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" ABSTRACT

A

Adsorption of bilirubin from\équeous buffer (pH =

7.8) by PVP, by cholestyramine and by'amgno atid containing

~penda;£s,u which have been immobilized onto a polystyrene
(Merr%field) resin or a water swellable _pélyamide resin

using Ehe solid phase peptide synthesis mefhods, have been

studied. The adsorption of biljrubin by the pendants on the
Merrifield resin was minimal while PVP and cholestyr;mine

adsorbed some bilirubi;. However, the best adsorbents were

the immobilized amino acids on a water swellable poY§Earge

resin,

. A N
A systematic study of the cffect of the changes in the
9
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A3

amino acid composition of the pendant, both in type and°"

number, on the adsorption by the polyamide resins indicates

’ -

that the charge density, oontributeé‘hy the R groups of the

amino acids in the pendant, 1is the major factor in the

adsorption prodess. However, sone adsorpFign also occurs

at the w-amino groups. Effects due to-the conformation of
\ . {

the peptide chains are also indicated. Of the resins

studied, those with peptide pendants containing arginine or

lysine form the most effi%}ent adsorbents for '‘bilirubin in
4 ¥

aqueous buffer solution.
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Studies of the adsorption of bilirubin from bilirubin

-

* ®solutions containing bovine serum albumin as well as

studies of desorption of bilirubin from the resins by
bovine serum albumin indicates that some resins containing
arginine in the pendants can successfully compete with

albumin., Stoichiometric binding constants obtained for the

rpolyamide resins by the method of Klotz are of the order of

1 X 103 M~1 to 86 X 103 M~1. These binding constants are

lower  than that of the reported valuyes for the first

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

10  and %gger by a factor of 10 to 103 thany the values
X '

reported for the second binding site.
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Cette @&tude porte sur.l'adsorption de la biiirubine en
0solution aqueuse’ tamponnée (pH = 7.8) par le PVP, la ~
cholestyramine et par des acides aminés 'éreffés' par la
méthode de 'syntgése de peptides en phase solide’ sur _une
résine"de polfstyréne (Merrifield) ou sur une résine de
polyamide gonflée en milieun aqueux. '\L‘adsorption de la
bilirubine par les acides aminés éreéfés sur la résine de
Merrifield est minimale alors qu'él}e est appréciable pour
le PVP et la cholestyramine. Les meilleurs résulfats sont
obtenus aveé les acides aminés greffés sur la rééine de
polfa?ide. ’

En variant la composition des séquences d'acides aminés
greffées sur les résines de polyamide il est démontré que
le procédé d'adsorption est principalement relié a la

/f densité de charge apportéegmpar les groupements R des

acides aminés. Cependant, 1'adsorption peut. aussi se

produire au niveau des groupements (¢~amino. De plus, des

. effets dfis a la conformation des chafnes peptidiques sont
aussi indiqués. Parmi les résines étudié;s, les plus -
e;kicaces pour 1'ads@rption de la bilirubine en milieu

aqueux tamponné sont celles possédant desifgroupes latéraux

formés d'arginine ou de lysine.
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Des études de 1'adsorption de la bilirubine dans des,
b - J
solutions contenant de 1'albumine de sérum de boecuf ainsi
que des mesures de 1la désorption de la bilirubine,

préalablement adsorbée sur les résines de polyamide, par

1'albumine de sérum de boeuf indiquent que certaines

résines ayant des arginines“dans les groupes latérauxt’

b

L .
peuvent toujours adsorber la bilirubine malgré la présence

d'albumine. Les Qconstantes "de fixation des résinea de

polyamide obtenues de fagon stoechiométrique par la mérthode
3 3 -1

-

M=l 586 x 10° M

de Klotz sont de l'ordre de 1 x 10

1

Ces constantes sont inférieures de 10° a 10A aux valcurs de

la littérature pbur 1le premier site de fixation de 1la
bilirubine pér 1'albumine et elle le sont de 10 a 107 fois

‘- %
pour le second site, N
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1) Metabolism of Bilirubin N }q:3
) L - ,

Bilirubin is a red-orange bile pigment usually

represented as a linear tetrapyrrole f[1]). It .is the

(1]

4

p;gment, found in all mammals, that is responsible for %the
}ellow colour\seén in the ski; of patiénth with jaundice.
Bilirubin is a toxic w;ste product that serveé no known
purpose in the body.

In man approximately 4.4 mg of bilirubin is produced
da}ly per kg of body weight (Berk, et al., 1974), of which
approximately 70 to 80% tomes from the degradation of the
heme part of hemoglobin (Fig. ‘1) in senescent red blood
cells, This degradat on occurs mainly in the Iive;.
spleen, and bone marrov (Scharschmidt and Gollan, 1979).

The remaining 20 to 30% is produced in the liver from free

B “
heme (Eggk, et al., 1976). Heme degradation is enzyme
e
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FIGURE 1 J
CHEMICAL STRUCTURE AND SEQUENCE
FOR HEME DEGRADATION
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catal&ged,',by heme oxygenase, and is thought'to follow }he
reaction scheme shown in Fig; 2 (Kikuchi and Yoshida,
1983). Due to the configuration ﬂof the enzyme, this
re;ction is stereoselective, so that the q-methene bridge
(Fig. 1) "is cleaved to yield bilirubin IX« (Fig.‘ 3) in
preference to other isomers (Brown é.B., 1976). In fact,
less _than 5% of bilirﬁb}n isomers other than the IX& are
found in appreciable quantity in plasma. Commercial
preparagions of bilirubin contain another group "of the

bilirubin isomers, the IIlx and'thg‘ XIII, arising from

"isomeric scrambling"” (Fig. 3) (McDonagh and Assisi, 1972).

These isomers are not formed in the presence of albumin and

should not occur in-vivo (McDonagh, 1975).

Once in plasma, bilirubin is transported to the liver

as a8 complex formed with albumin, The purpose of the
complexation appears to be two fold: 1. It prevents the

3 :
toxic bilirubin from crossing the cell barrier and entering

the tissues, and' 2, It solubilizes the hydrophobic
biliribin, At the liver barrier, the bilirubin free .of
albumin is taken “up by the hepatocytes, probably by a
carrier mediated mechanism (Scharschmidt, et al., 1975,
Scharschmidt and Gollan, 1979). It is stilll not clear
wvhether or not the dissoci;tion of bilirubin and albumin
occurs near the-cgll membrane and is followed by transport
of“ bilirubin to the cell membrane or if there are receptor
sites for albumin on the membranme where the biliruQin-

albumin complex is dissociated and the bilirubin taken up

immediately by the liver cell (Weisiger, et al., 1981)1

Al
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,,Q PROPOSED MECﬁAHISM OF BREME DEGRADATION
l([iku‘chi and Yoshida, 1983)
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FIGURE 3
ISOMERIC SCRAMBLING OF BILIRUBIN

(McDonagh and Assisi, 1972)
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Inside the liver cell bilirubin is bound to <cytoplasaic

proteins; mainly 1ligendin and Z protein (Fevery and

Heirwegh, 1980). It is then esterified, with glucuronic

acid, ' to form Dbilirubin diglucuronide. or "conjngated"Q

bilirubin (Fig. 4). The first step‘in‘this process is
enzyme catalyzed by UDP-glucuronyltransferase. Whether or
not the second step 1is catalyzed by the same enzyme
(P;thway one) or by a different enzyme, which would tansfer
one glucuronig acidﬁmoiely from one bilirubin molecule to
another to yield one bilirubin diglucuronide and one
unconjugated bilirubin (Pathway two), still remains t; . be
determined (Fevery, et al., 1977, Fevery and Heirwegh,
1980).

After conjugation bilirubin diglucuronide is excreted
from the liver cells into bile. Apparently conjugation is
egssential for this process and, under normal ¢ircumstances,
the amount of un@onjugated bilirubin found in bile is very
small, The necessity for cénjugation nay be due to a
requirement of the bilirubin to "fit with a specific
carrier® (Scharschmidt and Gollan, 1979)° ‘or for the

digsruption of the intramolecular hydrogen bonds to yield

-more hydrophilic products that are more easily excreted,

However, experiments with non «-isomers of bilirubin and
with phot;pigments, both oﬁfwﬁich lack the hydrogen bonds
and are found in bile in their unconjugated form, suggest
that the latter postulate 1is the ‘more probable
(Scharschmidt and G;llan, 1979). Finally, Ebilirubin is

transformed to nfobilinogens by bacterial flora in the

6
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FIGURE 4
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A) BILIRUBIN DIGLUCURONIDE

B) PROPOSED PATHWAYS FOR THE CONJUGATION OF BILIRUBIN

(Fevery et al., 1977)
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BM GlcA
UCB = unconjugated bilirubin
BM = bilirubip monoglucuronide
yGlcA = glucuronyl transferase
UDP = uridine 5'-diphosphate
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intestine’ and excreted in the faeces.

.Any de{ect or illness that effects the above mentiohed
processes can lead to hyperbilirubinemia (Fevefy, et al.,
1977, Fevery and Heirwegh, 1980, Petryka and Howe, 1979)
(Table  I), an abnormally high concentration of bilirubin
in the pla;ma,u which under pathological <conditions
becomes as high as 10-3 M (McDonagh, 1979), compared to a
concentration of less than 1.7 X10™> M in the normal adult
(Bloomer, et al., 1971). When hyperbilirﬁbinem%a prevails,
free bilirubin can enter the'Fissues where it modifies the
acéivity of many enzymes (Weisiger, et al., 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’ to
a faster turnover of the red blood cells (Fevery, et al.,
1977, Fevery and Heirwegh, 1980); while their conjugating
enzymes are not mature until approximately 14 days after
birth (Golan and Schmidt, 1982). Furthermore, premature
babies have a lower concentration of albumin and that
albumin has a lowver binding capacity for " bilirubin
(Fevery, et al., 1977, Fevery and Heirwegh, 1980). The

[}

blood barrier of the newborn is permeable to bilirubin.

. Thus, the accumulation of bilirubin in the brain, known as

kernicterus, is very common in babies with
hyperbilirubinemia. Consequences of brain damage cauéed by
kernicterus range from learéing disabilities, in mild cases
(Johnson and Boggs, 1974), to lasting braip damage or even

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

Je——
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TABLE I

HYPERBILIRUBINEMIA

Step in the Metabolism

Abnormality

.

] «

production

- faster destruction of red
cells

- increase in destruction of
immature red blood cells

transport

~ competitive binding
\ - low albumin concentration

hepatic uptake

; — colmpetitive binding

conjugation

- enzyme deficiency
- inhibition by drugs.

secretion in bile

~ hepatitis
- cirrhosis

elimination

- mechanical obstruction

~ot




Scharschmidt and Gollan, 1979).

Zf Physical and\Chegical Properties of Bilirubirm™

Before difcussing the different -methods avgilable for
the treatment of hyperbilirgbinemia, some of the chenjcal
and physical }roperties of .bilirubin will be <considered.
Although it has ’stimulated the <curiosity of numerous
researchers, many of the chgmical anh physical properties
.of bilirubin are still not well known, mainly because of
expéTimental difficulties.

The solubiflity of bilirubin generally increases with
inc:eaéing polarity oflthe‘solvent. Hence, it is very
soluble in‘formamide, DMSO, CH2C12, and CHC13, less.soluble
in aromac%c solvents, sQ;h as benzene and pyridine, and

virtually insoluble in apolar solvents, such as hexane and

cyclohexane. In water bilirubin solubility is low,

9

approximately 0.007 uM (Brodersen, 1979). The solubility
inéreases with an increase in pH. Consequently, bilirubin
is very soluble in alkaline solutions in which the two
- carboxylic ’‘protons are lost so that a soluble salt is
formed. Thus, aqueous solutions can be prepared by first
dissolving the solid in a small amount of base, e.g., NaOH,
and diluting with an appropriate buffer. Aqueous
solutions of bilirubin near neutral pH. are stable for
several hours., If they are supersaturated, colloidal
suspensions are formed which are not necessarily visible to
the naked eye. The tendency of ‘pilirubin to form

supersaturated solutions has resulted in large errors in

o e o o s b o
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the determination of the solubility of bilirubin in water

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

example, a reported solubility as high as 100 uM (Burnstine

and Schggdt, '1962)‘ probably refers to a supersaturated
* solution. Using its solubility at pH 8.5; where bilirubin

is more soluble, Brodersen éBro?ersen. 1980) calculated thg

bilirubin solubility at pH 7.4 to be 4 nM, in fair
5

agre¥ment with the value of 7 nM obtained experimentally

(Broﬁersen, 1980). -

The hydrophobicity of bilirubin is rather wunexpected. )

Since bilirubin has several .groups, such as two carboxyls,
two lactam NH's, two pyrrol NH's, and two lactam carbonyls,
all with hydrophilic character, it would be thought to be
water soluble. The answe; to this apparent paradox was
first given by Fog and Fellum (Fog and Fellum, 1963) who

proposed that the hydrophilic groups may be dinvolved 1in

internal hydrogen bon&ing. Using X-ray diffraction

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

recently proposed the now accepted structure for

crystalline bilirubin (Fig. 5). This "ridg; tile"
4

structure has a Z configuration at both the C5 and C15

methene bridges, The presence of six intramolecular

hydrogen bonds 1leaves the hydrophilic groups saturated

1
-

inside the structure and the hydrophobic groups outside at
. the surface of the molecule, Whether or not the aqueous
bilirubin dianion, obtained by the formation of the soluble
bilirubin salt in alkaline medium, retains some of the

intramolecular bonds has not been elucidated. However,

Y
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FIGURE 5

-

" INTRAMOLECULAR HYDROGEN BONDS IN BILIRUBIN

(Bonnet, et al., 1978)
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>~ chains. For example, Lee, et al. (Lee, et al., 1974A

- .- - N ueense fmerwae v

Mugnoli, et al. (Mugnoli, et al., 1983) showed by X-ray
diffraction measurements that bilirubin isopropylammonium

salt in chloroform retaing four of the six intramolecular

o

3

‘hydrogen bonds.

Bilirubin absorbs visible 1light strongly and- in
.aqueous solution an absorption maydmum is observed at 438
- 440 nm with ap extinction coefficient of the order of
4.7 X 10% 1 mole”! co~! (Lee and Gafgner, %976). The
abéorbance spectum) is insensitive to pH, in the region of
8 to 11 (Hansen, et al., 1979), and obeys Beer's law at

" 4

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

spectroscopy is a useful analytical tool for the

;' -

determination of the concentration of bilirubin in aqueous

solution.  Upon addition of albumin a red "shift™ occurs,
to A = 460 nm, with an increase in the extinction
, max

coefficient 4t the maximum. However, the extinction

» . coefficient at 438 - 440 nm remains essenti;ily unchanged
(Shapovalenko and Kolosov, 1978), although some " small
va;iatio; (less than 4%Z) in the absorbance of the solution
caa sometimes be obsérved.

