,. 18 X 10 M_-

, " 

.. 
• 
" ~' ... 

Non-idea! case 
One si te Ilodel Tvo sites IlQdel '" , ~ 

1 
, 

or; • 18.1 X 103 K-1 
Il 

. 
86 X 103 M- 1 -1 103 M-1 

" '2 - 12 X 

, 
~ 

. ArSS·,.1a3 

, C
eq (mg/dl) X (lDole/eq) 

... 0.1 0.16 

• 0.2 0.24 

0.5 0.42 

0.8 0.85 

1.3 0.80 

1.6 ( 0.91 .. 
2.6 1.07 ... 

3.1 1.20 

4.0 1.33 

4.1 .1.25 

v 4.7 1.27 . 

6.6 1.74 

( 

III , 

225 



t l' 

·" 

, 

l 

• 

( 

/ 

, . 
: oA'PPENDII III 

PUB1ICATIOlfS 

, . 

" 

1 



The adsorption of 'biliru bin 
C from" aqueous solution 

onto solid cholestyrami ne 
and polyvinylpyrrolidone 

( 
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ABSTRACT 

Shifts in the visible spectrum of aqueous bilirubin 
(BR) resulting from the addition of soluble polyvinylpyr
rolidone (PVP) suggest specific interactions. Hence. 
isotherms were determined for the adsorption of BR from 
aqueous solution onto sohd. cross-linked PVP and onto , 
eholestyramme (CA) (used as a referenee adsorbent) at 0, 
10, 20 and 25°C Although adsorption onto PVP reaches 
eqUilibrium values more rapldly than for CA, the latter 
adsorbent has a larger eapaclty. Furthermore the 
isotherms for PVP are inde pendent of temperature while 
those for CA show an increase ln BR adsorbed wlth an 
increase in temperature. 

INTRODUCTION 

Rillrubin (BR), a bile pigment produced ln the blood 
by degradatlon of hemogloblO, is normally eonjugated 
with glucuronic acid ln the liver, then metabollzed ta 
urobilinogen by bacterial flora ln the intestine and ex
cretèd. Transport to the liver reqUires the formation of a 
complex wlth album,". When complexation, or conjuga
tion, 15 Incomplete, elther because of an albumin defl
clency or a deteet in the eonJugation mechanism, the 
level of free BR in the blood will ri se, causing hyper
blllr'ubinemlB The free BR diffuses Into the tissues caus
ing severe Illness. e.g., jaundlce and kernectlCus, which 
may result ln bram damage or death. This aliment IS par
ticularly common in newborn chlldren and in eastern 
countries mayaffect as many as 30% of ail newborns. 

One pOSSible method for treatment of hyper-

-
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bilirubinemia is adsorption onto an ingested absorbent 
80 that removal occurs in the gastrolOtestinal trsct thus 
preventing the re-absorption of BR mto the cardlO-vasèu
lar system Various degrees of suecess have been re· 
ported for the use of charcoal (Ulstrom et al. 1964), agar 
(Romagnoli et al 1975), and cholestyramine (a copolymer 
of styrene and 2% divmylbenzene contaming quaternary 
ammonium ions) (Lester et al. 1962; Arrowsm.th et al. 
1975) as adsorbents. In some cases, resm feedmg has 
been attempted to assist simultaneous phototherapy 
(ElSbesen and M011er 1977, Nlcolopoulos et al. 1978; 
Maurer et al. 1973). However, many factors sueh as ges· 
tational age and feeding methods as weil as physiologi· 
cal factors seem to be of Importance. For example, al
though ingestion of agar alone generally has httle or no 
effect (Romagnoli et al. 1975; M01ler 1974; Maurer 1974; 
Maurer et aL 1973, Blum and Etienne 1973; Schellong 
1974', there -has been a report of its effective use by Pol· 
land and Odell 1971 The mgestlon method of treatment 

Fig. 1 Adsorption f1ask 

(j 
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Adsorption of hIIirubin 

IS of hmited application and is generally Impractical for 
use wlth newborn children. 

Physiologleal factors seem to be of lesser Importance 
when adsorption of BR occurs dunng perfusion of plas
ma through the adsorbent Columns of actlvated charcoal 
(Barakat and MacPhee 1971; Lauterburg et al. 1979) and' 
of vanous.polymer reslOs have been used successfully ln 

. general, chargep reslOs such as Dowex. lX (Choles
tyramlne) tend to be more effiCient than uncharged re
SIOS such as Amberllte XAD-2 m removing BR Sideman 
has .repo.rted the use of a «macroreticular MR Ion 'ex
change reslO» wlth improved performance for removal of 
BR by hemoperfuSlon (Sldeman et al 1982) It has also 
been found the immoblhzed albu,mln IS useful as a 
blocompatlble substance of adsorption of BR 
(Scharsch~id! et al. 1,974; Ton et al. 1979). 

Although the vanous adsorbents m.entloned have 
been used with varymg degrees of success for the re
moval of BR each sufters from a lack of specificity and 
often have undèsirable si de effects, especlally those 
whlch are ingested. A report that the additIOn of water
soluble polyvmylpyrrolidone (PVP) to BR solution causes 

q a ((red-shift" ln the vIsible, spectrum of BR (Ploussard et 
al. 1972) suggested that a speCifie interaction may be 
involved. The purpote of this study was to determlne 
whether thls interaction c014ld be 'the basls of a selective 
adsorption of BR onto blocompatlble PVP"that had been 
made water insoluble, but was still swellable, by hllht 
cross-hnking. 

MATERIAL AND METHODS 

Solution of BR were prepared daily by dissolvlng 
blhrubln powder (from Bovine gallstones, Sigma) ln 0.10 
~ NaOH and adJustlng the volume with KH2PO.,NaÔH 
buffer ta achleve a final pH of 7.8 ± 0.1 Solutions were 
kept 10 the dark at 10aC Ali experiments were made in a 
dark room uSlOg a red>hght. " , 

The adsorbents, cross-linked PVP (Aldrich) and choles
tyramlOe (Dowex 1 X2, Aldrich) were pretreated 10 the fol-
10wIOg manner The PVP was washed overnlght with buf
fer (50·C)' to remove soluble polymer Subsequently, both 
cholestyramlne (CA) and PVP were washed overmght 

Fig ,~ Effect of polyvinylpyrrohdone on the Blllrubin Spectrum 
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A Blllrubin reference solution (10 mg/dl) 
- - - Blhrubm ta PVP ratio = 049 

B Blhrubm reference solution (1 mg/dl) 
- - - Blhrubm ta PVP ratio = 00046 
- - - Blhrubm ta PVP ratio = 0 0012 

C Blhrubm réference solution (10 mg/dl) 
- - - Bihrubm ta PVP ratio = 0.045, Inttial (BR)= 

10 mg/dl 
- - - Bllirubm 10 PVP ratio = 0,050, Initiai (BR) = 

10 mg/dl 
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Fig. 3 Klnetlcs of Adsorption of Bllirubm at 10°C. 
--- Polyvmylpyrrohdo'ne 
- - - Cholestyramme 

., 

with methanol, tWlce wlth 1 0'Y"! HCI (20 min), twlce'wlth 
0.1 0 ~ HCI (20 mm), and twice with butter (20 mm). Final
Iy. they W(lre flltered, using a glass sintered fllter, dned at 
100°C under vacuum and the fraction wlth mesh size 100-
140 was stored in a dessi,çator until use. 

The adsorption studies were done in a speclally de
signed apparatus, shawn schematically ln Fig. 1. To pra
vent formation of scratches, which encourage precipita
tion of BR, the glass stirrer was placed so tlÎat it did not 
touch the surface of the flask. In'additlon ta the IOlet neck 
for the stirrer the flask had two others necks, sach of 
which was stoppered with a rubber septum·to facilitate 
the purglng of the flask with an inert gas and the with
drawal of solution during the expeflment. The flask was 
coated wlth BR pnor to use by.stirring a BR sol4tion (25 
ml, 10 mg/dl) ... for 2 hrs. The solution was discarded and 
the flask nnsed wlth distilled water and dried. 

The flask contaming the BR solution (25 Iml, 10.0 
mg/dO was placed ln a" thermostatted water bath and 
purged continuously with mtrogen Th!! mixture was stlr
red constantly Adsorption was imtlated by addlng the 
appropnate ..yeight of resln to the flask Ahquots (1 mO 
wefe wlthdrawn, 'at 15 min IOtervals for PVP and 30 ~in 

ointervals for CA ta determine the concentration of BR ln 

the supernatant solution from its absorbance at 438 nm 
measured with a Beckmann model 25 double beam spec
trophotometer uSlng the buffer solution as the reference. 
Calibration expenments with BR solutions of kncrn con
centration yielded a linear Beer's law plot, in the concent
ration ran-ge of these studles, wlth a molar extinction 
coefficient of 4.44 x 104 1 mole-1 cm- I 

For studies of the kinetics of adsorption a continuous 
flow system vIIas used The solution was withdrl;lwn, trom 
the adsorption flask, entermg the bottom of 1 mm spec
trophotometer flow cell, was withdrawn from the top of \ 
the cell by a piston pump and returJled to the flask. Glass 
tubing VIIas used throughout except at the connections ta 
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Fig 4 ISotherms for the adsorptIon of Blllrubin. 
A PolYVlnylpyrrolidone 
B Cholestyramine . 

O·C, 10oe, 20·e, • 25°C 

the cell, pump and flask. Corrections wera made for the 
rate of 1055 of BR in the absence of asdsorbent. <l' 

RESUlTS 

Experiments wera carned out to verity the previous 
report by (Ploussard et al. 1972) of a "red-shift» in t~e 
VISIble spectrum of BA upon addition of water-soluble, 
I.a., non-crosslinkéd PVP. When PVP (Matheson, Coleman 
and Bell. average molecular weight of 360,000) was ad
ded to aqueous BR solution, pH = 7.8, at a weight ratio 
of BR to PVP of 0.5 the absorbance maximum. À,max, 
shifted tram 435 ta 420 nm, i.e., a «blue-shift rather than 
the reported ccred-shlftll was observed (Fig. 2). Howaver, 

, when the welght ratio of B~ to PVP was decreased ~ 
0.05 a shoulder appeared atQ. 460 nm on the peak with 
Àmax at 420 nm. A further decr"ase in BAIPVP ratio to 
0.005 resulted ma. relative decrease in the absorbance at 
420 nm and an In~rease at 460 to give two peaks. Finally 
at a BR/PVP ratio of 0.0012 the peak at 420 nm is seen 
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Adsorption of bilirub,n 

only as a shoulder on the main peak that appears at 
"'max = 460 nm, corresponding ta a «red-sh'ft» of aque
ous BR. This is in agreement with the report of Ploussard 
et al. (1972) Sin ce thelr studies were made at a BR/PVP 
ratio of 5x10-~, Le., under conditions whére the peak at 
420 is no longer observed. 

It is noteworthy that the two spectra at a BR/PVP ratio 
of 5xl0-3 (Fl' 2c) are essentially Identical insplte of a 10 
(ald change in Initial concentratIons. Th/s suggests that 
some equili rlum, or equilibria, exists between BR and 
PVP. Indeed, since there are two sh,fts ln "max of BR, 
(435 - ~ 420 and '435 -- 460), depêflding on the relative 
amounts of BR and PVP, It is possible that IWo different 
complexes are formed. At high BR ta PVP ratios BR may 
occupy mainly one binding site on the PVP, giving to the 
peak at 420 nm At the lower BR/PVP ratios it could oc
cupy two btnding s,tes, changing its conformation and 
glVlng rlse to the peak at 460 nm. At the rntermediate 
ratios both complexes would coexist. 

The substantlal effect of PVP 'on the BR spectrum 
suggested that ad$orption studiés were warranted. This 
study was begun with an investigation of the relatIVe 
rates of adsorption Ol1to the two different resins. The 
kinetic studles at 10.0°C showed that PVP adsorption is 
complete by 20 min while at least 60 min are required for 
CA (Fig. 3). When PVP is added to the BR solution a-GI 
sharp decrease ln the absorbance occurs and IS followed 
by a levelling off at about 20 -min The completion of 
ads,Orptlon IS clearly detined. In contrast, the rate of de
crease in absorbance for CA is less prounounced and 
extends over a longer penod of tlme. Although the point 
at wh/ch adsorption is complete IS dlfficult ta assess It is 
clear that the capacity is greater for CA than for PVP. 

On the basls of the rate studies adsorption isotherms, 
were obtained as the amount of BR adsorbed per g,of,I 
resin added at several temperatures (Fig 4). The alTlQunt 
of BR adsorbeil. calculated from the decrease ln BR con
centration, was taken after 30 min for PVP and after 90 
mIn fot CA. The most strtklng features of these isotherms 
is the temperature independence of the adsorption onto 
PVP and the IOcrease in the amount of BR adsorbed onto 
CA wlth i.[lcrease in temperature. 

Attempts were also made to desorb the BR. HO"!,,El.Yer, 
only 8% of the BR was desorbed trom a PVP sample that 
had 55 mg of BR adsorbed/g of reslO after stlrrrng in but
fer s61ution for 1 hr. This suggests that the adsorption 
process is in tact a chemlsorption, or at least Involves a 
relatively strong Interaction, as IS also suggested by the 

ïncrease in BR adsorbed on CA wlth increase in tempera
ture. 

The adsorptIon isotherms were replotted according to 
the Langmuir eQuation 
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where x is the amount of BR adsorbed per 9 of adsor
bent, C IS the equilibnum concentration and a I!nd b are ( 
constants. The Iinear relationship obtained by plotting Clx _ 
as a functlon ,of C (Fig. 5) shows that BR adsorption fol
lows Langmuir behaviour although, sorne discrepancy is 
evident for adsorption onto CA àt O°C. Sai id-solute in-.. . 
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TABLE 1 ADSORPTION CHARACTERISTICS OF CHOLES-. 
TYRAMINE AND OF POLYVINYLPYRROLIDONE FOR BILIRUBIN 
FROM AQUEOUS BUFFER AT pH = 7.8 

Rasin Temper· 
ature 
(OC) 

PVP 0·400 

CA " 100 

CA 200 

CA 250 

Molecules of BR adsorbed Resln repeat Unlts 

9 of resln 
lx 10-'·1 

79 

64 

79 

94 

Molecules of BR 
adsorbed 

67 

38 

30 

25 

teractlons are strong enough tô compete with solid-sol· 
, vent mteractions ln the first la'(er but not thereafter. The 
number of molecules ln the mono layer bound per 9 of 
adsorbent, calculated from the LangmUir equatlon can be 
related to the number of blnd/ng sites If It IS assumed 
that one BR molècule occuples on bmdmg site (Table 1) 
The number of bmdmg slte~ are comparable for t~ese ' 
two resms on a welght basls Taken on a repeatmg Unit 
basls (Ignortng cro$s-Itnkmg) PVP has one BR" molecule' 
for every 67 repeat units On the basis of the manufae-
tu rer's c~alm of 4 x 10-3 eqUivalents of quaternary am
monium Ions per 9 of CA, It bmds one BR molecule for 

~ 

every 25 Ions (at 25°C). For CA the number of bindmg 
sites effective m adsorption apparently increases wlth 
Increase m tempetature. 