The acid-base properties of bilirubin are still under
debate. The lactam groups ioni;e at a pH in tge region of
12 to 14, depending on the solvent (Ostrow and Celic, 1984,
Hanseq. et al., 1979), However, agreement on the pKa of
the carboxyl groups has not been reached. Numerous

.authors report PKa values of appro;imately 4 - 5 for the

carboxyl groups, as expected fbr propionic Jacid side

£
¥
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compared the dhpé for potentiometric titration of bilirubin

qhd of other dicarboxylic acids with the known pKa in ‘DMF

- 'to obtain values of 4.3 and 5.3. From potentidmetric

titration of bilirubin in DMSO, as well as titration din
aqueous solution coupled with 13C NMR studies, Hansen,
‘Thiessen and Brodersen determined that the carboxyls have a

PKa of 4.4 (Hansen, et al.; 1979). 1In contrast, a value

of' 7 - 8‘ was also reported for the pKa of the carboxyl

R ™ . .
" groups based on titration of aqueous bilirubin (Krasner and

Yaffé, 1973, Gray, et al., 1961). However, according to
McDonagh (McDonagh, 1979) and Brodersen (Brodersen, 1980),
‘the observed inflectioh poiht does : not necessarly
-correspond to the pK_ of the acids since bilirubin starts
to precipitate around'that éﬁ.‘ Thus, the shape of the
titration <curve is a function not ornly of pH but also of
solubility.<
'.As a result of the intramolecular hydrogen bonds
bilirubin—IXa is slightly more stable than other rubins or
\:erdins. In the crystalliﬂe form bilirubin can be stable
for at least one to two years provided that it is stored in
a dark, cool envif:;ment (McDonagh, 1979). However, as
mentioned previously, aqueous solutions of bilirubim are
not stable., In addition to the colloid formation mentioned
previously, bilirubin undergoes oxidation in the presence
of even trace amounts of oxygen ~to yield biliverdin and
other degradation produéts.‘ The instability increases with

increasing pH, so that alkaline solutions of bilirubin

decompose rapidly. Between the precipitation of bilirubin,
) \
14




at pH's lower than approximately 7.4, and the oxidation at

a slightly higher pH, there exists only a narrow margin of’

pH in which aqueous bilirubin solutions are stable even for
-a short period of time. Addition of albumin solubilizes
bilirubin and slows down the rate of the oxidation process
(Lightner, et al., 1976). Thus, albumin/bilirubin
sdlutions are experimentally easier to handle.

Bilirubin is also light sensitive so that it should be
handled under subdued light (McDonagh, 1979). After a few
minutes .of irradiation, photooxidafion occurs to yield
several decomposition products. The nature and
distribution of these products depends on three factors:
the nature of the solvent. the excitation energy, and the

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

second process also occurs when a solution of bilirubin is

exposed to UV or visible light, .it is almost instantaneous
and occurs in the absence of oxygen (McDongghm 1974, 1979).
This second-process is thought to be the pgoféisomerizatiop
of the ZZ isomer of bilirubin to EZ, ZE, EE isomers and
other photoproducts (Fig. 6) (Lightner, ‘et-_ al., 1979,

7

McDonagh, et al., 1979).

3) Treatment *of Hyperbilirubinemia o

Many., methods have been devised for the treatment of

hyperbilirubinemia, including phototherapy, hemoperfusion,

’ingestion of adsorbent, or a combination of phototherapy

and ingestion.

o
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FIGURE 6 .
BILIRUBIN PHOTOISOMERS ' -
X

- 16




-

N

e e

#*

o

et iy PR g by R L S R o 4 ———



KN RS T At b D

) v e e e

&) Phototherapy and Photobilirubin

The irradiation of the patient with blue light, " known
as phototherapy, is now the method -of choice }n the
treatment of neonatal hyperbilirubinemia (Kalpoyiannis, et
al., 1982, Moseley and Summer, 1983). It was introduced in
1958 as a result of an observation of an "apparent fading
away of the yellow 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
is not yet fully understood. It was first thdught that
ghotooxidation (Crgmer, 1958) or photooxygenation
(Mcbonagh, 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 unconjugated bilirubin, along
with other water soluble bilirubin derivatives, is excreted
inu the bile of Gunn rats undergoing phbtotherapy. Gunn
rats lack the ability to conjugate bilirubid and thus
cannot normally eliminate it. Since 1t was known that
bilirubin cannot normally be excreted unless 1t is first
conjugated with glucuronic acid, it was postulated that
phototherapy must cause bilirubin to be modified in a way
such that it «can cross the 1liver barraier. McDonagh
(McDonagh, 1976) suggested that phototherapy promotes the
formation of a bilirubin isomer which is excreted nmore

easily than the parent pigment but which, once in the

gastrointestinal tract, reverts back to the parent

e
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bil;rubin isomer. This would account for the presence of
the unconjugated bilirubin détected in bile, Direct
evidence, by difference UV-visible spectroscopy, for the *
in-vitro "formation of & photolabile bilirubin derivative
was first presenied by Davies and Keohane (Davies and
Keohane, 1970, 1973). The difference spectr;m 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 by
Lightner, WOoidridge and McDonagh (Lightner, et al., 1979,
McDonagh, et al., 1979). Evi énce for the existence of
Aphotobilirubin" was also ohtained by Onishi, et al,.
(Onishi, et al., 1980). On the basis of HPLC data they
showed that upon irradiation the bil%rubin concentration

L4

decreases with simultaneous formation &f a new, more polar
substance: These products are .unstable and thermally
revert back to bilirubin; the reversion 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 known that bilirubin is in the
ZZ conformation’ (Bonnet, 1976). Bdsed on the 2 -=> E
isomerization of othe? bilirubin-like molecules, Pedersen,’
et al. (Pedersen, et al., 1977) and Lightner, et al.
(Lightner, et al., 1979, Mcbonagh, et al., 1979) proposed a
:similar Z --> E isomerization at the C5 and/or Clst bridge

of bilirubip to yield the ZE, EZ and EE isomers. These

isomers would account for the appearance of bilirubin in
Fd
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bile. Since they are more polar, hence more water soluble,
than bilirubin they could be excrgted wit&out conjugation
(McDonagh, et al., 1980).

The first isolation of photobilirubin was accomplished
by Stoll, Ostrow, Zenone and Zarembo (Stoll, et al., 1979);
two pairs of photoisomers IA and IB, IIA and IIB were
isolated on silica gel. The more polar and more staﬁle

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 1less
stLble isomer IA was assigned the ZE conformation‘whfle IB
was assigned the szg?nformation. *These two isomers could
well account for the unconjugated bilirﬁgin seen 1in the
bile a%'réts undergoing phototh?rapy: Although thef had no
direct evidence for these_stﬁgtures,x several observations
supported this pos;glaﬁe: 1. Higher polarigy arising from -
the greater fr@ehom of the carboxyl groups to ionize as a
: .
result of the disruption of H bonds; 2. Absorption at
sho;ter wavelengths, i.e. lower )\ of the

max

photoproducts due to loss of coplanarity; 3. Appearance
of IR bands at 2850 and 2920 cm"l, due to the modification
of carboxyl-OH groubs, egain due to disruption of H-bonds.

I&C_

Stoll, et al. (Stoll, et al., 1981) showed that
bilirﬁbin, which had been irradiated in CHCISf 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

19
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photoproduct; are prgbabiy identical. When the different
isomers of ophotobilirubin were isolated and separately
injected into the rats, components IA and IB were excreted
mainly as the pa;ent bilirubin isomer, ~although sonme
unreverted isomers could be still be detected. However,
photobilirubin It remained unchanged during the passage
through the rats,

The first structural evidence for the E --> 2
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 spectra, tdgethe} witﬁ chemical
considerations, suggested that the-1IA and IIB isomers are
diasterioisomers in which the C3 vinyl groups have cyclized
intramolecularly (Fig. 7). Anther photoproduct,
photobilirubin III, was also reported and is Erobably
similar to the photobilirubin II but with the EE
configuration, A proposed relationship between - the
different photoproducts of Stoll, et al. a;d 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., 1982). The reaction
schemes proposed by the two groups are also identical.

Phototherapy has been used successfully in many cases
(Kalpoyiannis, et al., 1982). However, some side effects
have been noted ana the long te;m morbidity has not 7yet

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

20




FIGURE 7
STRUCTURE AND RELATIONSHIP
BETWEEN BILIRUBIN AND ITS PHOTOPRoﬁust
(Onishi, et al., 1984)
Photobilirubin I = Peak III

Photobilirubin II = Peak II
Photobilirubin III = Peak I
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baby" syndronme, - thought "to be an accumululation of
phqtoproduc; II polymerized to yield an insoluble bile
pigment, is one of the =side effects of photogherapy
(Onishi, et al., 1982, Tan and Jacob, 1982)., Carcinogenic
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 in the case of hyperbilirubinemia since there 1is
evidence that suggests that bilirubin acts as a
photosensitizing agent whichlcould enhance the level of DNA
damage (Rosenstein and ﬁucore, 1984), >
b) Ingestion of an Adsorbent

The ingestion bf an adsorbent to remove bilirubin from
the pgastrointestinal tract)is another method of treatiﬁg

hyperbilirubinemia. It is thought that the addition of a

scavenger for bilirubin into the gastrointestinal tract

lowers the free bilirubin concentration, thus shifting the -

equilibrium and promoting bilirubin transfer- across’ the
intestinal mucosa (Ennever, et al., 1982) and interrupting
the enteroﬂepatic recirculation of bilirubin (Ulstrom, et
al.; 1964, Ennever, et al., 1982). Léster, et al. (Lester,
et al., 1962) first demonstrated that adult Gunn rats have
a lower serum bilirubin concentration’ when they are fed
cholestyramine, an anion exchange:reéﬁn composed of stfrene
divinylbenzene’' copolymer dith,éu?geryary ammoﬁium ions.
Similarly, Arrowsmith, et al. (Arrowsmith, et al., 1975)
demonstrated that cholestyram?ne:fed to infants reduces thé\

concentration of serum, bilirubin. However, in apparent

v
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‘contradiction, Schmidt, et al. (Schmid:t, et al., 1963)

demonstrated. that feeding <cholestyramine .to premature

infants is not an effective treatment for the reduction of

bilirubin - levels in blood. Charcoal, if administered to

newborns prior to 4 hours after birth, also facilitates the

elimination of bilirubin. However, if administered 12

hours after birth it has no effect (Ulstrom, et al., 196&).\

Conflicting reports ¢€xist concerning the efficiency of

agar, a seaveed extract, as an adsorbent for bilirubin
3 .

removal in the gastrointestinal tract. Although most of

the studies indicate that agar does nota.adsorb bilirubin

(Maurer, 1973, Moller,. 1974, Blum and Etienne, 1973,

Arrowsmith, et al;, 1975, Romagnoli, et al., 1975), Poland

and bdell (Poland and Odell, 1971) reported that . feeding
agar to newborns results‘in a lowering of the biiirub;n
concentration in the serum. Ingestion of a soluhie
poiymer, polyvinylpyrrolidone (PVP), which can form a

complex with ©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 with PVP reportedly gives better results than
does cholestyramine. However, when it was applied to
neyborn infants during the first 8 days of their life, the
difference 1in bilirubin concentration -between PVP .treated
and control groups was significant only during the second
and third days (Ploussard, et al.n 1972).
.

It appears that physiological <conditions, such as

gestational age, hirth weight, feeding methods, and time at

23
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which the treatment is started, may greatly influence the
bilirubin wuptake by adsorbents in the gastrointestinal
tract of newborn infants (Ploussard, et al., 1972, Moller,
etk al.,‘ 1974). The presence of only 1low levels of"
bilirubin in the gastrointestinal tract ‘of the newborn may
also be responsible gor the lack of success of the
ingestion treatment, which is morefsdccessful in older
patients (Ploussard, et al., 1972). This method 1is,
appa;ently. not reiiaple and may nog be applicable in all
cases. ‘
Ingestion of a resin in conjunction with ’phototherépy
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 exqreted
than the parent bilirubin. These photoproducts can _ then
revert back to bilirubin and thus « increase ‘the
concentration of bilirubin in the gastrointestinal tract .
Tﬁis bilirubin could then be adsorbed onto the scavenger.
Thus, phototherapy should complement ingestion of an

adsorbent for bilirubin very_well. It promotes the transfer

of more bilirubin into the gastrointestinal tract,  thus

resulting in a more rapid elimination. Nicopoulos, et al. =~

" showed that the duration of phototherapy required to Ilower
the serum bilirubin levci‘was shorter for infants also
receiving cholestyramine (Nicopoulos, et al., 1978, 1@81).
Ingestion of <charcoal was also reported to enhance the
effect of Qhotothe}apy in the Gunn rat (Davies, et al.,

1983).* Conflicting results of similar (Ebbesen and Moller,

24
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1977) and enhanced effect (0Odell, et |al., 1983) of

phototherapy in conjunction with «igar ingestion have‘I been

5

obtained.
¢) Hemoperfusion

One other method of treating hyperbilirubinemia is by

perfusion of blood through a column packed with an

adsorbenf. Sipce plasma contains a higher concentration of
bilirubin than .does the gastrointestinal Fract. this
method should be more efficient than th ingestion’ of
adsorbent. Charcoal is one of the adsorbents that has been

)

. < . %
used in hemoperfusion systenms. However, there is

" disagreement concerning the efficiency f charcoal' in

-

removing bilirubin, with some authors repgrting good
adsorptign“(Lie, et al., 976 Lauterburg, et al., 1979,
1980, Otsubo, et al., 1980, Horak, et al., 1980) while
others report adsorption to be low or non- xistent (QOuchi,
et al., 1978, Hew, et al., 1978).M Even if éharcoal adsorbs
bilirubin, it has the disadvantage of non-selectively
adsorbing a wide variety of shbstanqes: An&ther ma jor
&rawback associated with hemoperfusion through charcoal is
the loss of platelets by adsorption. Several methods,
including microencapsulation in albumin-cellulose hnitrate
membrane (Chiriteo, et al., 1977, Chang, 1978), coating with

L83

a thin polymer membréne made of poiyhydroxyethyf-

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

used to improve the biocompatability of chatrcoal. ?olymet
coating reduces the amouﬂt of adsorption while coating with

albumin increases it (ﬁughes and Williams, 1981).