DiScUSSION 
. 

ln any adsorptIon process four major dlfferent steps 
ean be mvolved 
1 Adsorobate dIffusion to the adsorbent surface; 
2 Desorptlon of solvent molecules from the adsorbent 

surface (ân endothermlc process), 
3 Desolvatlon of the adsorbate (an endothermlc pro

cess), 
4 Adsorption of the adsorbate onto the adsorbent sur

face (an exotherrnlc process) 
ln these expenmftnts the solution were always stlrred ~ 

Thus, diffUSion IS not expected to have a slgnlfieant effect 
on the rate of the overall process The mcrease in BR 
adsorbed onto CA wlth Increaslng temper,ature Indlcates 
that the effect of the endothermlc processes (2 and 3) IS 
greater than that of the exothermlc process 

However, It could also' mean that a ehemlcal reactH:~n 
requlrlng an energy of activation or whlch IS endothermlli: 
IS rnvolved ln the adsorption process 

ln the case of adsorption onto PVP, the magnitude of 
the endothermlc and exothermlc processes are eVldently 
Identlcal, 1 e, the adsorption process appears ta be 

-

. ' 

athermal. Prev,ous studies (CI,fford 1974; Dlss,n and 
Samuelson 1974) strongly md/cate that binding to PVP IS 
generally the result of a H-bond formation, presumable 
ta the C=O function on the PVP. 

It IS also of mterést that the number of bmdlng sites 
on CA increases wlth an lncrease ln temperature. It IS 
possible that the conformation of adsorbed BR changes 
wlth. change ln temperature thus altermg the bindmg 
capaclty of the resms 

If thls were the case, however, then similar behavlour 
would be expected for both resms. Henee, a change m 
the nature of the BR - resin Interaction IS implled: It 

'. seems possible that the reactlvlty of the quaternary am
mine of the CA is temperature dependent Certalnly, a 
prevlOus report clearly shows that the adsorption of BR 
onto the CL- for~ of the resin IS qUite dlfferent trom the 
adsorption onto tfl~ HCQ-3 form (Sldeman et al 1982) 

However, It IS also possible that the physlcal accessl
bllity of the resin surface IS qUlre d,fferent for these two 
reslns. In these experrments, adsorption was Initiated by 
addmg 'dry res,,'! to the BR solution It is possible that the 
wettlng and swellmg charactenstlcs of the styrene base 
res," (CA) would be poorer than tholle of PVP whlch ln 
Its uncross-'/riked form IS water soluble Furtlier expen
ments are planned to test thls matter 

Although CA will blnd more BR than PVP, adsorption 
onto the lattér IS favoured kinetlcally Adsorption of BA 
Onto PVP reaches saturation ln a few minutes At short 
tlmes PVP adsorbs more BR than CA ThiS eould be an 
important factor if the reslns were used ln a column for 
perfusion. 

Dunng perfusion the contact tlme between the BR 
solution and the adsorbent would be relatlvely brlef A 

o res," aê:lsor~lng more rapldly eould then weil be more 
effiCient th ah one wlth a hlgher capaclty but slower kme
tiCS ThiS hlgher affinlty also me ans that If other com
pounds were present ln the 'plasma, .eg., b,le aClds, to 
compete for the bindrng Sites, PVP might weil be more 
effiCient than CA 
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Polymer resins with amino 
acid containing p~ndants 
for sdrption of bili'rubin~ 
1. Comparison of Me'rrifield 
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ABSTRACT 

Q 

.. 

Merrifleld resmS wlth various' ammo aCld contammg 
pendants and a water sweJ/able polyamide reslt. wlth the 
peptide alanme-alanme-alanme-argmine as the pendant 
group have been prepared by sohd phase peptide synth-

-es'Is Mernfleld reslOs wlth elther a~gmme or lysine pèn
dants are c~pable of sorbmg blhrubm from aqueous sol
ution (pH = 7 8) but those wlth other ammo aCld pen
dants gave no indication of sorptlon The polyamlde-ar
ginme reslO showed, on a functlonal group basls, a hlgh
er capaclty for bJllrubm than doe's cholestyramme It 18' 

proposed that the formation of salt hnkages causes a 
strong mteractlon of blhrubm wlth argmme and lysine. 

INTRODUCTION 

Hyperblhrublf'emla, the accumulatIOn of the bile pig
ment blhrubm (BR) ln thé blood, can cause.senous tissue 
damage and may even result m death '(1). Currently 
hyperbllirubmemia IS bemg treated ~Ith conSiderable" 
success by phototherapy, 1 e '. by Illummlltmg tbe patient 
wlth VISible hght' for perlods of hours or days (2). How
ever, slnce thls treatment IS not wlthout side-effects (3). 
e.g.,'" «bronze baby syndrome» (5), other methods of 
treatment are still bemg sought. 

Hemoperfuslon through a sUitable sorbent IS a POSSI
ble alternative méthod for removmg BR fram plasma (4) 
Actlvated charcoal. (6, 7), charged resms such as Dowex 
lX (cholestyramlne) (8,9), and untharged resms su ch as 
Amberllte XAD (8-10) have been used wlth some success 
in laboratory tests. Immobllized human serum albumln 

~ ... ::< 
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(HSA) IS a somewhat more seÎective adsorbent, that is 
also blocompatible (11, 12l, but ItS usefulness IS hmited 
severely by the fact tbat one molecule of HSA, wlth a 

,molecular weight of 66,000 brnds only two molecules of 
BR. Thus a large amount of HSA IS reqUired to remove 
slgniflcant amounts of BR 

Although the chemical structure of HSA has been fully 
establlshed (13), the location and structure of the blndlng 
site for BR on HSA have not yet been clearly Identlfled ln 

'" ~plte of extensive studles (1) It seems l!ke:,ly, however, 
that the blFlding sites for BR constltute only small por
tions of the HSA molecule Jacobsen showed that when 

'the lysine, arglnlne, tyrosine, and histidine resldues ln 
HSA are modlfled chemlcally the bmdlng constant for BR 
IS markedly reduceq (14, 15) ThiS led hlm to postulate 
that these four ammo aClds must be at, or near, the blnd
ing Sites .It IS also possIble that the bmdmg sites are not 
preformed, but rather that the flexiollity of HSA permlts 
them to be formed by the foldlng of the HSA around the 
BR molecule (1) , 

These observations suggest that It should be possible 
to make a sorbent of hlgtl capaclty for lm by attachmg, 
as pendants, approprlate amlno aCld sequences, corres
ponding to the active sites on HSA, to a polymer 
backbone ThiS paper descrlbes the preparation and fre
IIminary testlng of sorbent prodl,lced by attachlng pen
dants conslstmg of a Single amlno aCld unit to Memfleld 
resln uSlng weil known sofld phase peptide synthesis 
techniques The synthesis and adsorptlo!,\ behavlour bf a 
sorbent composed of a water-swellable polyamide resin 
éis the IlQlymer backbone and afgmlne c2ntami.ng pen-
dant groups IS also presented. ' 

EXPERIMENTAL 
, , 

Preparation of resins 

1 Mernfleld resins A series of sorbants was prapared 
by chemlcally attachmg smgle amlno aCld resldues ta the 
Merrifleld resln (a chloromethylated or hydroxymethy- -
lated polystyrene dlvmylbenzene resm) (16) F5Ir thls 
synthesls the ammo aClds were protecteçJ at·the (1 amino 
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Compartson ofMemfleld and polyamIde resms 

location and at the reaetlve side chams usmg suitable 
protecting groups' (bis-Bos for Iysme, histidine and 
tyrosme, and mono-Boc for argmine~ to ensure that the 
amino acid would be cou pied to the resm at the car
boxyllc aCld site The protected amlno aClds were at
tached to elther -the chloromethylated resln (Chemalog~, 
ln the case of lysine, argmlne and tyrosine, or the hyd
roxymethylated resln (Blochem), 10 the case of hlstldme, 
usmg standard sohd phase peptide synthesls techniques 
(17) 'Memfield resans wlth prolme, glYCine, phenylalanine 
and asparglne pendants were purchased as the N-t-Boc 
ammo aCld resm ester The attached ammo aClds were 
deprotected by stlrnng the resln 10 triftuoroaçetlc Beld 
(TFA) (40% 10 CH2CI2, 40 mm) and neutrahzed wlth 
triethylamme (10% m CHlCI2, 5 min) 

2 Polyamide resm A water swellable ~olyamlde resm 
(Che01alog), whlch IS Il copolymer ot dlmethylacrylamlde 
and N-acryl-l,6-dlamanohexpne retlculated wlth blsac
rylyl~lammoethane was used as the polymer backbone 
(18) onto whlch the peptide Ala-Ala-Ala:Arg (where Ala 15 

alanme and Arg IS argrnme) was syntheslzed, The Ala 
COOH group was attached dlrectly to the resln by an 
amIde bond to the resm NH2 groups The trralanme por
tion was mcluded to extend the Arg Unit away trom the 
polymer backone to make It more acceSSible for sorptlon 

. The complete sequence for the synthesis of the pen
dants on the potyamlde resrn IS shown on Figure 1. The 
synthesJs of the peptide pendants was achleved on a 
Vega model 250' automatlc peptide syntheslzed by the 
symmetflcal anhydride method (19) ,accordlng to the 
schedule shown ln Table'l The resm was tlrst swollen 10 

CH2Clz and the hydrochlonde salt was dlsplaced wlth 
40% dllsopropylethylamlne (DEA) ln €I-bCI2 30 min Ter
butyloxycarbonyl groups were used to protect the amlno 
functlon of both alanine and arginlne whlle nitro groups 
were used to protect the guanido functlon of argmme 
Bo~h amano aClds were obtalned fully pratected fram 
Chemalog. Upon completlon of the couplang step, as in
dlcated by the nanhydrm test (20), the amlno group was 
deprotected wlth 40% TFA and, neutrahzed wlth 5% DEA 
After the last ammo aCld ln tne sequence had been mtro
duced, the peptide was completely deprotected (u amlno 
and R groups) by treatment with anhydrous HF at QÇÇ for 

_ one hour (21) 

Adsorption studles 

The techniques used ln thls study for studles of the 
adsorption of BR' trom buHer solution" by the vanous re
sins were essentlally as descnbed previously (22). Sol
utions of BR were prepared dally by dlssolvlng BR pow
der (fram bOVine gallstones, Sigma) ln 0,10 M NaOH and 
adJusting to volume wlth KH2P04/NaOH buffer to achleve 
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FIg Synthesls scheme of the 8mln0 aeld' pendants onto the 
polyamIde polymer backbone 

TABLE. 1 - PR0tt;AM FOR AUTOMATED SOLID PHASE PEP-

TIDE YNTHESIS 

Step Operation Reagent Number of Tlme 
repetlt.on (minutes) 

coupllng symmetrlc81 unt.1 
anhydride completlon 

2 wu'shmg CH.Cb 4 2 

3 deprotectlon 40% TFA ln 20 

CH.Cb 

4 washlng CHzCb 2 075 

5 washIOg 5% DEA ln 2 075 

CH.CIz 

6 neutrahzatlon 5%"DEA 10 5 
CH.Cb 

7 washIOg CH.CIz 2 2 

8 washIOg DMF ' 2 

9 washIOg CH.CI. 2 2 

10 "nex! couphng back to step 1 
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TABLE Il - AMINO ACID CONTAINING .MERRIFIElD RESINS 
FOR SORPTION OF BR 

Amlno SubstItutIon R group status Colour 

8Cld mmollg atapHof78 

No 8Cld no charge white 

(resln only) 

lysine 038 positive charge yellow 

Arglnlne 018 positive charge yellow 

Glycine 088 no chargi whIte 

Histidine 025 no charge white 

Tyrosine 048 no charge white 

Asparagine 040 no charge white 

Phenylalanine 050 no charge white 

Prollne a) 012 no charge white 

al Prollne IS the only amlno aCld wlth the u NH, hnked to the R group 

a final pH of 7 8 ~ 0 1 and a concentration of 10 mg/dl. 
ThiS stock solution was diluted with KH2P04/NaOH buffer 
(pH 7.8) as reqUired SolutIOns were kept in the dark at 
O°C and ail expenments were made ln a dark room usmg 
a red hght 

ln a typlcal adsorption expenment wlth the Mernfield 
resins; the reslO (~60 mg) was added to 25 ml of stock 
BR solution 10 a stoppered flask. The suspended resm 
WBS mlxed by IOverSlon and left to stand for 30 minutes. 
The resln was tlltered, washed first wlth buffer and then 
wlth CH2CI2 Presence or absence of BR was judged from • 
the colour of the resln. 

For the study of the adsorption of BR by ~ th~ 
polyamide reslO, 25 ml of BR solution at an appropnate 
concentration was added to the resln contamed 10 the 
adsorption flask The flask was placed in an Ice-water 
bath and purged contmuously wlth mtrogen. For the 
study of the kmetlcs of adsorption, ahquots (0.5 ml) were 
wlthdrawn at deslred times. To obtaln the adsorption 
Isotherms only one -ahquot yvas wlthdrawn at 60 minutes 

The concentration of BR was determined trom the 
absorbance at 438 nm measured wlth a Beckmann model 
25 double beam spectrophotometer using the buffer sol
ution as the reference Calibration studies with BR sol
utions of known concentratIOn Ylelded a IInear Beer's law 
plo,t, ln the concentration range of these studles, wlth a 
molar extinction coeffiCient of 4.44 x 104 1 mol- I cm- I 

RESULTS 

Merrifleld reslns: For none of the Mernfleld resms 
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to whlch a single amino aCld resldue had been attached 
was there sufficlent adsorption to cause a measurable 
decrease m the concentration of BR ln the adsorbate sol
ution. However, smce BR IS hlghly coloured qualitative 
observations, based on the colour of the resm after wash
ing with CH2CI2, were possible (Table Il). A yellow colour 
was taken as an indication that sorptlon of BR had occur
red whlle a white resin mdicated a lack of or a weaker 
Interaction Two resms, one with lysine and the other 
wlth argmme penda_nts, showed c010ur with the latter 
bemg more mtense It IS of mterest to note that Iysme 
and argmme are two of the four amlno aClds proposed 
by Jacobsen to be located at the bmdmg sites of HSA for 
BR (14, 15). 

These qualitative observations indlcate that the pre
sence of sUitable ammo aCld pendants on the resm can 
cause strong mteractlon wlth BR. Both the lYSine and the 
argmme contammg resin retamed à slgnlflcant amount of 
yellow colouratlon even after washmg with CH2CI2. The 
fallure to aci1torb larger quantltles of BR seemed to l'esult 
trom poor contact with the adso~bate solution. None of 
the reslns listed m TablE) Il were wetted by water and, 
hence. also dld not swell JO the adsorbate solution. At
tempts to achleve better wettabillty by increasing the 
length of the ammo aCld pendants were unsuccessful 

2 Polyamide resm. The polyamide resin wlth the Ala
Ala-Ala-Arg pendants attached at the functlOnal sites 
showed a greatly mcreased capablhty ta adsorb BR as 
compared ta the slmllarly substituted Mernfleld resins. 
Figure 2 shows that the rate of adsorption of BR onto the 
polyamlde-Ala-Ala-Ala-Arg resin IS similar to that of 
cholestyramme (22). For' further studies to derive the 
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Fig 3 Isotherms for the adsorption of blhrubln 
x Polyamide Ala3Arg, at oDe 
, Polyamide Ala3Arg, at room temperature 
o Choi\!styramlne al onc 

isotherms, adsorptIon was consldered to be complete 
after '60 minutes although, due to contmuous degradatlon 
of BR ·caused by envlronmenta'i factors, the pomt of 
completlon cannot be defmed unamblguously An ad
sorption Isotherm, showing the amount of BR adsorbed 
lm mg) at ooe per gram of resm added at vanous final 
concentrations of BR IS shawn rn FIgure 3 The amount of 
BR adsorbed IS apparently not altered slgmflcantly by 
mcreasmg the temperature to room temperature. (1 

An attempt to desorb BR from the resm into buffer 
solutIon resulted 111 only 14% of the adsorbed BR return
mg back Into solutIon after one hour. Hence, at the result
mg eqUlilbnum concentration of the desorbed solution, 
the amount of BR that remalned adsorbed per g~am of 
resm does not fall back onto the Isotherm This suggests 
that'the BR molecule is tlghtly adsorbed ta the resm and 
that reverslblilty IS achleved only with dltflculty, If at' ail 
Nonetheless, a Imear relatlonshlp was obtamed when the 
adsorptIOn Isotherm was replotted accordmg to' the 
LangmUir equatlOn 