25



Nonetheless, it appears that hemoperfusion through charcoal

is not an entirely §atisfactdry method for ghe treatment ‘of

hyperbilirubinemia.

Both charged and uncharged resins have also been used
©

as adsorbentét:in hemoperfusion columns. Charged resins
tested in~-vitro include the Dowex 1 family
(cholestyramine), a styrene-divinylbenzene copolymer with

quatérnary ammonium ions~(Willson, et al., 1972, Sideman,

-

et al., 1979, 1983), anion exchange resins MCTI-2A
(Lopukhin, et al., 1977) and BR 601 (Ouchi, et al., 1978,
. Asanuma, et pl., 1980, Matsubara, et al., 1983), as well as

a tertiary amine anion exchange synthetic resin fiber,

"ionex (Idezuki, et al., 1981), and a macroreticular resin
MR (Sideman, et al., 1979, 1982, 1983). Uncharged resins
. ggét have been used include~Amber1ite XAD-7, a styrene~
acrylic ester copolymer (Yamazaki, et al., 1979, Ogchi, et
al., 1978, Sideman, et al., 1979), Amberlite XAD-2, a
‘styrene-divinylbenzene copolymer (Willson, et al.,” 1972,
Yamazaki, et al., 1979, Sideman, et al., 1979), and AR-1,
another styrene-divinylbenzene <copolymer with physical

characteristics slightly different from Amberlite XAD-2
) N

-

(Yamazaki et al., 1979). A macroporé%s gel, composed of
2-hydroxyethylmethacrylate (Skelly and Tighe, 1979) was

"found to have a better adsorption, capacity when it was
o

copolymerized witﬁ acrylic acid.

Since no universal methods or staqdards have been set

for the evaluation of adsorption of bilirubin, either in-

vitro or in-vivo, it is*rather difficult to compare - the

3 ¢
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results of different studies., Consequently, it 1is very
B { difficult to ‘relaée and compare all the -literature data.
. Furthermore, in some cases incomplety data were also
encountered so that accurate evaluation of these resins is ;
not possible. Another problem encountered * in the

-~

’ ' evaluation of the adsorbent is the lack of a standard

bilirubin solution for the adsorption. It is expected tha£ o

the amount of Dbilirubin j adsorbed will vary with the

’
solvent. For example, in in-vitro the presence,of albumin

e e oa O

? will lower the adsorption capacity. Furthermore, the

bilirubin to 'albumin concentration will also affect the

~ -

adsorption. In in-vivo studies the bilirubpin removal rate

is expected to vary from patient to patient (Hughes and

L3

Williams, 1981).

= A ot ¥har R i At s e b

y ~
. Due to a lack of complete information, no attempts

i

will be made to compare the various édgorbents directly.

; .
Because such a comparison can not be made accurately,

A

misleading conclusions could be inferred. However, =& . l

: summary of. some of the in-vitro studies,haé been compiled

— (Table II) from which some results have been omipted :

because they lack sufficient data. It should be stressed
A Y o

that the data shoyn are intended only as a representation

5

- of the amount o

bilirubin adsorbed by th? adsorbents under

specific conditions ahd that caution should be exercised in

© 1
'

making comparisons between the resins. ‘

Some of the adsorbents mentioned above have also been

e

studied in-vivo, either in animal or qu, with varying°\"




Resin Charge Solution Capacity Reference
- (ma/qg)
ionex positive | buffer 1% albumin 0.3 Ydezuki, et al., 1961
macroreticular positave buffer 4% albumin 16 Sideman, et al., 1961 |
ARl none plasma 1.5 Yamazaki, et al., 1979
XAD-2 none plasma 0.4 Yamazaki, et al,, 1979
XAD-7 none plasma 0.2 Yamazaki, et al., 1979
XAD~7 none plasma 0.5 Skelly and Tighe, 1979
BR601 E positive - plasma 4.4 Ouchi, et al,, 1978
BRG?I X positive plasma 80 Mastabura, et al., 1983
Dowex 1X2 positive Buffer 4% albm\in 9 Sideman, et al., 1980
Dowex 1X1 positive Albumin solution , 4 Schmidt, 1965
Dowex 1X4 p?siti\;e plasma 0.5 Skelly and Tighe, 1979
HEMA none l;mlas-ma 0.2 Skelly and Tighe, 1979
) s
HEMA(75)~AA(25) none plasma 0.4 Skelly and Tighe, 1979
albuui.n-agamscae both ) plasma 0.2 Plotz, et aal.. 1974
albumin-agarose both plasma 0.2 Losgen, et al., 1974
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degrees of sqécesh. These include the macroreticular resin

(Sideman, et al., 1979, 1981, 1983,), the XAD-7, (Ton, et
al., 1979), the AR-1 (Yamazaki, et al., 1979), and the

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

-Matsabura, et al., 1983). As with the charcoal

hemoperfusion, some compatability problems hawe been
encountered. Once again, coating with albumin proves to be
a sdlution to this problem.

Studies that involve more than one type of resin are
more suiteq for the evaluation of the different factors
éhat lead to‘a betterﬂadsorption since, in these ctases,

external factors affecting the adsorption are kept

identical. Hence, a  better conmparison of the resins is

possible. From such studies it appears that charged resins

are more efficient than uncharged. for instance, Willson,
et al. (Willsoh, et al., 1972) showed that in plasma ihe
charged resin = Dowex 1X4 adsorbs approxinately 3.6 times
more bilirubin than does the wuncharged resin, Amberl;te
XAD2. Other charged fesins; Amberlyst and Amberlite IRA
400, adsorb 3 and 2.6 times more bilirubin, respectively,
than does XAD2. Ouchi et al. (Ouchi, et al., 1978) showed
that BR 601, an ion exchange resin, is more efficient than
theobncharged XAD-7 resin.

It also appears that the more porous resins are more
efficient. Yamazaki, et al. (Yamazaki, et al., 1979)
shoveé tg;t uncharged styreneodiéinylbenzene copolymer,

AR-1, adsorbs approximately 5 times more bilirubin than the

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

»
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and surface area. Sideman et al., (Sideman, et al., 1979,
1983) showed that a strongly basic macroreticular resin has
a greater adsorption capacity than do Dowex 1X1 and 1X2
resins, which are i}:o strongly basic but less porous.:-

They also showed that Dowex 1X1 has a higher adsorption

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

_resins which differ only in the degree of «cross-linking.

The former is less cross-linked, hence it is more porous.
In agreément with Sideman, Sawchuk and N;irn (Sawchuk and
Nairn, 1968) determined that diffusion within the '‘polymer
beads seems to be the rate «controlling step in the
adsorption of bilirubin onto palymer resins. On the basis
of the rate constants for the adsorption of bilirubin onto
Dowex resins with different degrees of cross-linking and
different bead size, it was shown that the resins with a
higher percentage of cross-links have a lower rate
constant. Furthermore, for a given percentage of cross-
links, the résins with the larger bead size have a larger
rate constant.,

Albumin immobjilized onto a polymer matrix has also

~been used as an adsonent (Plotz, et al., 1974a, 1974b,

Losgen, et al., 1978). Since albumin is known to have only
2 sites that bind bilirubin strongly, this adsorbent should
not bind as many different ligands ;s the other resins on a
per unit weight basis. However, it should be remembered
ihat albumin binds a wide variety of substrates.
Subsequent testing of this adsorbent proved that bilirubin

can be adsorbed successfully (Scharschmidt, et al., 1977,
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Logsen, et al., 1978). ﬂovever, because albumin is &
iarge protein, with a molecular weight of approximately

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

- it 'is an adsorbent with a low capacity, approximately 0.1
4

i

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

'Al the present time none of the available adsorbents
are -entirely satisfactory for use in hemoperfusion or
ingestion.[ The major limitations are lack of specificity,
low capacity, and poor biocompatability. While the latter
probiem has been solved by coating the adsorbent, the other
two remain. The use of -immobilized albumin for removal of
bilirubin through hemoperfusion is an interesting concept.
Since only certain parts of the piote;g, nam?ly the binding
sites, are active the adsorption capacity of this adsorbent
is low. If a polymer resin could be synthesized to mimic
the binding site for bilirubin 95 albumin, it is expected
that an adsorbent with a higher capacity than immobilized
albumin would he obtained. However, before attempting to
do s0 a better understanding of albumin and ifs
interactions with biliruhin, particuiagly the location and

-

r
identity of the bilirubin binding site, is required.

4) Albumin ¢

In adult man the average poncentrafion of ‘albumin is
about 42 + 3.5 mg/cma, with a range from 35 to 50 ég/cm3.
This represents approximateiy 60% of the total oprotein
¢ontent of plasma (Peters, 1970). The albumin

concentration is 1lower at birth but reaches adult level
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after three months (Peters, 1970).

Serum (;lbumins are large, globular proteins with =a
.molecular weight of approximately 66,000. Human serum
albumin (HSA) is composed of 5B4 amino”acid residues while
bovine serum albumin (BSA) has 581 (Peters, 1975). Due Fo
the preponderence of acidic residues, aspartic ana glutamic
acids, over' basic residues, arginine, lysine, and
histidine, serum albumins are the most acidic K proteins
found in appreciable amount in plasma (Peters, 1975). Both .
BSA ahd HSA have a net charge 6f -18,

Elucidation of the amino acid sequence of both bo;ine
‘and human serum albumins -is lqrgeiy due to-the work of J.R.
Browvn ( Brown J.R., 1977a, 1977b), although the sequenge,
for human serum albumig has also been determined
indepeydently by Meloun et al. (Meloun, et ,al., 1975).
Agreement between the two stuctures ié within 937 (?eters

. and Reed, 1977). Brown'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 403,
has been reported as being glycinewphenyla1anine—glutaminz—
asparaéine by Reed et al. (Reed, et al., 1980).

The structure. as well as the seduence. of albumin
ha§ also been detérmined by Brown (Brown J.R., 1977b). His
deduction of the structure (Fig. 10) is based largely on
the repeating pattern formed by the amino acih sequence and
the presence of a 17 disulphide bridges. The reasoning was

as follows:  The amino acid sequence and the disulphide

bridges suggest the presence of three large repeating units
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FIGURE 8
AMINO ACID SEQUENCE OF BOVINE SERUM ALBUMIN
‘(Brown, 1977a)
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3 FIGURE 9
AMI&O ACID SEQUENCE FOR HUMAN SERUM ALBUMIN

(Brown, '1977b) T s
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FIGURE 10
STUCTURAL ORGANIZATION OF ALBUMIN
(Brown, 1977b)
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. S . .
called domains. Each domain is composed of two large loops

separated by a smaller loop. Each domain can also be
subdivided into two subdomains, the first containing the
first 1large iéop plus the small 1loop, and tﬁe second
containing the second large 1loop. Alternatively, each
subdomain can be Qescribed as being cdﬁposed of "three -
helices, approximately 20 amino acids in length, running
parallel to each other. These (x—~helices are defined by the
disulphide bonds at one end, and the proline residues at
the other end, both of which impose a folding  of the
peptide chain. The three helices are arranged in a semi-
circle (Fig. 11) with their hydrophobic residues pointing
‘toYard the inside. Each domain also c&ntains a flexible
segment which is not involved in this helix- arrangement.
This segment, which is situated between the two subdépains
acts as a hinge to perﬁit pairing of the subdomains, so

" '

‘that their hydrophobic sides face each other. This

cylindrical structure creates a hydrophobic hole with a’

tluster of basic regsidues at the opening. Another possible
arrangement of Brown's six half-domains has also been
proposed by Brodersen (Brodersen, 1980). In Ehis latter
arrangement the subdomains are pairek as follows:‘subdomain
" 1AB with 3C, 1C with 2AB and 2C with 3AB (Fig. 12). In
B:Lwn's model the subdomains -are paired as 1AB with 1C, 2AB
with 2C and 3AB with 3C. .

) Albumin forms reversible complexes with a variety of

ions, including bilirubin, long chain fatty acids, as well
. 0

as various drugs apd dyes. Many’of these 1ligands can
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‘ FIGURE 11
svnnﬁnun ORGANIZATION. OF ALBUMIN
. (Brown, 1977b)
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FIGURE 12
SUBDOMAIN ORGANIZATION OF ;ALBUMIN

(Brodersen, 1980)
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occupy more than one binding site ow,albumin.‘the first one
being a high affinity site while the others have a 1lower
affinity. Binding of ligands to albumin appears to be non-
saturable. Thus, in addition to the strong affinity
binding sites already mentioﬂed{ albumin also has a
multitude of weasker binding sites. Binding to the strong
affinity binding A sites 1is sqgetimes referred to as
"specific binding" while binding to the weaker sites is
referred to as "unspecific¢™ binding.

A given‘ site may be capable of binding several
different ligands, thus giving rise to competitive binding
among ligands. Competitive binding and displacing
properties of drugs and ‘other metabolites have some
tlinical consequences since their presence in sufficiently
high concentration in the blood could induce a displacement
of the bound bilirubin and lead to -hyperbilirubinemia.
Brodersen (Brodersen, 1978) studied the displacing
properties of 150 drugs and found that sulfonamide, some X~
ray contrasting media, stabilizers for albumin preparation,
acetylsalicylic acid, sodium salicylate, and phenylbutazone
can dzgplace prlirubin. )

Banding of substrates with dif;erent shapes to the same

binding site implies that, wunlike most proteins, albumin

has 2 considerable adaptabilaty and can assume & number of

different confagpurations. It also i1nvelidates the concept
of preforced s:tes (lLarush, 1950). A site should then be

thought of as & part of the molecule which can fold 1in such

8 way as to accomodate a l:gand. Serum albumin has been

-
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compared to a

"human hand which has no specific, preformed sites but
serves as a universal carrier by combining fingers and
palms in a suitable combination for seizing objects of

diverse sizes, shape and texture' (Brodersen, 1980).