1 1 
X=--+-

ab c, 
where x IS the amount of BR adsorbed per gram of ad
sorbent, c IS the eqUlilbnum concentration and a and b 
are constants4 

nus Ind,cates that the adsorptlo,n follows a Langmuir 
behavlOur Imonolayer adsorptIOn) The. number of 
molecules bound ln the monolayer per gram of adsor
bent, calculated from the LangmUIr equation, can be re
lated to the number of brndrng sItes If It /s assumed that 
one molecule of BR occuples one blndlng site. The 

"" polyamlde-AlaJArg, resm adsorb'ed 1 1 x 1020 molecules 
of BR ln the mono layer 
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DISCUSSION 

The fallure of the Memfleld-glycine resin to adsorb 
detectable amounts of BR suggests that BR does not in
teraet s/gnlf,cantly wlth the Il amlno group. Only lysine 
and arginme contammg reslOs are active and, of the 
amino aClds tested, these are the only two that have a 
posltlvely charged A agroup at a pH of 7 8 Furthermore, 
the resm wlth ar9mme appeared ,to be a more pote nt 
adsorbent This mlght be expected sIOce argmme IS more 
basIc than lysine IpKR(Arg) = 12 as, pKR(Lys) = 10.55). 

<t Bllirubm IS known to eXlst as a dlanton ln aqueous 
solution at pH of 7.8 (1). It IS pOSSible, therdore, that a 
salt linkage between the carboxyhc aCld groups 6of BR 
and the posltlvely charged R group of the amino aClds IS 
responslble for the observed mteraction. The other amlno 
aCld pendants" are not 10nlzed at a pH of 7 8 and, con
sequently, are unable to form salt linkages. 

It 15 of partlcular mterest that the resms contalOlng the 
amlno aClds tyrosine and hlstldme, prevlOusly postulated 
to be at or near t~ bmdlng sites for BR on HSA 114, 15), 
dld not show a detectable mteractlon wlth BR Although 
It 15 still pOSSible that these amrno ac/ds may be near the 
bÎndlng sites, on HSA for BR, thelr role in the bmdlng ( 
w?uld seem ta be of a secondéI(Y nature. 

The observed dlfferences ln mteraçtlon that result 
when dltferent amino aClds form the slde chams provlde 
strong eVldence that it Should ~ pOSSible to prepare a 
sorbe nt .that has hlgh ca~acl~nd perhaps even 
speclf,clty, for BR by approprlate' selectIOn of the 
backbone of the polymer and of the amino acid or pep
tide pendants The adsorptIOn behavlour of the ' 
polyamlde-Ala-Ala-Ala-Arg resin offers addltlOnal eVI
dence On ~a welght basls th,s resIO has an adsorption 
capaclty slmilar to that of cholestyramine at BR concent
ration below 10 mg/dl (22j. However, the polyamide resm 
has a lower substitution, 0 2{) meqlg rather than 3.5 
meqlg for cholestyramlne. If the argmine substitution 
were IOcreased to the, same level as that of choies
tyramme It would adsorb approxlmately 20 limes as 
much BR. provlded that the BR molecule~ dld not inter-
fere \'Ilth, each other at thls hlgher density. Moreover, the • 
polyamide-Ala3Arg1 resm does not reach saturatIon as 
rap,dly as does cholestyramme. For a complete 
monolayer as determmed from the Langmuir plot. the 
argmme resrn bmds one lJ1ol~cule of BR for every active 
site while cholestyramme has one ln every 35. Thus, on a 
repeatmg Unit basls, the polyamIde r~in has a greater 
capac}ty. Furthermore. the adsorption of BA onto the 
polY,amlde resm does not show any temperature depen- (t 
dence 

The adsorption kmetics of the polyamlde-Ala3Arg, re
sm are silT!,lar to those of cholflstyramme whlch sûQ'gest 
that the sa me type of mteraction 15 involved ln bath 
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cà~s The slow ktnetics and the "m.led desorption trom 
the polyamide·A~a3-Argl ind.cate that the adsorption is 
due to chemlsorptlon, with formation of chemical bônds, 
rather than pt}yslsorptlOn wlth only weaker physical in
teractions 9111ce both sorbants have charged side chains, 
salt linkages can be formed and are ilkely for the btndtng 
of BR to protelns 

A formation of speclflc Interactions between blhpro
teln and histidine Immobillzed on Sepharqse gel has 
been reported by Rabier et al (23). These interactIOns . 
occurred at a pH of 5 whlch 15 above the Isoelectnc POint 
of the protem and below that tor histidine. These blhpro
teins also formed an Interaction wlth lySine and argmme, 
the other POJ;ltlvely charged ammo aClds Although a pro
ton exchange or charge transfer mechantsm was prop
osed, salt linkages seem equally possible. 

On the other han d, Van der Eyk et al (24) reported 
that' although BR does not interact w.th protonated 
polyhlstldlne (pK = 94) It can tio so with the unproto
"'!ted polyh.stamlne (pK = 5 2) Hydrogen~bondlng be
tween the weakly aCldlc pyrrollc nltrogen and the weakly 
baSIC protons of the BR lactam nngs, rather than salt 
linkages, was proposed However, If such interactions 
occurgto a slgnlflcant extent, an mteractlon would also be 
expec!ed between BR and the ammo ac.ds capable of 
hydrogen bondtng, e.g hlstidme, prohne and asparagme. 
This study mdlcates that such mteractlon apparently does 
not occur to a degree sufflclent to cause sorptlon of BR 
by these ammo aClds wh,en they are present as pendants 
on a Merrifleld backbone, and that salt linkages rather 
than H bondi~g are responslble for the bmdtng of BR ta 
protetns 

A detalled study of ttre charactenstlcs of the adsorp
tion of BR by oth'er amlno aCld pendants on the 
polyamide resin IS unde.way Studles are also belng 
made to determlne the effect of Increasmg the number of 
active amlno aCld unlts ln each slde cham and ta mvestl
gate the pOSSlblilty of produclng pendants that mimlc the 
active sites for BR on HSA 
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J NTRODUCTION 

d 

Immobilized serum albumin is an effective Borbent for the .. 
) 

removal of bilirubin by' hemoperfusion '(1,2). However. .each 

albumin molecule vhich has a molecular weight of 66.000, binds 

~only two mo,lecules of biHrubin tightly. -- a large 

amount of sorbent is required for removal of a significant amount 
Q " 

of bilirubin. It seems most prolrable that on1y 8 smaIl portion 

of the albumin 'Molecule is active in bil\-~:i.ng bilirubine A 

sorben t- wi th a higher ca pacity shou 1 d resun from the 

immobil iza ti on of the active part OJl>ly 'of the huaan· serum 

albumin, e.g., Dy grafting onto a suitable polymer baclcbone an 
, 

amino acid sequence that would mimic the binding site. 

A serious difficulty in preparing such a polyme\- arises from 

the fact that, although the chemical structure of ·cftumi'n is weIl 

established (4), the exact nature of i ts binding si tes for 

bilirubin has not yet b . .een determined. Attempts have been made 

to identify it by cleaving bovine serum albumin (BSA) or human 

serum albumin (HSA) and testing the bindingOcharacteristics o·f 

the fFegments. For example, Reed et. al. (5) reportr;d that three-' 

f r a g men 1; s " aIl con ta i n i n g the.r es i due s 1 86 t 0 235 -retain an 

o 

a f ~ i nit Y for b il i ru b i n 'c 0 m par ~ b 1 e t 0 th a t 0 f Da t ive H SA. 0 Ge i s 0 w 

and Beaven (6) showed that the CD spectqlm of fragments 

eontaining residues 1-386 and 49-307 bound to bilirubin clis 

to that of bilirubin-HSA as reported- by Blauer and 

Wagniere (7,8~ •. Chemical modification of specifie amino acids of 

HSA led Jacobsen to conclude that the four amino acids tyrosi ne, 

.h·~~tid'ine, arginine and lysine are at, or n'ear, the binding site 

o 
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P61ymer Résins wIlh Amino. 

( 9 , 10.) • By fragm('nllng 
j 4 

C -labC'l]ecl hil'"irubin bqund covalenl])' 

t 0 Il S A he] a t E' r s II 0 'v C cl t h Q t t Il e f{' s j du c s 2 4 0 - 2 5 R arc j n v ù l 'V c.cl J n 

in that se,qucnce it",,,as assigned lo the hjntlIng site. 

A 
1). 

preVJOUS repor t, from th-j s 'la borator y compares the 

adsorptIon behaviour of 'blllrutJln by various synthetJ.caJlY 

prepared sorbents wilh pendants conslsting of a slngl e QmlnO acid 

on a Nerrifi.eJd rf'Sln to that 'of a Hat er-swel1able ,po] yamlde 

resin \V j th an argjninc-alanlnè-alanine-alarnne pendant (12) • 

. 
Althoug)1 the adsorpUon capaclly of the' Mel rUield resin ln 

aqueol;~ 'buffer' i8 severe]y limited oy Jts IlydrophohJc nature, th'e 

" results rie"lolrly indlcated fi ~t Tong ] Tl l cr él C t l 0 n 0 f bill r Il b i n w rt h 

resins C () 1: t a j ni n g c j t Il f' r El lys.l n: <p r a Il él r g 1 ri t ne p (' Tl d a fi t gro'up. 

By 
\ 

romp<lrison,' the \,1 D t (> r - s,·: C' l 1 r> b ] (> pol Y D lP i cl C' 

fi 
reS1 n ,vith t 1)(> 

arginlne' ,è'Otltéllning pendanls élClsorbctl bJ lirublTl efficlcnlly wlth 
1 _ .... ' 

a C 0 m p let (' ln (!11 0 1 a y c r, cap a c lt y '3 5 tin ('i g r c' cl t (' r t Il a Il t_ h él lof the 
~\. ' 

commonly uscù resill'cho]('stjY~élm]II(' (f)Oh'('X lX2) (15). 

. that the pendant groups do Il () t lIec l'sSiJrj l,' 
" - ta 

preclc,;ely tIlt' blT'rJll1g 51tCS for bllJlllhlH on IISi\ lü crealt' a 

('IlVIJ()llJIlf>l1t for lfj'lt'I 

system:::! tic s l u(l.y, acie! of chauges Jft 
, . th e ,e f f ~c L o.f <Hl] no 

COPI pl) ~ j t j (lll 
, . 

of the' 
, 

,)Cnddnt. on thp l) 1)(" tÎ fi cl 11 U);I h-e r , 

adsorption behaviour by bjliru.bjn on the rl?slns. 
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EXP ER l ~1 EN TAI, 

P,olp--,er RpSillSrdtll 
, 

., 
-

AmlTlo .•• 

PIC' P a' r él t 1 0 Tl 0 f t h C' r (: s i. n f:,: A \; il ter 5 \'1 ('] ] il b 1 (' pol Y il m i cl (' 1; es i n 

(Chèmalog) • Il h 1 (' Il js éJ copo]ymef of dJnJcthyJacryJDmJrlf' and N-

a c 1- y) -] , () - d ] am J TI 0 h (> x a ne rel l cul a tell \,,] L h bJ s. a cry l ) 1 d l a III l no eth é\ ne, 

was li SoC' rI as the pol Y mer Il Cl L k Il Cl ne, ( J ()) 0 n 1 0 wh l c. h the pep t 1 (1 e 

pendanls werr syntheslsed. The f 1 r ~ tEl] él Il -l Il ('of t il l' P e Il d il n 1 lS 

attac.hed rI lrectly to the rE'SJIl ~H2 grollps V18 the COOII group lhus 

. 
forming an amjdc bond. A lrnil anlnc "spélcer" port lOI! ,,'as al!;lays 

inc l uded next to the polymcr backbone lo cxlf>nd the acti ve unit 

and so makc II morC' accessiblc' for f.,Orplloll. 

GrLlltlIlg ac.hJP\'ed througll d mOdlfJcat!lon of lhe 8011(] 

phase peptlde synthc:sls techn\(ll](~ ilS rll'scrllJr'cl prE'v,lously (12),. 
~ 

Co m p] e II '_;;, 0 [ t Il e CCl U P 11 II g' él TI ct cl e pro t ( c t J Cl 11 ~ t C fi '5 l,' él S che c k e cl b Y 

the n J n Il y cl r 1 Il 1:1 (' L Il a (l 

(13 ) sa tha t 99% compl 0 Llon of l'dCll C01lpllng stE' P can be 
~ 

8chicved. lIellcc, for t h (' 1 0 Il [', l' :; t p (' n ri d Il t 1 kt t con S J S t S 0 f 8 

am] lIa de ide;'" 93.2% of t II e I~ (' n cl cl II l " :: h 0 11 1 cl h[\ v e t hl' compJcle 

sequence (]II). Fully protl'cted élr.llPU ,H_Hli->, N--a-t-BOC-L-a]anjnc, 

N - a - t - no c: - ! - h r () III 0 - C r, ;: - L - l Y r 0 s l Il (, , N--a -t-·BOC-K- W -TIlt ,o-L-

argllljllf', N- fI -I-BOC-t\-( -2,4-'olch10r ,-CBI,-L-l)SII'C' ilild N- a -1-

li ('Il' \) 1.1 ,,]l{ cl r i (), 1 

sorbl'Ilt:s 

\V j t llli [;1\\1 Il wIJel! g J vell sequCll( (' ",as 

synthc:c.;js 11a~; l ('sllmed \VIth the rcmninlrJg snmpll>. 

AdsorptJon Sludl(\s: So]utjons of blliruojn 

To obtaln 

complete. 

thl' 

loT ~ CC' 
V'o( c, 

The 

were ,pre pé! T e d 

da11y by olssolvlllg tliP powc!er (frolll bOVlnr. géJllslones, Sl.gma) ln 

0.0]0 M NaOH àncl to 

4 
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Polymer RèslnS wilh AmlDo ••. 

achieve a final pli of 7.8 +0.1 and <1 conc(>ntréltion of JO.O mg/dl. 

This s l ° c k sol u t ion wa S d j] u l e d IYI t h l: Il 2 PO 4 / N a 0 Il bu f fer (pH 0;:. 

" 
7.8) . Solutlons werc kert 111 lhe dark [lt OOC and aIl experimcnls 

werc madE' in a dark roorn uSlng ô' red ~lght,. 

Th~ of b J J j ru Il i. Il 

soluti.on, al an appropriatC' Loncf'lItrall0n, la <lpproxjrnately 10 mg 

of polyarni.rlc rpsin contained ~1I the 2ds0rptjo~ flask described 

prcvjously (15). The flask Has placed I-n an lce and 

purged 
\ 

con t l n li 0 U s 1 y w i t 'h n l t r ü g P Il.' A na] 1 quo t \,as taken for 

ana]YSlS al 60 fillnutPf •• Duplicate e~perjments were reprorlucihle 

tü + 5%. 