5) Binding of Bilirubin to Albumin

Albumin binds two molecules of bilirubin tightly. The
first‘ molecule is bound(to a high affinity primary bianding
site while the second one is bound to a 1lower affinity
secondary binding site (Jacobsen J., 1969). The
possibility of binding é third molecule to a secondary
binding site has been reported (Beaven, et 2al., 1973,
Jacobsen J., 1977). 1In ;ddition, 10 to 14 weak sites have
been reported (Shapovalenko and Kolosov, 1978). This is in
agreement with the postulate that albumin 1is a2 non-
saturable carrier (Brodersen, et al., 1984). Binding
constants for the primary binding site for bilirubin on
albumin are difficult to determine, due largely to the
experimental difficulties itnvolved in working with
bilirubin. As a result, a wide range of values have been

reported, depending on the mnmethod used to obtain the

.constant (Table I11). Obvicusly, the binding constant for

the second binding site 1s even more dlffiéult to obtain.
However, most researchers agree that it 1s apprgximately
one order of wmagnitude smaller than that of the fir;t
binding constant (Brodersen, 1980) (Table 1I1I). Binding

constants for HSA are larger {Blauer, et al., 1977) thean

those for BSA (Table 1IV).
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TABLE IIT

CONRSTANTS FOR BINDING BILIRUBIN TO HUMAN SERUM ALBUMIN

Method Type pHd Temp, Ionic Kl X, Reference-
x St’:”gth x 106 M1 | x 106.M72
c Site 7.4 26,5 0.1 200 — Blauer, et al., 1977
percoaadase Site 7.4 37 0.18 60 - Jacobsen J., 1976
Shapovalenko and
Laolubllzty Stoyr 6.5 37 C.15 2 Kol , 1978
fluorescence Stoi 7.4 -~ 0.1 13 6.7 Branca, et al., 1983
peroxidase Site 7.4 37 0.1 140 0.5 Jacobsen J., 1969
(o) Stoi 8.5 24 0 7 C.1 ~Beaven, et al., 1973
0
fluarescence Stoi 75 37 0.07 64 2.6 Berde, et al., 1979
fluorescence Stoi 7.5 2 0.07 " 120 4.9 Berde, et al., 1979
} kinetics i — 7.4 4 C.l >4000 - Gray and Stoupe 1978
1} \ 3 . = - - .
| peroxidase — 7.4 37 0.18 55 ) 44. - | Brodersen, 1978
l [ 4
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TELE IV

CONSTANTS FOR BINDING BILIRUBIN TO BOVINE SERUM ALBUMIN

Method Type o Temp. Ionic l& K, Reference
‘ % | strength | 156 1 | x 1076 w2

o Stai 5 25 0.2 oM 6 - Blauer, King 1970
peroxidase Site 7.4 37 0.1 M 20 -_— Reed, et al,,1975
kinetics — 7.4 k¥ 0.l M 6 - Reed, 1977

®

C = circular dichroiss .
Site = site binding constant '
Stoi = stoichicmetric binding constant ) )

1
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The process. of biﬂding bilirubin to albumin
invoives three to five steps (Faerch and Jacobsen J., 1977,
Gray and Stroupe, 1978, Koren, et al., 1982). The first
step, the association of bilifubin with albumin, is a fast;
bimolecular reaction with a second order rate constant of 2
X 107 M“}s'lvfor HSA (Faerch a;d Jacobsen J., 1977, Gray
"and Stroupe, 1978) and 0.9 X 100 Pd"ls"'1 (Xoren, et hal.,
1982) or 1.5 x10% M-1s"! (Reed, 1977) for BSA. A higher
7 y-1g-1

value, 8 X 10 , has also been reported for BSA

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

unimolecular steps (Faerch and Jacobsen J., 1977, Gray and

Stroupe, 1978, Koren, et al.,- 1982) éorresponding to
intramolecular rearrangement. Rate constants for these
steps have been reported to be in the range of 3.8 to 40
s=1 for a two step rearrangement (Gray and Stroupe, 1978)

and 0.32 to 48 s™! for & four step rearrangement (Faerch

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

BSA are also rapid. However, changes in light spectra have
been, observed up to 8 minutes after addition of the albufiin

(Jacobsen J. and Brodersen, 1983).

6) Bilirubin Binding Site on Albumin

The location and identity of the amino acids forming
the primary binding site for bilirubin on albumin are not
yet known. However, during the last few years research in
this area has been very active and mgny significant

discoveries have been made. "
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Ggisow and Beaven (Geisow and Beaven, “1977)
divided BSA int; three.- large fragments by peptic
digestion. When complexed with bilirubin, two fragments
corresponding to the N terminasl of the protein, retained
CD spectra similar ta th;t of native BSA-bilirubin complex.
The third fragment, corresponding to tpe carboxyl terminal,
did not show this similarity. This strongly suggests that
the primary binding site for ‘b&lirubin on albumin is
situated in he portion of aibumin containing the N
terminal. Sjodin, et al. (Sjodin, et al., 1977) cleaved
‘ albumin with trypsin and found that a 1large fragment
containing residues 182-585 retains the capacity to bind
bilirubin. Reed et al. (Reed, et al,, 1975) subjected 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 capaeity 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. Thus, most of the primary Einding

site appears to be located in the region roughly comprising

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

the protein, Of course this does not mean that some
residues lying outside, but near by, are not involved in

the binding site, but rather that they may be of secondary

importance.
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' Uain& a carbodiimide derivative, C. Jacobsen

(Jacobsen C., 1976) coyalently linked l14C-1abelled

bilirubin to an amino group of HSA (Fig, 134).
Subsequently this labelled albumin was cleaved by trypsin.
When the peptide fragments were isolated, the bilirubin
probe was located on the fragment consisting . of residués
240 to 258, which contain's only one residue with an amino
group, namely 1lysine 239. Thus, it was concluded that
lysine 239 must be at, or near, the primary binding. site

for bilirubin on HSA.
Kuenzle: et al. (Kuenzle, et gl., 1976) modified lé4c-

labelled bilirubin with Woodward reagent to yield an
activated bilirubin enol ester, BW. The modified bilirubin

was equilibrated for two hours with albumin at pH = 7,4,

After equilibration nucleophilic substitution was initdated
\by addition of imidazole (Fig. 13B),. Subsequently the
llabelled albumin was cleaved into seven peptide fragments,
Lsing CNBr. This showed that bilirubin is attached to two
peptide fragments, that consisting of residues 124-293 and
that with residues 446547 (Gitzelmann-Cuma;asamy, 1976).
Jori, et al, (Jori, et al.,, 1980) showed that
bilirubin and/or its photoproducts undergo a photo-inducgd
covalent binding with BSA. After frqgmentatibn of ghe
resulting photoproduct, wusing CNBr, the covalently linked
bilirubin was found in g peptide with an amino acid content
clgsely related to peptide fragment 187-397 of BSA. In

/

contrast, Hutchinson and Mutopo (Hutchinson and Mutopo,
1979) used CNBr to fragment HSA ,previously labelled by

p ,
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FIGURE 13
" COVALENT BINDING OF BILIRUBIN TO ALBUMIN

A) Jacobsen, 1976
B) Kuenzle, 1976
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photocovalent binding to 3H bilirubin. They found that 623

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

-

125-297,

C. Jacobsen (Jacobsen - C., 1972) showed that
chemical modific;£ion of 10 argininés of HSA with 'glyoxal
or of 2 histidines with diethylpyrocarbonate or of 8
tyrosines with tetranitromethane, results in a Qecrease of
the binding affinity of HSA for bilirubin. Complete

modification of the tryptophan and cysteine residues, as

wéll as of 10% of the carboxyl groups and of 22 of the

amino groups does not change the binding affinity. In all
cases, the tertiary structure of albumin is not
significantly altered as a result of the modification. It

was concluded that that arginine, histidine and ‘tyrosine

are involved in the high affinity sites of bilirubin while -

ltryptophan and cysteine are not. No firm con;ldsion 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 1lysine
residues with dansyl chloride, and by trinitrophenylation
with picryl <chloride or 2,4,6-trinitrobenzenesulphonic

[
acid, that at 1least two different lysine residues are

b

involved 1in the primary binding site of HSA. It is

significant <+that the binding affinity of HSA modified by
these reagents, in the presence of bilirubin, remains
unchanged. This implies\that, wvhen bilirubin is present,
these amino acids are protected fpom reagtion with these
reagents. In the absence of bilirubin, the reagents used

~
1
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actuall} modify the residues involved in the bilirubin
binding site.

Based o; evidence obtained by CD and ORD spectroscopy,
Blauer and coworkers suggested that bilirubin bound to BSA
or HSA assumes .a dissymmetric configuration which 1is
altered by a change in'pH and ionic strength (Blauer and
King, 1970, Blauer, et al., 1970). The ORD and CD spectra
obta}ned when bilirubin is complexed with BSA differ from
those with HSA which suggests that, in spite of the similar
amino acid sequences and conformations of the proteins, the
binding of bilirubin to HSA is slightly different from the
binding to BSA (Blauer, et al., 1970). This was confirmed
by Lee and Gillespie (Lee and Gillispie, 1981) who
suggeéted. on the basis of evidence obtained by
fluorescence spectroscopy, tha} bilirubin is buried more
deeply within thel HSA molecule while that bound to BSA
results in a more open conformation of the bilirubin

molecule which is also situated closer to the surface.

THE PRESENT STUDY

This thesis is divided into six chapters and 1is
concerned mainly with the study of new adsorbents for use
in‘either hemoperfusion devices or by direct ingestion.

Chapter I is a general introduction. The possibility
of using a commercially available insoluble, <crosslinked

polyvinylpyrrolidone (PVP) as an adsorbent for bilirubin

has been investigated and is compared with the adsorption

48
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behaviour of cholestyramine in Chapter II. This-study was

based on the results of Ploussard, et al., (Ploussard, et

al., 1972) which suggest that soluble PVP interacts with
R

bilirubin.
’ One of the best adsorbents tested previously is
immobilized  albumin. The major limitation of this

adsorbent is a°low capacity which arises from the fact that
albumin is a large protein, molecular weight > 66,009, and
can bind Dbilirubin tigptly only at two high affinity
binding sites. Thus, the possibility of preparing improved
adsorbents by mimicking the binding sites for bilirubin
with small peptide pendants immobilized onto a suitable
solid polymeric matrix has also been investigatéﬁ and 1is
presented 1in Chapters III and 1IV. Chapter III considers
the adsorption of bilirubin by polystyrene divinylbeénzene
(Merrifield) resins onto which single amino acids have been
attached as pendants. A systematic study of the adsorption
of bilirubin by small peptide pendants consisging of
several different combinations of amino acids synthesized

onto a water swellable polyamide backbone is presented in

Chapier IV, Sequences consisting of the amino acids
lysine, arginine, tyrosine, and histidine have been
immobilized onto this polymer matrix. The choice of amino

acids is based on the work of Jacobsen éJacobsen c., 1972,
1974, Jacobsen C. and Jacobsen J., 1979), which suggests
that these amino acids are involved in the primary binding

.site for bilirubin on albumin.
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presence

by the polyamide resins,

@

" Comparison of the binding affinities of these polyamide

resins and of serum albumin was tested in studies of

desorption of bilirubin from the polyamide resins in the

of albumin and by studies of the adsorption og

bilirubin by these resins from bilirubin-albumin solutions.

These results are presented in Chapter V., Chapter VI deals

with the binding constants for the adsorption of bilirubin

These chapters are followed By a

summary of the contributions to original knowledge and some

.

suggestions for future work.

Appendix I describes the equipment and the reaction

schemes used for the synthesis of the peptide pendants on

the polyamide resins, Appendix II deals with the

experimental data used to draw the figures shown in the

preceding chapters, ,Part of this work has already been

three reprints are given -in Appendix

’

published and the
I1I. ) .
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CHAPTER II
ADSORPTION OF BILIRUBIN BY
POLYVINYLPYRROLIDONE ‘
AND

CHOLESTYRAMINE

. =




P

INTRODUCTIOR

The first adsorbent for bilirubin investigated in this

study was polyvipylipyrroclidone (PVP) [II]. The choice of

--ng,?--n”
Ce0
i
N.
. H,eT e A
- N/

, (II]

this adsorbent was based on a prev;ou;v%eport by Ploussard
et al (Ploussard, et al., 1972) of a "red shift” in the
visible spectrum of bilirubin as well as the protection
against photodegradatio; obtained upon addition of water-
soluble, i.e., non-cross-linked, PVYP to an aqueous
bilirubin solution.

In this first series of experiments, insoluble, cross-
linked PVP vas used instead of the soluble, non-cross-
linked polymer used by Ploussard (Ploussard, et al., 1972),
The @main advant;ge of using the insoluble PVP is that it
could be used in a hemoperfusion system where the
physiological factors that affect the adsorption of
bilirubin iA the gastrointestinal tract seem to be of
lesser importance. Hovever, dinsoluble PVP could still be
used in the éastrointestinal tract if it were required,.

The purpose of this first series of experiments is to

determine if the interaction between soluble PVP and

biljrubin 1is still present in the insoluble polymer and if

51
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this interaction is strong enough to permit it to be wused

as’ a scavenger. For the latter reason, the adsorption
capscity of PVP will be compared to that of the ion-
exchange resin crnolestyranine (Dowex~1X2)}. Chojestyracine

has alreadiy bYeen tested for 1ts adsorption capacity for
bilirubin and proved to be one of the better resins (Table

II, Chap. 1).

EXPERIMENTAL T

1) Preparation of the Resins’

Cross-linked PVP (Aldrich) and cholestyramine {(Dowex
1X2," Aldrich) were pretreated in the following manner: The
PVR was washed overnight with buffer (50°C) to remove any
trace of soluble polymer. Subsequently, both
cholestyramine and PVP were washe@ overnight with methanol,
‘twice with 1.0 M HCl (20 minutes), twice with 0.010 M HC1
(20 minutes), and twice with 0.10 M NaOH/KHZPOa (pH = 7.8 +
0.05) buffer. Finally, they were filtered, using a glass
sintered filter, dried at 100°C under vacuum and the
fraction with mesh size 100-140 was stored in a dessicator

until use.

2) Bilirubin Solutions

Solutions of bilirubin (10 mg/dl) were prepared daily
by dissolving hilirubin powder (from gallstones, Sigma) in
0.10 M NadH and adjusting to volume with KHZPOA/NBOH
(0.10 M) buffer, made weekly, to achieve a final pH of

7.8 + 0.05 and a concentration of 10 mg/dl. This stock

°
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solution was diluted with KH2P04/NaOH (0.10 M, pH =« 7.8)
buffer as required.' Solutions were kept in the dark at 0°c

and all experiments were made in a dark room using a red

light.

)
~

3) Kinetics of Adsorption and Adsorption Isotherms

The pdsorption studies were done using a speciaslly

designed adsorptzion flask, shown schematically ain Fig. 14,

It was buirlt so as to prevent formation of scratches which

encourage the precapzrtation of bilirubuin. Consequently,
the glass stirrer was placed so that 1t did not touch the
surface of the flask. In addition to the inlet neck for
the stirrer, the flask had two other necks, each of which
was stoppered with a rubber septum to facilitate the
purging of the flask with an inert gas and the withdrawal
of solution during the experiment. Before the first
adsorption the flask was coated, with
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 solutio; was
discarded, the flask rinsed with .distilled water, and
dried. Subsequently, the flask was simply rinsed with
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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ADSORPTION FLASK
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of resin to the flask. Aliquots (1 ml) wvere withdrawn at
15 minute dintervals for PVP and 30 minute dintervals for
cholestyranine. The concentration of bilirubin in the
supernatant solution was determined from its absorbance at
438 nm mpeasured with a Beckmann model 25 double beanm
spectrophotometer using the buffer solution as lthe
reference. Calibration experiments with bilirubin
solutions of known concentrations yielded a linear Beer's
law plot, in the concentration range of these studies, with
a solar extinction coefficient of 4.44 x 10% 1 mole-! cm-1,
The amount of bilirubin adsorbed was obtained from the
difference 1in concentration between the initial and final
bilirubin concentrations.

For the studies of ‘the kinetics of adsorption a
continuous flow system was used, The solution was
withdrawn from the adsorption ffask, entered into the
bottom of a 1 mm spectrophotometer flow cell, withdrawn
from the top of the cell by a piston pump and returned to
the flask. Glassntubing was used throughout except at the
connections to the cell, pump, and flask. Corrections were
made for the‘rate of loss of bilirubin in the absence of

adsorbent.

RESULTS

Ly

1) Effect of Soluble PVP on the Bilirubin Spectrum

Preliminary experiments were first made to verify the

report of interactions between bilirubin and PVP made by
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Ploussard et al. ‘(Ploussard, et al., 1972):\ When PVP was

added to aqueous biliruban solution, pH = 7.8, at a weight
ratio of bilirubin:PVP of 0.5 the absorhance paeximpum,

A shifted from 435 to 420 nno, i.e, a "blue shift”

max?’

‘rathér than the reported "red shift" was observed (Fig.

Rsaf =
154). However, when the weight ratio of bilirubin to PVP

was decreased to 0.05, a shoulder appeared at 460 no on the

peak with xmax at 420 nm (Fig. 15A). A further decrease

in the bilairubin:PVP ratio down to 0.005 resulted in a
relative decrease ~in the absorbance at 420 nm and an
increase at 460 to give two peaks (Fig. 15B). Finally at a
bilirubin:PVP ratio of 0.0012 the peak at 420 nm was seen
only as a shoulder on the main peak that appears at xmax“
460nm (Fig. 15B), corresponding to a "red shift", This is
in agreemeni with the report of Ploussard et al (Ploussard,
et al., 1972) 'since their studies were made at a

bilirubin:PVP ratio of leo’“, i.e., under conditions where

the peaks at 420 nm are no longer observed.

2) Kinetics of Adsorption ‘ .

The substantial effect of PVP on the bilirubin
spectrum suggested that adsorption studies were warranted.
The study of the adsorption of PVP and cholestyramine was
begun with an investigation of the relative rate of

adsorption by the resins. The kinetic studies at 10°C

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). VWhen

- ”WW
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o FIGURE 15
EFFECT OF SOLUBLE PVP ON THE BILRUBIN SPECTRUM
A)
. [bilirubin] = 10 mg/dl
. ’ pathlength = 0.1 cm <
1 reference
2 Dbilirubin/ PVP = 0.49
3 bilirubin/ PVP = 0.05
B)
\ [bilirubin] = 10 mg/dl
' pathlength = 0,1 cm
1 reference
2 bilirubin/PVP = 0,0012
3 bilirubin/PVP = 0.0046
( . e P
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FIGURE 16
'KINETICS OF ADSORPTION OF BILIRUBIN
BY CHOLESTYRAMINE AND PVP
[bil:lrubin]initial = 10 mg/dl
wew Cholestyramine (15 mg)

= PVP (15 mg)
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PVP i3 added to the bilirubin solution, a sharp decrease in
the absorbance occurs and is followed by a levefiing off
after about 20 minutes. The completion of adsorption is
clearly defined, In contrast, the initial rate of decrease
in absorbance for adsorption by cholestyramine is less
pronounced and adsorption extends over a longer period of
time while the point at vhich adsorption is complete is

difficult to assess,

3) Adsorption Isotherms

On the basis of the rate studies, adsorption isofherus
at several temperatures vwere obt;ined as the am&unt of
bilirubin adsorbed per gram of adsorbent (Fig. 17, 18).
The amount of bilirubin adsorbed, calculated from the

decrease in bilirubin concentration, was taken after 30

k]

minutes of adsorption for PVP and after 90 minutb& fox'

cholestyramine. It appears from these isotherms thathno
improvement in the adsorption capacity conmpared.to that of
cholestyramine 1is obtained with PVP, Furthermore, while
improved binding capacity with increasing temperature ° is
obtained for cholestyramine, no temperafure effect was

observed for PVP. . ‘ ;

DISCUSSION R

1) Effect of Soluble PVP on the Bilirubin Spectrum-

The red and blue shifts observed in the absorption
spectrum of bilirubin as a result of the addition' aof

soluble, non-crosslinked ~PVP ' indicates a definite
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FIGURE 17
ADSORPTION OF BILIRUBIN BY PVP
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FIGURE 18

" ADSORPTION OF BILIRUBIN BY CHOLESTYRAMINE
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intersction. .The existence of two differeat upitta.'F

d-piuhing on the bilirubin to PVP ratio, also suggests that

.more than one complex can be formed. . This fact was not

t

noticed in the Plou!llrd (Ploussard, et l{..‘ 1972) roﬁort

since’ that study vas-conducted s¥ a fixed bilirubin to PVP

ratio of 5 X 10", i.e., under condit{ona‘vbero the blue
shift 4is no longer detectad. It is 1nlorolt1ng to aote

that the tvo new X___ obtained ere assentially identical

" to the gsin pc.ka°obtuinoi§upon irradiation of bilirubin

vith visible light. Pr;vipus reports on the use of PVP as '

o

an adsorbent in chro-aiu.rayhy of .phenolic colpouiﬂl ‘and
aromatic -gid- (Cliffdrd; 1974, Olaaqy and Ssmuelsop, 1974,
Plaizier-Vercammen and de Neve, 1982) or for various drugs
. (Horn and Ditter, 1982) indicate that binding to PVP. is

generally the result of a H-bond forsation, ,presumably to

the Ca0 function on’the PVP. Thus, it is possible that PVP

has the same effect on bilird&lé as does iight. 110‘.
_‘gilruﬁtion of‘ sdue of' th; .bilirubiu intrswolecular
‘hydrogou bonds, The shift in le;lnl to long;r,vavoloultf
:npon additionjof soluble PVP is niqo similar to Fhu lhift
in the absorption --xi-;q of bilirebin to 460 nm obtained
upon  addition. ;f  albumin, Upoan bindiag to slbumin
- bilirubin asssumes s dissyuuecrté conformation (Blaver and

King, 1970, Blauer, et al., 1970) vhich once ugain vould:

involve breaking the hydrogen tonds and a rotatios of the

chromphores relative to esch other. . C
. " v‘x\y
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2) Kinetics of Adsorption and Adsorption Isotherms ’ N

f}xe differences in kinetics and temperature dependence

of the ahaorption of bglirubin onto cholestyramine and onto
| crosslinked PVP indicate different adsorption. prdcesses.
PVP is more wster svellable ' .than .cholestyramine wgich
in spite of having charged functional groups, does not
- swell extensively 1p‘vater as a result of igs hydrophobic
‘ﬁo;ystﬁrbne backbone. .Thus, access and diffusion to the
binding sites should b;7§2ﬁanced in PVP as compared to
chole;tyral;ne. 'ﬁovev;;zd the adsorptioq capacity for
bilirubin 1is higher for cholestyrahine 'thaﬁ for PVP,
Unlike PVP.~cholestyraniﬁe has’ a cﬁérged'side chain, namely

a quéternarl ammonium group, It is likely that PVP forms

hydrogen bonds with the veakly acidic protons on the
2 .

bilirébiu lactam rings while cholestyramine form str&nger_'

. ~

s;lt linkaggsﬁbith the bilirubin carboxylic acid groups.
* 'Alihough insoluble, crosslinked PYP adsorbed some
bilirubin, its adsorption Gépﬁbity-is only approximately

one half that  of the ,reference resin, cholestyramineé,

-

Hovever,  PVP is favoured k}net@call;iéglce adsorption of
bilirubin reaches saturationoin a few minutes. At short
times, PVP a@sorba'l;re bilirubin than doe: cholestyramine.
This could be an ilb?rtant factor if the resins were used
- in” a col;ln for p;rfusion; since during a perfusion the
contact time getveen ;he-bllirnbin and the' adsorbent would
be relatively brief. A resin. adsorbing -ore‘rapidely could
then well be n&re efficient than one with higher* capacity
but slover‘kinetics. ﬁgneth?lesi.’in‘order'ts maxipize the
: . " /

~ .
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, ADSORPTION OF BILIRUBIN BY MERRIFIELD RESINS
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As discussed in Chapter I, transport of bilirubia in

J;hé body becomes po.ilble ~a8 8 result of binding to

albunmin. Each molecule ,of HSA is known to bind tightly

two molecules of bilirubin. This information vas used in

" seeking ' to dcni;nq~ghd%iintbo-1zo a special sorbent for

bilirubin,  Instesd  of nnoul}uixg the entire HSA °

-olecule.‘vith a moleculsr veight gteater then 66,000, onto’

a’ suitable -support it vas decided that attempts would Dbe-

k3

pendants consisting . of sequences 9f smino acids. Since

bilitubin;inierncto with the amino acids in albusin, “thcrg

-

is @& strong pos;ibiljty othni‘if.cin siso do .so with

€

1‘-obiliicd amino acids.

For. the purpose of this study it was assumed that the

primary structure, and maybe the secondary ‘stucture, of:

albumin play the msjor role in the bindfig of b}lirubinf

Ady contribution fros the tertiary structure, which camnot

be represented with small peptides, vas ignored even though
it }s‘recognised that tertiary struéture of a protein plays
& role, in the bfnding of.--alllligand- to ,thaﬁ proc;iu.
Due- to the unusually high confori;tibnalﬁlletlbility of

serum albumins and the possibility that the binding sites

" are not preformed (Karush, 1950) it vas expected that small

peptides, mimicking the binding sites ressonably ,viil.

couidystill be synthesized. .

L

65

"-adg to synthesize,. ‘onto a ‘suitable po;j-er b;ckboue.
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T As @ starting #o*%t single amino acids wére aéinch‘ﬁ/{\‘
to ."Merrifield rétin . (a chloromethylated ‘or
) * hydroxymethylated polystyrene divinylbenzene. resin) . ' |
“ R {

’ (Hc;rifieid, 1963).'\Th;‘aéino acids to;be tested included
th; four awino acids, srginine, lysine, hint;dine. and
tyrosine, p}opoied bi'Jicobsen (Jacobsen C., ’1972. 1975, ; d
Jacobsen C. and Jacobsen J., 1979),' to ;e active in thé ‘
binding of ,bilirubin to alﬁﬁlin.\ as vell as some other
ayin; acids vith uncﬁarzed R gr&npn'(Fig. 19). '

%

- = ' EXPERIMENTAL
. ’ - . ' ‘ ;
. 1) Synthesis of the Protected Amino Acid ¢ . ., .

A series of ;arbanfl wvas prepared by cheu{ﬁally
attaching single amino acids to the Herrifi;ld reain.g For
this synthesis the gQiaq acidl, lysine, histidine and * .
* *  tyrosine were protected at-the or-amino group and -at the
reactive side chai; group with the ter-butyléxycarhonyl (i;
BOC). Arginine was‘protected only at the Q-amino group and
" purchasad ss such from Sigma. . , . o I
'P}otected amino a;idt were synthesized fro-'th34-qno-
BOC amino acids (N-o-t-BOC-L-histidine,  N-a-t-BOC-L~
tyrosine, Sigma) Ar féo- the unprotected amino acids (L~
.~ histidine HCl, JL-lysine HC1, Sigma) by adding di-tere-
\ butyl-dicarhonatﬁg (lblaeguivalent for the mono-BOC and 2.2

equivilent for the unprotected amino acids) to & solution

of tpb amino acid (1 equivalent) and triethyiinine (1-2
" equivalents) (HC&BS‘nné dimethylaminopyridine (2.4 mg/mmole

i
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. of amino acid) (Aldrich) in dichloromethane for the mono-
BOC or 50:50 water peroxide-free dioxane for the
unprotected anino acids. The reaction occurred under N2 at

room temperature and was' allowed to proceed for 18 hours.
!

The bis-BOC amino acids were isolated and purified -

using the following procedurés:
From unprotected amino acid

~ The Jwater/dioxane solution containing the. bis-BOC
+ amino acids was washed with vater (15 ml) and
ethyl acetate (20m1)

~ The aqueous 1ayer was washed with ethyl acetate

(20 ml).

. > ! ’ 3 !
.~ The aqueous phase was acidified with citric
-aéid (1 3/20 ml). ’

1

- The bis—BOC amino scids were extracted with ethyl

acetate (3 X 20 ml1)-" .

t

- The, ‘combined extracts were washed with water
(3% 10 ml), dried over MgSO4, and, filtered.

- The solvent vas evaporated using a rotary
-evaporator and the Bis-BOC amino ac1ds were dried
overnight under vacuum. . :

- - v H ‘
i .
b . . f‘n

From mono~BOC » ' S : -

- The organic phase was washed vith g citric acid
-solution (5%, 3 X 10 ml) and ‘water (1-X 10ml).

- The organic phase was dried over MgSO filteréd.
the solvent was evaporated, and the bés-BOC amino
acids were dried under vacuum.

Samples were identified by'H1 NMR and ‘their purimfuwas
checked by TLC,

' «®

2) Grafting ég the Amino Acids onéo the Merrifield Resins

y The protected amino acids were attached to eithér the

M «

s O o N, ‘_' - .
chloromethylated resin, in the case of tyngain&, arginine

ano

O Ly
- ) \
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and lysine, or to the hydroxymethylated resin in the case
of histidine. To attach the amino acids to the
chloromethylated }esin, a solution of the amino acid (1
aquivalent per equivalent of Cl present) in absolute
ethanol (2 -5 ml/g resin) was added to the resin,
~ Triethylamine (0.9 equivalent) was added and the mixture
“was refluxed at 90°C for 24 hours (65 hours in the’case of
arginine). Thé resin was then washed (3 X 10 minutes) with
absolute ethanol, water, methanol and dicholoromethane.