The LOllLcnlrp tl Of! of blllruhln ~as dcter mi nec! {rom the 

ab~orhan(,' nl 438 nm meastlred \.Jilh a Beckmann modp] 25 double 

be,,,,, ''l'''''''ui'',,!o''','','r U&H~ Il,, "olf,', SUlu""n;'" l~"C 
r c f cre Il C (-' • C <3 1 l br Cl t ] 0 Il st u cl] cs"\;, 1 t h b l l l ru h 1 11 ,; (> J li t 1 0 n S\ o',f k Tl 0 lm 

COJJcf·iilratloll y l (' ] li (' d él Il n .. < l r 1\ (' (' r ' ~ pl Q t , ) n the 

con c e Il L r [l t 1 () fi range of thesp studle:'i, wlth Cl rnolar extinction 

coefflCl ent 
-.;;, 4 --} - l 

(Jf L1 .4/4 X 10 l mol cm • 

Rf.Sl1f~TS ,~Ntl fJrsr:USSTON 

/1 ~ l l'L' J j 1 J u l 1 (. Il } J J (, V 1 () 11 ~ l J Y , lhis 

study hcJct thl' Ala
3

-polYdlllLde stIl:clure us the 5t~rUng pO.lnt for 

f U J t h <. r J (' i 1 f' .• T(l (>.<.,1,11>1 15!; él l(,fr'r(Ïlce jlOlflt for comp:lrlson of 

sorptlon c h;:1 r <J ( L (' ris l l r ~ lsotherms deterllllnl'cl f 0 f. the 
'C 

fl d sur Il t ion 0 f b l l 1 r u b l Il b Y the u f J ':: Il 1; s t L t u 1 (> cl .DolyarnJde rpSJn and 
• 1 

the A 1 l l 'a t 0 (,> (; • a 3-po y,lnJl t cres] n FIgure 1 ShOhS the arnount of 

\ 

bl]lrubin adsorbcd, pcl' equJvaIcnt o~ pendants, plotled as a 
c 

, 
funcllon of Lhe [llla1 cquiilbrlum c~n<.cntratlUIl. Also Included 

.-" ' 

.. 
5 
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• 1 
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( 

( 

( 

on t II] S fIgure the' prr\'iousl) rcportC'd 1 solherrn ( 1 5) , 

deterI' Illc·d llnder sillli]nr cOlld J t 1 on~, for the adsorptIon 

bilirubJn by chulpstyramlne. It lS of Illterest to note that on 
, 

an equlvalf'lIt of actl\'C sites hasis bath thc polyamlde and the 

!Il ê 3 - 11 () l "é1 m 1 (1 r:: hi 11 ruhln j n 

amollnts tha t slgni.fJcEllltly e;...(ecd that adsorbcd by 

chol('styramine. Becat! s,'è' of the hJgher substj tuti1'>n of 

chal E'styramlne it hEls a grcatcr capaclty exprc~scd on a per gram 

of sorbent basls" ~he ab~11ty of the Ala -pûlyamlde to adsor~ 

bl] iruhln js rc'ducC'd to Clpproxjmét'tel) one h<;llf hl' acctylation of 

the a-il l': 1 no groups of the AJa
3 

pendallts. 

A selles of cxperlments WAS made to d~termlne the relatjve 

ad sor pt l ,_, ; 1 • a h 1 l l t j 0 f the po 1 ya m i LI e l '-' c; ln t 0 \: hl c 11 we r c' fi t t éI c.. Ii e d. 

p (' n cl ,1 nt, 1 t fi LIll' fc,Lr J u ( () b " (' n 

~ 

the holndlng SJte for bi)lrll',!1l ail !JULlélll scrpm illbufT]jJI. 
l ' 

or IlCé]r 

Figur('s 2 l CI 5 s! 1 0 W 1 c; 0 t h (' r 1'1 S j (, r l i.' S ) ri .. \. 1 t.h the s enl c.. t ure 

X Ald.-p(l]Ydfllld p , 
Il J • 

() f t Il ( '" f (, u r él fil] n 0 8 C i cl ,> TI und x helflg OIl0 

vûrylng from. to 5. l t !- S ilJIP<l1 ('f: t that f r, ffol L h f" S P l ~~ 0 t h C' r f1 S 
\ . 

for Il the c1c1·~orplloll Ç;~Jlcll 1 t \' of rcsins for 

blllruhlTl, fJ Il il mf); (S (1 f L 1 1 1 r ll), ~ n flf' 1 C q c1 1 \ :: 1 ('II t 0 f 
( 

f (1'11 : () , ! i" Cl 1 li ( fi ~ 1 1 J 1 J:! Il l'.; '1111(' -

t)r0:,»)IIC:,.l.0., (]('(reLlslng \dh dccll',isi/ig b?<,l(ity . . 

unchtlrgcd. 

• l' (' , t ,,'1 t L d.! 

c..!rargcct 

ThiS l S 

J n the: 

!.(<tlr ;11 g 1 Il 1 101' .. , ,1 l \ '. l ' 

\~ 1111 e hJé.t1dllle éill cl 

hü<;ed on the a',', Ill1I]d } CI li 

1 

pendants [Jrc Sl;o1 lOf Ln 

aciùs, a~,]~ knn\\'l1 t 0 h f' t II(' c, 1 ::. (' for ~ n <1 l 1 

( l 7 ) • 

·r 

6 

(' l' (' II (1 " " t '; \, L' li 1 il b(' 

tyrosJnc \,ou1<1 he 

Chat the K P a of the 

those of freC' amJ.no 

pcptldes 
. 
III salut iOIl 

o " 

~ 
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Pol ymer Rcs1ns wlth Amlno. 

S Doulll]ng the . Il U m Ù (' r 0 ( a ct j ve am) Il n a Cl d s 1 n the pCndtlnl 

g (' TI C' r ~ Il Y r e S li] t sin él n j Il (.. r C 8 S (> cl C (l P il C i t Y [ 0 r L l 1 i r u b 1 Il w hl n X 

15 fi chdrg'ed i1mlnO Beie! \Ilth El hilSJC pK • 
a 

suc..h as élrgin i nt' or 

'" lys.lnc (FlgS. 4 and 5), but a smaJler incrcüse 1s obtained when X 

, ' 

COlisists of t h f' P (> Il cl:! n t SHI t Il Il n c h FI r [; C' rl t Y r 0 sin p n n rf 11 i s t -; d in" 
t. 

2 and;?). ThlS sugg~sls that charfle dcnsity is an 

important factor ill....;the adsorptjon of bIllrubin by thesf' rcsins. 

A contlrtl8tion of the importance of' chàrge den.si t Y is 

'demonstrated by expcriments 11!volving re~iJls with pendants 

c'ontainj"ns an even hIglier Homber of argininc, lysine or hIstidIne 

unIt::; .ln th,· penùélnts (Flg~i 3 to 5) In the case of 3Fginine, .. 
1 h e Il U fT! li p ,. 0 f C il a r g e J fi III i n li é1 C i cl Fi f rom t \~ 0 t 0 three: 

h,lS rio 81' ,JI-L'nt pffpcl on the a(]sorptJo;] isotherm but El further 

ln(rCttSf' t i) f j v C' (' 1 h,] Il C (' ~, t li l' il ch () f pli l' ,1 « 1 p n ( l l Y b Y a f (j ( t 0 r 0 f '-

4. 7 as c 0 m p (.J r c d t 0 t h cl lof L h e r es i Il \/.i t h pen cl a nt s containing 

on"! y UIlt' HH1J1IO "lcJd. For lysinc' tht· ddsorpllon is enllélnced by a 

faclor of C).'~ WhC11 the> pcnddnt Jength 1.5 inc),C'3sed from one tG 

fi ve wh l ] C' [() r hi st] d ln eth C' en h cl Il CP 10 f' n \ i S él U Ci u t 6. A sumritory 

a f the 1,0 L h (' 1 Ill!> , bascd OII the aTnount of 1)111 rub]f1 aÙGorbed at 

\.' J t 1: ({): l ( IIi t j (J; t (1 j l i:, :-,11,,1 l , :;, '1' ~I 1) 1 ( 1 
J. • 

1 

It lS of intt'rpst la Ilote that c..l]thougli the lCSLn \vith , the 

i\ r g ,1. 1 l' J P l r If l " .. , .... 
-' 

ft, r Il j J J r Il h i Il . P f' r 

the capac.ity 

of the ArgrALI.) r~sin 15 SOlllClvhat Jc~s tl!élll that of the' 
.J ., 

rCSlll. .Apparl'ntJ)' thcre ls an optli1:UIiI ln charge dcn~,lty RD tltat 

a further j ri ( r e [j ~; e i n b <l SIC j t y' I;J no t. r e fIe c t. e d t Il a larger 