To attach histidine to the hydroxymethylated resin
(Bachem), bis-BOC~histidine (1 equivalent) was added to an
E;lenmeyer flask containing a solution of 1-
hydroxybenzotriazole hydrate (HOBT)(l.2 equivalent) in d;y
tetrahydrofuran (2 ml) and dichloromethane (15 ml) at 0°C,
Dicyclohexylcarbodiimide ' (DCC) was added and the mixture
was séi(red 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 NZ at room temperature, for 60

hours. The resin was washed (3 X 10 nminutes) with

dichloromethane, absolute ethanol, " water and

dichloromethane., Merrifield resins with proline, glycine,
phenjialanine and asparagine pendants were purchased from
Sigma as the N-t-BOC-amino acid ester.

The attached amino acids were deprotected by stirriné
the resin ‘in trifluoroacetic acid (TFA) (40Z in
dichloromethane, 40. migutes) and neutralized with

triethylamine. The resins were then thoroughly washed with
&

dichloromethane and ethanol. The presence of the amino

69
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acids was tested using the picric acid test (Gisin, 1972).

3) Adsorption Studies

The Merrifield resin (~60 mg) was added to the
bilirubin stock soiution (25 ml) in a stoppered flask. The
suspended resin was mixed by inversion and left to stand
for 30 minutes. The resin was filtered, vashed first with
buffer and then with dichloromethane. Presence or absence

of bilirubin was judged from the colour of the resin.

RESULTS

1) Adsorption Studies

For none. of the amino acids immobilized onto the
Merrifield resin was sufficient adsorption obtained ¢to
cause a measurablg decrease in the concentration of
pilirubin in the adsorbate solution.‘ However, since
bilirubin is highly coloured, qualitative observations were
pogsible based on the colour of the regin after waéhigg

with CH C1, (Fig. 20) (Table V). A yellow colour was taken

2
as an ‘indication that' sorption of bilirubin had occurred
while a white resin indicated a lack -'of or 'a wveaker
interaction. Twé resins, one with lysine and the other
with arginine pendants, showed colour with the latter being
mor; intense. It is of interest to note that lysine and
afginine’ are two of the four aminoc acids proposed by
Jacobsen to be located at or near the binding sites of HSA

for bilirubin (Jacobsen C., 1972, 1975, Jacobsen C. arnd

Jacobsen J., 1979).
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FIGURE 20 g
COLOUR OF SOME SUBSTITUTED MERRIFIELD RESINS
AFTER THE ADSORPTION OF BILIRUBIN
A) Arginine Containing Resin
( B) Unsubstituted Resin ’ <
C) Glycine Containing Resin

D) Lysine Containing Resin
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, TABLE V
. . ‘ .
AMINO ACID CONTAINING MERRIFIELD RESINS )
FOR SORPTION OF BILIRUBIN
R Group Status
Amino Acid at pH of 7.8 Colour
.no acid
(fesin only) no charge wvhite
Lysine positive chi¥rge yellow
Arginine positive charge yellow
- 3 - 4
Glycine no charge white‘
Histidine no charge . white -
_Tyrosine no charge vhite
1
Asparagine no charge white
Phenylalanine no charge\ white g
# . » -
Proline no charge white
4
7]
\'
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These qualitative observations indicat’e ‘tsnt ghc
preseace of suitable amino acid pendants on the resin cni
result in strong interaction with bilirubia. Both, the

Iyuiic- .and the ariiuine-containing resin,’ retained a
" significant amount of yellow colouration even efter washing

with Cﬂzclz. ‘The failure to adsorb larger quantities of
bilirubin appeared to result from poor contact vith the
fesin;‘ with

alisorbate solution. It

14

immobilized amino ‘acids could give good adsorbents provided

voulg seem that

that water vettability could be obtained. Attélpt; vere

,made to achieve better wettability $y°1ncrclling the length

of the amino acid pendants, Pendants cén:ilfing— of

Argltla6; Arng}aG, - Ar;lllug. and

%W  benzyhydrilamine resin écr; synthesized, hovever,

vettability vas not improved and no'vi;lble improvement in
the sdsorption vas obtained..

DISCUSSION
1) Adsorption Studies

"&diofptioa of bilirubin by the Merrifield resins with

lysine or :arginine asems to qoafirl Jacobsen's ostulate

(Jacobsen C., 1972,

1975, Jacobsen C. and Jacobsen J,,
and arginine must be at or near the

Of all the

1979) that
{"FTB@{Bn ‘site for bilirubin on serum albumin,

amino acids tested in this p;rt of the study {which

lysine

included all the amino scids proposed by Jacobsen as well

as some other uncharged amino acids), arginine ;uﬂ lysine

73

L4

Arg,Alag on - 'y

:
o Sy itries . 12 s eniSir o, 1 sy S L b vt o £ ey
2 . 3 B . P PR

i -

"‘1' )




= A=
u -

[

. -

N > L P
s . N . -
e S Nl a1 o Ay o e $P At T O S @ s

2

[

vere the only tvo showing a-de;oct;blo ‘intecaction ‘with

bilirubin. Arginine and lysine are also the o;}y tvh\a-ino
acids ' vith -a charged side groub at & pH of 7.8.
Furthoraoré.v_bilirubin }s knovn(té efist as a dianion ';n

aqueous agiut;on at this bﬂ.~ Consequently, it isipoésible

that a salt linkage is formed betﬂeen the carboxylig icia,

-j>groups of bilirubin and the poaitiiely charsed‘k group of ' . -
amino @acids and

- the is responsible for the observed

interactions. The R groups of the other amino acids are
not ionized at a pH‘of 7.8, ‘Thu;, they asre unable to form
salt linkages. Howvever, tye lack of a detectah{e colo; in
the resins containing these gqmino acids cannot be taken as

indicating no interactions with bilirubin,

14

gince ‘the
';ossihility of veaker interactions than °salt linkagé{
N still fela;na. These interactions could take place at the
o#apind‘group which is also charged for all the resins.
Hydrogen bonding: hydrdphobic interactions, and/or Specific ' .
hou-ionié interact?on with th; R groups, can also be
‘possibie. ' - . “ R
preference an interaction

v ) The of bilirubin to form

"with’ arginiﬁe and . lysine tg in agreeﬁént with the - -
.ohservation of Jacoisen (Jacobsen C., 1972, 1975, Jacobs;n |
C. and Jacobsen J., 1439)—and the recent redtaéover} of 0- .
" bilirubin (Wu, 1984). The wpqx"esence, of “this .bilirubin
" covalently ‘linked to albu;in in the sera of. jaundiced
. infants was demonstrated by‘Wﬁ. It vas suggested:ghat_ o-

) bili{ubin ‘is bound throygh an amide bond- between the

’ bilirubin COOH and one of thé.aninp actd NHz's on the

z 74
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" albumin (Wu, 1984). It is, thus, quite likely that an 1a-

vivo interaction occurs. between fhe R group Nﬂé of - cortuin 
amino acids and ﬁllifubin;’

The Herriﬁielq resin provided a first indication that
iilobili;ed amino agids ha;e some potential as sdsorbents
for bilirubin, Cl;ariy. even ifw%ilirubin cani@e adsorbed
by these materials, the 'a!punt of ndaorption- is

insufficient to justify the replacement of cholestyramine

A 4 PR
- by the Merrifield-amino acid resins. Nonetheless, the

observed differences 1in '1nter-ction that reasult vhen
,differeﬁt anino_acids form the side cﬂaina proviéo stfyﬁg
evideqce‘-that At sﬂould be posuibla to prepare a -Arbcnt
that has a high capacity/gnd perhaps éven specificity, for’
bilirubin.ﬁy appropriate seldction'of the polymer bnckhoq;

and of the amino acids on the peptide pendants, .

&

¢
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- : INTRODUCTION

The ad;orption of bilirdbin, albeit.dn very smsll

anounts, by the arginine-Mefrifiefﬂ and lysine-Merrifield

resins 1is an indicationr that these two amino acids may be

kuseful in forming ; good adsorbent, Cloorly. the.

hydropnqbic nature. of the Merrifield resins offers & strong

. impediment to good adsorption from aqueous solution.

Furthermore, it seems quite possible that the pendant amino
acids. which were sattached in the preoence of organic
solvents that cause the resin to swell. lie burieq within
the polymer beads and inaccessible to the aqueous biliruhin
solution. _

"In this part of the study of the adsorption of

bilirubin the use of a water-swellable "polyamide™ resin

'wiil be presented. -The amino acids uoed"predoninently'*on Y
the active portion of the pendants are arginine and lysine.

However, since interactions with other amino acids cannot

be ruled out COnclusively on the basis of the studies of

the Merrifield resin,l adsorption by resins containing

histidine and tyrosine. the other two amino acido propolod'

by Jacobsen as being involved. in the binding of bilirubin

by albumin, will also be studied. The pqndants grafted

‘onto the 'polyamide resins w%ll be composed of various

series of amino acids to provide a systenatic study of the

eﬁfeét of various factors such as charge density, length of

the . pendants, distance between the active amino acids and’

the polymer backbone, and distance separating the different

-
Ed
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active amino acids vithin a'ncnd.ut.

L )

EXPERIMENTAL
i)‘ Synthesis gg,gg; Pendants-on the Polysmide Resins

A polyamide ‘resin (Chemalog), which is s water

swellable copolymer of dimethylacrylamide and N-acryl-l,6- .

diaminohexane Eeticqlated vith bisacrylyldiaminoethane

(142) .(Fig. 21), w‘i used as the polymer backbone onto

vhicy the amino acid pendants vere synthesized. The fitlt.

amino acid of the pendgnt vas attached directly to the’

resin NH, groups vil’tye ;-1no acid COOH group thus forming
‘; amide bond; A trialsanine "iptcer” portion was always
included next to the ;oiyiqr backbone to extend the active
ugit and so ‘lk. it more accessible for sorption.

The rcactioﬁ scheme for the cynthosi; of t?c pc;dnnta.

onto the polyamide resin is given in Appcndix' I. The

synthesis of the peptide pendants vas achieved using a chi

model 250 aytomsatic syhthe‘i;et‘(ApPendig I) according to

one of the aequcnq;s given in Appendix: I, » The dfffercpt

- schemes correspond to i-prove-enti in the wvash cycles as

more syntheses were completed.

The resin was first swollen in dichloromethane and the

v

hydrochloride salt =~ wvas diupi-ccd with 402
diiaop}bpylgthylalinc (DEA) J in dichl;rnlethune ’=(30
l}nntgs), Fully protected ahi;o icidn, N~0&-t -BOC~L-
slanine, N-G~t-BOC-2-bromo-CBZ-L-tyrosine, N-a&:-Béth-é—

2;6fdichlorochZ-L-lysine, . N-Q~t-BOC~N-im-tosyl-L~_ .

77
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(Functional Groups)

4

eeCHe=CH.~=CH-w «eCHe=CHo==CHeeCH.==CH~=
(I:H Cﬂz ?H Cﬂz (':H CHZ (i'. CHz (l:H CH

-CH,
C=0 C=0 ?-o G=0 C=0
AN b I
H.C CH, H CH 77276 H.C .CH ih272
3 3 3 3 > 3 .
3 ’ |
c1~ ? ?.o
~CH 5 =~CH~~CHy==CH-~CH y=~CH~~CH, ~~CH-~CH--CH-~CH
?-6 Ce0 C=0 C=0 C=0
N o N B
(CH,) (CH,,)
HaC. CHy HoC  CH,y 1726 H,C CH, i 2.6
g NH, NH,

c1~

c1”

2
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histidine, and N-0~-t-BOC-N-w-nitro-L-arginine wefé:dﬁfained
from Chemalog. The symmetrical anhydrides of the amino
acids used as the active intermediates in the .coupling s;eb

(Wiland, et al., 1973) were obtained by mixing a solution
of two equivalents of the amino acid in d;ehloro&ethane or
tetrahydrofuran (for arginine) with one"equivaleqﬁ of N-N'-
dicyclohexylcavrbodiimide (DCC)(10%2  in  CH,C1l,).  oThe

reaction occurred at 0°C for 20 minutess Upon completion of

1Ehe reaction the dicyclohexyl urea#obtained as ayby—product

was filtered off and the filtrate containing the reactive
intermediate was added to the resin.
Upon completion of’ the coupling step the -amino

groups were deprotected wgth 40% trifluoroacetic acid

o

(TFA), neutralized with 5% DEA and washed. The next amino
e o

acid was added and the synthesls sequence was repeated.

Completion of the <coupling step and deprotectiog; were
o % ot

v

checked with the ninhydrin test. ' !

-

The sorbents were synthesized in different batches. 'To

obtain the various pendant lengths in a given batch, part

of the resin was withdrawn when a given sequence length-was .

complete. The synthesis was resumed with the remaining

sample. After the last amino ‘acid in the désired seﬁuence

S

had been introduced, aeprotected, neutralized and washed,

the resin was washed a last time with anhydrous ethyl ether

and dried overnight under vacuum.

The R groups were then deprotected by treatment with

L4

anhydrous HF (Sakakibara and Shimonishi, 1965). The re§{n

was introduced into. the reaction flask of the HF 1line

5
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(Appendix I). Next, one ml of anisol was added and the
flask was securLly screwed onto the line, The reaction
mixture was cooled with liquid N2 and HF (15 - 20 ml ‘:per
graﬁ of resin) wa; distillea in"the reaction flask. The
mixfure was warméd to 0°C while the resin was stirred with
a magnetic stirrer to ensure thé complete penetration of
the resin by HF,. " Once the HF had melted the stirring was
kept to a minimum to avoid grindiné the resin. Afterqo;e
hour the HF was evaporated, the resin was washed with

anhydrous ethyl_  ether, dried under vacuum and kepq/inf a

vacuum dessicator until use.

2) Amino Acid Analysis

Comp}etion of each coupling step and deprotection of
the «=~amino groups were checked with the ninhydrin test
which can detect less than 1% of free NH2 (Kaiser, 1970) so
that .a minimum ;f 99Z completion of each coupling step is
indicated. Hence, for the longest pendant, consisting of 8
amino acids, at least 937 of the pendants should have the
complete, correct sequence (Meinhoffer, .1973). A" recent
study on the efficiendy of ‘the solid phase peptide
synthesis (Sarin, et al., 1984) reveals that even under
less than optimal conditichs, the concentration of deletion
peptides, 1i.e., peptides missing one residue, is less than
1Z, and, by forcing the conditions, it can be reduced to
less than 0.052. Furthermore, -efficiency is not affeéted

as the peptide chain is lengthened. Nonetheless, an amino

acid analysis was obtained, from the laboratory of Dr. S.A.

80




St-Pierre, Department of Pharmacology, Centre Hospitalier
Universitaire de Sherirooke, "for the resin containing the
Arg,Ala, pendants. The sample was submitted to hydrolysis
in 6 N HC1 for 20 hours at 110°C uﬁﬁer vacuum, Upon
completion of the hydrolysis the HClbwas evaporated and the
amino acids were lyophilized. The residue obtained ‘waé
dissolved in a citrate buffer (pH = é) and analy;ed with a

‘

Beckman 119 CL amino acid analyser, |

3) Adsorptioﬁ Studies 1’
- ;

For the study of the adsorption of bilirubin by the

polyamide resins, bilirubin solution at an appropriate

concentration, prepared as for the studies of adsorption by

PVP (Chap. iIJ, was added to an accurately veigh?d amount
of the resin (~]10 mg) contained in the ’édsorptign flask
(Fig. 14). The f;gsk was placed in an ice water bath and
purged continuously witﬁ nitrogen. For the study of the
kinetics Sf adsorption, aliquoté (0.5 ml) were withdrawn at
"desired’ times. To obtain the adsorption isotherms, only
ohe' aliquot was withdrawn at 60 minutes. ' The bilirubin

conceéntration was determined as . for PVP and

cho;estyraminé.

1

4) Adsorption in the Presence. of Competitors

Adsorpti;n of bilirubin by rpolyamide resins with
pendants of ArgSAla3 and ArglAla3 was also studied 1n~ the
presence of arginine (bilirubin to arginine ratio = 1/4 to*
1/7). The ;rginine HC1 (Sigma) was added, either to the

resin (10 mg) before the bilirubin solution (5 - 10 mg/dl,

81




25 ml) was added or directly to the bilirubin solution
befo;e it was added to the resin. In the latter case, the
bilirubin-arginine solut}on wag stirred for 15 minutes
before it was added to the resin, In both cases adsorption
was carried out in éhe usual maﬁner once the three reagehts’
were present.

\Acetyl salicylic acid (10 - 13 mg/dl) was added to the
polyamide resin with ArgSAla3 pendants.(io mg) while wurea
(20 mg/dl) and creatinine (10 mg/dl) were added to
polyamide resin with Arg;Ala, p;ndants (10 mg) before
addition of the bilirubin solution (10 mg/dl, 25 ml). VUric
acid‘(mg/dl) was dissqolved in a small amount of 0.10 M NaOH
and added to a bilirubin solution (10 'mg/dl). This
solution (25 ml? was added to polyamide resin with.ArglAla3

pendants (10 mg). Adsorption was carried out as usual.

RESULTS

1) Amino ﬁ;;g_Aﬂalzsis

'The recorder 'trace from the amino acid§ analysis
confirmed the presence of arginine and alanine. The area
under the éeak for each these acids were compared to tﬁe
“area’ under the corresponding peak of reference sample
containing a known and equal amount of these two acids. A

ratio of 2.8 alanines to 2 arginines was obtained as

compared to the expected ratio of 3 to_ 2.

t
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2) Kinetics of Adsorption

Preliminary experiments showved that the use of a
polymer with water swellable Sackbone greatly increases the
adsorption ;:;acity as colpaw;d tq that of the hykrophobic

Merrifield resins. To determine the time the polyamide

resins should stay in contact with the bilirubin solution

] [

before  adsorption  could be considered complete  the
adsorption of bilirubin was followed as a function of time
for the polyamide resins with pendants consisting of
A;glAlas, ;r32A1a3. and Ar35A133 (Fig. 22). Adsorption is
rapid during the first 15 minutes but then slows down. A
small continuous decrease in absorbance between 60 and 90
minutes suggests that adsorption is -aintlineqnia a slow
procesé after the {nitial burst. However, theachange in
absorbance reading as a funcéion of time is very small, not
significantly different fro; experi-enial error, and may
well reflect loss of bilirubin due to factors other than
adsorption, e.g., oxidation or deposition on the'ltirrer
and flask. Thus, (for further stuéies. adsorptipn v;s

considered complete at the end of 60 minutes.

3) Adsorption by thé Polysmide Resing ' : .
3a) Effect of pendant ‘composition )

All of the pol;anide resins incorporated an A133-

polyamide structure as the starting point, To establish a

reference ‘point for comparison ' of adsdrption\

. )
characteristics, isotherms vere determined for the

adsorption of bilirubin by the unsubstituted’ polyaiide

s ¥,
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FIGURE 22
KINETICS FOR THE ADSORPTION OF BILIRUBIN
BY THE POLYAMIDE RESINS

0 A—rgs\Ala3
O ArgjAlay
a Atg1A1a3
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resin and by the Alag-polyamide resin at 0°C.  Figure 23
shows the amount of bilirubin per equivalent of pendants,

adsorbed after 60 minutes, plotted as a function of the

 final equilibrium concentration. The adsorption capacity

of the polyamidg’resin is not significantlylvincreased by

the addition of ;he’trialan&ne spacer. This might be -

expected since the unsubstituted resin already has NH2' as

functional groups which could be considered similar to the

terminal -amino groups of the trialanine spacer.

4

Acetylation of the terminal -amino groups of the

k) - . - .
trialanine spacer reduces the adsorption capacity’ of the

. A1a3-polyamide to less than‘one half (Fig. 23). This is a

good indication that the «-amino groups tontribute
sgbstantially- to the adsorption of biiirubin by the
polyamide résiﬁs. However, there 1is some residual
adsorption which may’be attributed to adsogftion Sy the
polymer backbone oxr, perhaps, to a loss of bilirubin. by
ééme process othgr than adsdrp;ion B§ the resin.

Also included in Fig. 23 for the purpose of comparison
is the isotherm, determined under si?ilaé conditipqs,’ for

the adsorption of bilirubin by cholestyramige,(éhapb I11).

On the basis of equivalents of active sites, both the

polyamide and the A133—p01yamidé‘résins have the ability to

.adsorb biiituhin in an09nts that éignificantly exceed that

adsorbed' by cholestyramine, However, because of the higher -

substitution. of cholestyramine it still has ; greatef

of sorbent basis. . ‘ . J

B
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capacity for 'bilirubin when it is expressed on a per gram
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The adsorption-isocherm% of . vartous polyamide resins, .

)

'to which were attached ‘pendants 'synthesized with the ,fbur'

amino acidq, arginine, 1ysine;’hist{dine anﬁ tyrosine were

determined at 0°C, Duplicate experiments indicate that the

lprecision of individual points is about + 10% in con&itione

' 'where adsorption is small, e.g., for the reference resins

and the resins containing histidine and tyrosine, of at ldw
equilibrium concentration (£ 2 mg/dl). For experiments in
wvhich the amounts of bilirubin adsorbed are' larger the

precision is better. Figures 24 to 27 show isotherns for

resins with the structure X Ala3—polyamide, where X is one

of the four amino acids mentioned by Jacobsen and n varies

(3

¥ 2N

from 1 to 5,

The adsorption iso;herms for the polyamide resins with
pendants containing arginine, one of the two emino acids
which showaﬁ some Sign of 1nteraction uith bilirubin when’
immobilized onto the Merrifield resin. are shown in Fig.
24, - The resin with the Ar31A1a3 shows enhanced adsorption

as compared to the unsubstituted resin ‘and the resin

b containing the trialanine spacer (NOTE. In comparing Fig.

23 with Fig. 24 the change in the scale of ‘the y. axis

should be noted). As the number of arginines.  in the

. pendant is inp:eaéed from one to two a dramatic increase in

the adsorption capactty is obtained. Hovever, no further

‘enhancement is obtained when- three arginines, instead of

tvo,, are present in the pendants. A further increase is

‘obtained in the adsorption capacity of the resins as the

pendant length is increased from three to five arginines.

'
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FIGURE 24

ADSORPTION OF BILIRUBIN BY ‘i‘HE ARGININE-CONTAINING RESINS

-~

uly

a ArglA]:a3 , '
o ArgjAla;
v Ar33A153

a ArgsAla3—
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FIGURE 25 - )

EFFECT OF PROTECTING THE R GROUP OF ARGININE PENDANTS
N ON POLYAMIDE RESINS

@] Az'ngla3
@ Arng153 Protected

'
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FIGURE 26
ADSORPTION OF BILIRUBIN BY THE LYSINE-CONTAINING RESINS

A LyslAla
O Lys,Ala

a LysgAla

3
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FIGURE 27
.ADSORPTION OF BILIRUBIN °

BY TI!E HISTIDINE- OR TYROSINE-CONTAINING RESINS
A BislAla3
. ’ o} H132A1a3
: a HisSAla3 &
. : L 4 TyrjAlaj ;
N Tyr,Ala;
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Howe;er, this .incteaae is less than the increage obtained
between the resins containing one and two argininés.

The A}32§1a3 resin was also tested with the two
ghgnido groups still protected by nitro groups but with the
G-amino groups free. Ihe‘adsorption’éapacity of this resin

is reduced to one third that of the'Arngla3 ;esin.but it

still remains slightly more active than the ArglAla3 resin.

(Fig. 25). This thaviour, like that of Ala3.pegdants with
an acetylated a~amino group which retained a capacity less
than one half that of Ala3r(Fig. 23), gives strong evidence
that the adsorptidn of bilirubin is no{ due solely to the

interaction with the R group on the amino acid pendants.

resins, the (-amino groupL{s also active.  This inqgmaétidm
> j
was not detected with the glycine—Merrifféld resin,

probably because of its lack of water swellability.  The

.‘V

fact 'thgt the arginine-Merrifield " and lysine-Merrifield
resins ads;rbed bilirpbin shows that, a; might be expected,
the intéractions with ‘the charged R groups are more
powerful. . |

The adsorbtion isotherms Af the polyamide resins
coqﬁai;img pendants with lysine (Fig. 26), the seco;d aminé
;cid showing signs of interaétion witht bilirubin when
immobilized onto the Merrifield resin, also show an
increased  adsorption capacity as‘ compared to the
unsubstituted and the trialanine containing resins (Fig.
23). . However, the adsorption capacity of the resins

-

containing .the LyalA-la3 pendants is smaller than that of

92 .
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As shown by the adsorption behaviour of these "protectedl
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the resin containing the Arglkla3 pendants. The in&rease
ip- adsorption capacity obtained when one exgraAlysine is

added to the pendants to yield a polyamide resin with a

LysZAIa3 pendant is also smaller than the increase which

vas obtained between one and two a;gfninés. Thus, the

adsorption capacity of .the polyamide containing " the

A

LybzAias pendants is smaller than the porrespondigg ‘resiﬁ,-

Ar32§133, in the arginine series. In fact, it is similar

to .the adsorption capacity.of the resin 'containing the

pendant ArglAla3. However, the resin contaiﬁang the

‘LyssAla3 pendanteyﬂ}eaks the trend of the lysine-containing

rgéins showing a lower adsorption capacity than their
arginine-iggpaiuing counterparts. The increase in

adsorption capacity between the resin containing the

LyszAlaj and the resiﬁ containing the Ly35A133 is largef

than any increase in adsorption capacity obtained

previously. Thus, although the resin containing the J,

LysSAla3 has an adsorption capacity which is lower than
that of ArgSAla3 at low equilibrium concentrations, it

becomes greater at highei equilibrium concentrations.

The adsorption jisotherms for the resins containing.

{
histidine in the pendants, an amino acid mentioned by

P

Jacobsen but which did not show -any visible sign of
. y

interaction with' bilirubin when immobilized onto the

R
Merrifield resin, are shown in Fig. 27. Although the resin
cbntaining only one histidine does not show any increase in
adsorptian capacity as comparéd to thag of the resin

containing the trialanine spacer, the other resins

o
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conttaining pendan;s with more than one histidine show some
improvement in adsorption capacity (Fig. 27). - Hovever, the
increase in the adsorption capacity is smaller than that

obtained for either the arginine- or ,(lysine-containing

resins. The resin containing the HiazAla3 pendants has an

adsorption capacity vhich ia situated"so-evheré betwveen the
" adsorption capacity of the resins containing LyslAla3 and

’LyszAlaa‘pendants vhile it is approximately similar to that

of the reéina‘containing the ArglAia3 pendants. The resin’

containing the’Hissqla3‘pendants,has a h;gﬁer capacity than
the resin containing the LyszAlaa. ‘but 1t is still smaller

than that of the resin containing the Arngla3 pendants.

The adsorption 1isotherms for the tyrouine-c?ntuining',

*

‘r;iina; the fourth amino acid mentioned by Jacobsen but
which 1like histidine did not show any visiple, igns of
Ainteractio;‘v}th bilirubin vhen it was immobilized onto the
Merrifield resin. are also shown on Fig. 27. These resins
behave 1like their hiltidide—containiné counterpart, v;th
the resin cbntaini;g the Ty:lAlas pendants ghowihg almosat
no lsprovement in the bindini capacity as coipared to that
of the trialanine containing resin vhile‘a small increase
_is-obtained for the resin with the TyrzAias pendants, -

In genetli, the adsorption capacity for the substituted

resins with a given number (leia than .5) ofaactive .amino’

acids follows the order arginine'> lyhiné > histidine ' =

tyrosine, i.e., decrehting with decreasing‘badicity. At ﬁH
= 7.8 it is expected that both arginine:and lysine pendants

would be, positively charged while histidine and .tyrosine

B
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would be uncharged. This is based on the alnuiption that

the —pK_  of the amino acids in the pendants is similar to

those of free smino acids, as is known to be the case for

small peptides in solution (Lehninger, '1975) .
Doubling the number of active emigo acids in the
pendant, 1i.e,, increasing n EQOn‘l_to i. generally results

in an increased capacity for bilirubin vhen X is s .charged

amino acid wvith a basic pK., such as arginine or lysine_

(Figs. 24 and 26), but a smeller increase is obtained when

X consists of the penﬁanté with uncharged histidine and

tyrosine (Fig. 27). This suggests that Ehargg ﬁensity is
an important factor in the adsorption of Liliruhin_by these
resins. A confirmation of the inpdrtaqce'of charge denafty
is demonstrated by experiments ;nvolviﬁg resins viih
pendants éontaining an evén higﬁer number of ‘arginine.

lysine or histxpine units in t%e pendants' (Figs. 26, 26,

.27). In the case of arginine, increasing the nulber of

charged amino acids from two to three. ‘has no -apparent
effect on the adgorption isotherm, but a Eurthér' incre;ae
to five enhances the adsorption'capaciti by a fagtor of 4.5
as compared to that ;f the resin wvhose pendants contain

only one arginine. For lyﬁine the adsorption is enhanced

¥

by a factor of i1 when the pendant length is increased from

one to five while for histidine the enhancement is .about 6.