éldsorptlon C.<1pdCJty. Rather surpr lSlllg] y, . the rcsins witlt 

7 
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Po] y;, (, r Res l n s \"1 l h ' "m 1 no ••• 

.\ 1 ~~ 2 A'~ < \ :3 fine! cflpacjty 
1 

for 

density, 

pcrhdps conforr:Jdl;nn of peptièe 
\ 

the challl, Ellso pl él Y a 

slgnlflcant rolc .ln the ad::.orption proc.css. fi furthe~ indJCRtlon 

that con for m 0 t- 1 CI fi In ~l \' h P 0 f l n' Tl (J r t <'1 il (c. 1 S t.; P l' n l Tl 1 Il psi U (! 1 1:' S 0 f 

the temperat ure dependenc~ of the ad~orpt~on of the argi nIlle 

serIes of rcsins. Of the resfns WJth pendants cOllsjting of olle. 

t IvO or flve élrginlnes only the ] as t sho1-led - a temperaturc 

depcndence, wjth Iflcrcascd cilpacjty with IncrcJscd ln tempe~ature 

(Fig. 4). It is qu!te prohable that ttllS lS il rf'~lllt of n c.hélngc 

in conformatIon of t li e ] 0 n-g e r pl:' pt] dl:'- ch él i n \1 i th j Il cre <1 s.i n g 

temperéll UJ e. 

Thp E:fect of lhe lC'I1gth of the j"_ndants as opposed to 

ch il r [_~ c' \. J 1 Ii 

~ X L ri.) a] LI Tl i n p spa ( e r;:; e l L li E' 1 a L l Il c ln;: r li) l fl g 0 f t h (- c h f\ J 1\, l. (' • , 

b c f {J r e t Il (' fil S t [] r g i li 1 Tl e 0 r Il e t '-1 C (' 1\ él 1 gin l n f' t~, ( Fig. G). E[]ch of 

the S f' r e S J Il S Cil n b (' rel <l t e cl 1 0 a 110 l Il (' r r e~' 1 Il ,",' l t li e] L h e r t Il e S <:1 III e 

r 
penddnt. T il e . i\ r g ] A i il II 'h l' h él V e s l l k lJ 1\ r ~; l Il 1 d 3 \V h i t Il li [l s the s a ni C 

sa l''e 

oI .111111\) dl t Il s 1 Il S i fT. L 1 cl r 1 V 

behavc l l !( (- A r g LAI a 3 no! 1.Lke 

Ar (1 _ Il 1 ;' •• 
- ') j 

ni lId m n 1 <:' f l c (t 0 Il t Il l' ad sor pt 10 fl (d pile 1 l Y L Il a t s (' c:' III S ta tH! 

more dppefldenl on the number of nrglfline:s ln the' jlL'lldanls than on' 

t 11 c 1 (, Tl g t h 0 f t Il (' JI e Tl d a Tl t s • 

Arg 2 Alu 3 .... élS éllso t('sted with thl.:' t1-l0 guûllJ.do 

( gl'f)U(lS SLlll j pJ,()[E'cLcd by 11][1'0 groups out wlth L!H' a 0 1ll.1 n Cl 

8 
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groups free. 

Polymer Resins with\Amlno ••• 

The adsorpt ion capé.lcity of this resin tS reducecJ la 
'" SI 

onC' third of othélt of the Arg
2
Als

3 
resin but it remélins slighlJy 

1110r(' actlve than Arg
1

Alo
3 

rcsin (Fig. 7). This behaviour, like 

thal If acctylated Ala 3 , WhlCh retaincd a capacity one haIt that 

of of 

bil1rul)jn is not due sole)y to the interaction wlth the R group 

on the omino acid pendants. As shown by thè adsorption behavioul" 

of the se" pro t e c t e d/, r e s 1. n s , 
,1 

the a amine group i~ 'also active. 

'this interactIon was not detected with Merrifield- glycine 

resJns (12) , poss 1111 Y becausp of theJr lack of \,;ater 

swe1l3l11bty. The faet that the Mprrifield-a~ginin~ and 

~1 e r r i fIe l cl - l Y f; .i fi E' r C' f' J Il S fi d sor Il e cl b l 1 :i r u Id. n s h 0 W s t h a t , as might 

be expecLcd, the interéJctionp with tIlL' chélrgf'd R groups are more 

po\'crfllJ. 

SUmlARY 

The .' c h :1 r g e ù e n s l t Y l 0 n t r 1 but t' cl 1) Y the R g JOU P S 0 f 't h e a ln i-n 0 
d' 

a c j cl s p r C' !, e Il t J Il the pen cl n n t s j S il ln a J () r (. 0 n tri h li t 111 g fa c t 0 r i Il 

l hE" a cl sor p t ion () f Il i 1 j r II b i n b y the s u h :, t i lu t ccl pol Y n ru ide r,e s i Il S • • 

som!' 8dsorptlon [I]SO occurs élt the a é\m.ino groups and 

a 1- e c.l, ,1 r g c: cl ,J t éI plI 0 f 7. 8 . Th l S S li g g" f-, t s t 1):'.1 t C 1 C c,t r 0 st 8 tic 

1 fi t (') ili t i 011;, .:1 r (' t h (' rd () s l j ni P 0 r t li III c 0 '1 , 1 (lV r n t i ?> n for t Il p s l r f) n I~ 

adsorpllOI1 of lnllrlluin, E i f E' ç t S cl lJ e t () 0 t h (- f' COli S l li c r él l 1 0 11 ~~ , 

such AS the conforruatlon of ,the jlE:'pti(le chnills, e a Il n 0 l l, e ru 1 e d 

out. Il cl C:' t ail e d st u d y lo cl (' te r m 111 p t.h c b j n d'j n g c ons tan t s 0 f the 

reSlns wi th the hjghe,f ;:rdsorp'Ll on, Capé!Clty 13 now under \:ny. 
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PolyQcr Resins with ~mino ..• 
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Polyfuer Resi~s with Amino ••• 
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Polymer RpRins with Amino ••• 

Figure Adsorption of blllrubin"onto the 
resins nnd cho]eslyramlne eX = moles of 

,equivalellt of 'funet,lonaI group). " 

.', l 
ONan Substltuted resin 
Ll..\la

3 
0,\ 1 Cl 3 ace t y lat e d 
Il ChoIestyrami ne 

reference 
bilirubin 

polyamide·' 
bOll(lld per~ 

Fi'gure 2 
polyamide 
functional 

Adsorption of billrubin onto the tyrosine containing 
reSlns (X = mal~s of bilirubin bound per equivalent of 
group). 

Figure 3 Adsurption of bi:lir-ublJ1 (JnLo the his·tidinc ' .. co!,!tajning 
flolyallJd,e [(,t.ilJ~ eX IPO]ps of bLllruIJ:: bOlllld pc'r equivalent' of 
IdJlctlol1al grCJup). 

FIgure 4 
polY8r:Jidc 
fUllct)~lléJl 

ù 

A Il :, ù r p t l ù ri 0 f h i 1 l T li b i non t Cl t 11 (> -----!:U_K! n j nec 0 n t a l n i n g 
!f",lnJ'(X = mo1p.s of Lilirllbln bOllllc1 pel- eq,uivalent of 
, r, lI;l ) • 
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F~gure 5 Adsorption 
polyamide rbsins (X 
~unctio~a] group). 

... ,.. _, _;0,.0 .'.-- -_.~-------

G ~ PoJymer Resins.with Amino ... 

of bilirubJIl Ollto "the' lysine> contnlning 
moles of bjljr~bin hound per ~qujvalent of 

" 

Figure 6 Effcct of alanine spacer~ onta the adsorption pf 
6ilir,ubln by substituted pO]Yilmide reSlns (.X· = mole-s of 
btllrubl~ bound per equivalent of functional group). 

• 

Figure 7 ~dsorptlon of bilirubin onto polyamide resin with 
'''protecteè lt a;ginin0 containing pendants eX = moles of bi'1iru'b~n 

" 

boun~ per E:(jlliva)eny of functional group). -: ' "'-. 
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