.A _ summary of the isotherms, based on the amount  of

bilirubin adsorbed at high eqnilibrium concentration (C eq =
‘6 mg/dl), where the change in adsorption with concentration

is small, is given in Table VI. ‘ s
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TABLE VI .
C .- . '
RELATIVE ADSORPTION CAPACITIES FOR BILIRUBIN
BY SUBSTITUTED POLYAMIDE RESINS .
. ' - |
. . Number of Amino Acids
' ‘ Attached to the Ala3
Amino Acid 1 ] 2 3 4
Arginine 3 10 - 10 | 14
‘ Lysine 1,3 4 —_— 16
R )» o ' - . Histidine 1 2.5 m—e—— ‘6 ' .
L Tyrosine 1 2.5 | --- — -
0 ¥
* o 2 ‘ ¢ * ¢
’. ( < . - , ¢ ' .
) ”, ’ ~ a,' Yoo ¢ ‘e 3
e . \ ' L, e
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It is of interest to note that blthouﬁh the resin with

the Kt’éAlaa pendants has a greater capdéity fbr bilirubin

pif equivalent than does the LyszAlaa-containing resin, the

. cgpaci;y of the ArgsAla3 resin is somewhat less than that

of the Ly35A1a3 resin. Rather surprisingly, the resins

wi;h' Ar3241a3 and Arg3A1a3 pendants have an approximately

, Eaual capacity for bilirubin. However, adding a histidine

in place of an arginine to the grQ2A1a3 pendants to yield

HlalArnglaa pendants, produces a resin with an adsorption

capacity Elightly larger than that of the resins containing

two or three arginines (Fig. 28). Clearly some synergistic

role is played by this added hi;tidine. The fact that
histidine is ugcharged and has a small adsorption capacity
by itself suggéa:s that factors other thin,churge,dcnsity.
perhaps conformation of the peptide chain, also play a .
significant role ;n the adsorption process.

A

3b) Effect of Pendant Length

The effect of the length of the pendanta as opposed to
charge density was tested using arginine~containing resins
vith extra alanine spacers eithgihgt the beginning of the
chain, i.e.,  before the first arginine, or betvoeq
arginines (Fig. 29). Each of these resins can be related
to another resin with ;ither the same number of amino géidg
or with the same number of arginines in the pcn{ant. As
wight be expected, the resin with ArglAlaa pendants behaves
like the resin with AfglA1a3 pendants, vhich has the same

t
number of arginines, rather than like the resin containing

the ArgéAla3 pendants, which has the sasme nniber‘of amino

2
¥
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FIGURE 28 )
EFF;ECT OF THE ADDITION OF AN HISTIDINE TO ARGZALAB

d Arg., Ala - a

V Arg2alal '

¥ His? Arggua3
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FIGURE 29

EFFECT OF THE ADDITION OF A SPACER -

it
.,

A ArgIAlaa

L ArgiAlaqArg,Ala,
A ArgLA1a3
-0 ArgsAlaj
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acids in the pendants. However, it is somewhat surpriéing

that the resin with the ArgIAla3ArglAla3 pendants has an

adsorption capacity which 1s higher than that of the -

4
Arg,Ala., resin, containing the same number of arginines in
28483 8

the pendants. However, it is still XIower than that of the

resin v}th the ArgSAla3 pendants, tPe resin with the same
number of amino acids in the pendants. Thus, the A1a3
spa;;r separating the arginines apparently has

bengficial, albeit minimal, effect on the adsorption
capacity thatlseems to be more dependent on the number of

arginines 4{in the pendants than on the 1length of the

pendants. It appears that increasing the' distance

+

. separating the "active" amino acids, in this case arginine,

has a positive effect on the adﬁonption capacity.

4) Effect of Ionic Strength E

" An adsorption isotherm for the Ar32A1a3 resin wvas also

" obtained at lower ionic strength of 0.010 M as compared to

previous studies at 0.10 M, Although, adsorption at low

equilibrium concentration seems to be enhanced Qoneyhit, no

changes are appargnt'for adsorption at higher equilibrium

concentrations (Fig. 30). 4

4

1

5) Adsorption with Competitors
Of all the competitors tested, arginine, uric acid,

creatinine and urea, none had anyedetectable effect; either
positive or negative, on the adsorption of bilirubin by the

resins containing ArgsAla3 and Ar31A1a3 pendants.

#
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. FIGURE 30
' EFFECT OF IONIC STRENGTH ON -
ADSORPTION OF BILIRUBIN BY ARG ALA,

Q Arngla3 0.10 M
" ® Arng.la3.0.3010 M
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DISCUSSION

.8

1) {Com ;riséﬁ<54£weeg Polyamide and Cholestyramine -

| Comparison of;" the adsorption isotherm of the
polyamide resins to that of cholestyramine clearly shows
that .f;r-er\ are nmore effeétive on.a per equivalent of
pendants basis, Even the unanbséituted resin end the Ala,
resin themselves have capacity for bilirubin 4 to 5 times
greatef than that of cholestyramine when compared on an
active unit basis, However, cholestyramine has a much
higher substitution, more than 16 times greater than the

unsubstituted polyamide resin. Heance, since steric

hindrance from the already adsorbed bilirubin can influence .

further binding, this comparison may be somevhat
unjustified, For this" reason a comparison on a weight
basis wmay be more appropriste: On a veight basis,. th?
resin containing ArglA1a3 pendants is the resin v%th an

adsorption capacity closest to that of cholestyramine.

Resins vith more than one arginine residue as well as th&ie’\

with the Ly32A1a3. LyaSAla3, an@ HisSAIa3 ?egdqug/ilf ﬁu;e,L

a much higher adsofption capacity. Iheai;';van on a weight

basis are still wmore effective adsorbents than

cholestyramine, Moreover, on a active unit basis, ‘the

ArgSAlc3 resin has a capacity which is 70 times greater

than tpat'of cholQatyta-ine.
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2)'Cglggrilon betwveen Polza-ig;. and g;gggﬂ Bilirubin
Sorbents

Adsorption ca;icities for other sorbents used
previously for the removal ;f bilirubin have been'presentedL
in Chap. I (}able II)., For adsorption of bilirubin from
squeous solutions, the polyglide resins are of the order of
100 times more efficient than most of those sorbents. It
is of particular interes} to note that the immobilized
slbumin has a capacity of approximately 0.2 mg/g (Plotz,
eg al., 1974a, 1974bh). By comparison, the resin with
Ar35A113 ibndnnta resin has 8 capacity for bilirubin ' that
is approxi-ately 500 times as large. . Boyevcr,\no;t of the
resins listéd in Chap. I have been tested for adsorption of

bilirubin in plasma vhere the presence of albumin may cause

some int&rfetence with the ;dsorption process.

3) Factors Affecting the Adsorption of - Bilirubin by the
Polysmide Resins : T

The adsorption of'bilirubin by the polyamide resin " can

be affected &ircctly by le!e;ll features ;f the adsorbent.
These include basicity of charée density on the éendanta.
’;he’di;t.nce separating tvo chlrgps.' distance betv;en the’
active part of the pendant and the polymer matrix, and
total chain length. In addition, other fac;ors such as the
conformation of the pendants may have a less direct effect.

Conpari:o; of the polysmide resins among themselves
reveals that the charge on the pendants is undoubtgdly‘the
main factor in the adsorption of bilirubin. Charges ‘on the

pendants can come from two sources, the R_groﬁp of the

. " 103
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constituent amino acids and the terminal (x-amino group’. The

carboxylic acid does not contribute to the charge since it

is involved in the peptide bond linking the amino acids in
the pendant,

The charge on the R group of the amino acid residues is
of primary i-port;nce and has a profound effect on ;he
adsorption capacity which inéreasea with 1ncreasigg
basicity of the R groups. Ig the resins with one reaidue
beyond the A1a3 spacer, those with a charged a-ia& aéiﬁ.
such as arginine and lysine, adsorb much more bilirubin
tha; the resins containing the uncharged histidine and
tyrosine. Moreover, arginfie. "which is more basic than
‘lysine (pK, of 12.48 as compared to 10.55), is more active,
The importance of charge density of the Rhéroupf ia also
confirmed by the trend seen in the adlorgtion capacity of

the ‘resins with more than one residue after t?c Alis

spacer, Adding more charged amino acid residues anhaicil"

'the adsorption " to a greater extent thaﬁ adding uncharged

r;-idués. except in the case of His Arg,Alas, pendants.
Electrostatic in;oraction- are also suggested by the

increase 1in nd-or?tion capacity of the resin with the

Arngll3 pendants vhen the‘ionic strength of the adsorbate

5olntion is reduced from 0.10 M to 0,010 M. Electroatl:ic‘

interactions, resulting in an idcreage in binding capacity .

ras the ionic strength is reduced, have also beean reported
for the - binding' of bilirub%n to albumin (Jacobsen J.,
1977). '
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At the pﬂ—of the adsorption studi;-. the terminal o-
amino group, pl. =9, is charged for all tpe alfno ic?ds,
and its contribniion to the total adsorption capacity' is
not. negligible, as shown by the appreciable adsorption
capaﬁity of the Alag*resin. This is confir-ed;by'the fact
that uithough the resins with protectea pendants have 'a
19wei capacity than the resins with unp;otected pendants,
thﬁy ‘'still adsorb a significant quantity of bilirubin.
Horeovef, the unsubstituted resin itgself adsorbs. ~This

reain; vhen not substituted, possesses an NH5+ group which

can be considered simjilar to the &-amino group. In the

substituted resins, only "the terminal OQ-anino group is

charged, all the others are involved in the peptide bonds

and do not cont;ibute to the overall charge. Thus, for

13

longer peptide chains and for albumin, contfibution' from

the a-amino 3rdup should be much less important than.

cohtributionf from' the R éroups. ' T

' Further interesting insight into the specifics of the
bipding of bilirubin ‘to nﬂef polyamide. resins can be
obtained by varying thé ﬁrgbﬁization of the residues within

a pendant. Figure 29 shows that a resin containing a

pendant with the structure ArglA1a3AnglAla$ is a Dbetter

adsorbent than the resins containing the Arngfa3

ﬁendants. The enhancement cannot be due 'to the increase in
the slanine content since the resin containing the Arglnlaa
pendants has the same activity as that with the ArglAlsB.

Thus, the observed enhancement 1is probably due to an

increase in the distance between the charges. In this case

‘
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it 18 expected that binding of a secoﬁd bilirubin to the

second arginine in the pendants woluld be facilitated as
compared to ‘the case of the resin witp ’the ArgoAlag
pendants. )
Several observations cannot be explained on the basis
of ;hargé densit} alonei For instance, a large increaae in
binding capacity. was obtained between the resin cogcaining
« Arg8y,Alay pendants and the resin containing ArglAlag,
?endanté, while" a shaller increment wvas abserved betwveen
the resin with A;85A133A pendants and the resin with
Ar82A1a3 pendants. For the lysine series, ihe’revcrse‘vnn
obtained with a smaller increase between the resin .vith
L?SiAlaj pendants, and the resin with Lys;Ala; pendants
than betveen ' the resin with the L135A132~' pendants and
that wvith Lys,ila, pcndanés. The equel capacities of fhe‘
. resin with;che Arnglas'pendants and with ArgsAla, and the
increa;e in capuciéy obtained when one histidinc ingtcad‘af
an arginine 14 Qdded to Ar3251.3 also indicates chgé
factors othef than the charge on the pendants are lnvoléed
in the binding process. These differences may 1ndicitc a

" differefice in the chain conformation, giving iiffogent

-binding sites.

Confirmation that factors other than electrostatic masy; -

be involved in the adsorption piocess, can also be.fnfirrgd
fron‘ the behaviour:og the resins with protected pandants
(Fig. 25), which stiii adsorb more thdn the‘unsubstitﬁted
resin or the Ala, resin.: -If the charge on. either the R or

Obanino groups vere tﬂe'qola factors responsible for the
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sdsorption, these resins should adsorb bilrubin to

P 4

spproximately the same extent as the reference resins.

[l

The presence of a simultaneous interaction of the first

bilirubin bound with more than oné,résidne is indicated by

"the complexe trends in the adsorption capacities of various

resins, The second interaction need 'uAt\ to  Dbe

electioqﬁatic./;specially‘in the case of the resin with the

‘EillAr32&1a3 ‘pendautd. Interactions of bound iona with

uncharged residues in addition to the primary electrostatic
interactions have  been suggested previously by Karush
(Karush, 1950) for the binding of alkyl sulphate to
albumin. Tﬁ

"Formation of specific 1nteracﬁions between biliprotein,

a protein with a bilirubin-like moiety, and histidine

'i-iobilized onto sepharose gel, has been reported (Rabier,

o

et al., 19@3). These interactions are at their maximum at
a pH of 5 which is above the isoelectric point of the

protein and belov that of histidine. These biliproteins

- @ldo exhibit an interaction with lysine and arginine, the

other positively charged smino acids. Although a 'proﬁoﬁ

exchange or chargé transfer -ecﬁ;nisn was proposed in that

. stady, salt linkages seem equally probable. Noa-

electrostatic interaction between bilirubin and-

polypeptides have been reported by Van der"Eyk (Van der

' Eyk, et al., 1980). Apparently bilirubin does not interact

with protonated polyhistidine (pK = 9.4) but ‘does with
unprotonated  polyhistamine (pKk = 5.2). Hydrogen bonding

betveen the weakly acidic pyrrolic nitrogen and the wegkly
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bssic protons of the bilirubin lactam ridgs. rather than
electrostatic interactions, was proposed. The present
. study ‘does no negate such interactions but these are

obv;ou:ly'veaker than the electrostatic interactions which
predominate in such resins as that wvith the ArgéLl.S

pcndantn{

4) Possible Binding Sites on Albumin
Although the elucidation of the pxiliry binding site

‘of nlbui*n for bilirubin is not the main goal of this

study, the adsorption studies offer aa-enigsight into this
p}oblnn.‘ It }a'intoroating‘to note that the sequence His-
Aré-Arg appears tvice in native albumin. This sequence is
iocuted' at residues 143-145 and and 334-336 of the Brown's
sequence for BSA (Brown J.R., 1977a) ank reaiduca 1&4-14§
and 336-338 of the Browa's sequence for HSA ,(Brovn J.R,
l9f7b). These sequ;ncen are situated in loop 3 and 6. aﬂd
are }occced at the tips of two ioops. Thus, they should

be near the surface of .the globular ‘protein. From the

"literature survey given in Section 6 of Chap. I, it appcgrs~

that the primary bilirubin binding site should be situated

in the region containing residues 180 to 250 or roughly

o loop ’4. In. the case of BSA, this 'loop contains one

arginine (197) at the begi‘ging of the ‘loop amd onme
histidine (2&5)'on the ogpbsite héldx. Since residues 244
and 198 are two cysteines, -bound through a Ldia&lphide
bridge, the arginine 197 ;nd histidine 245 are close
together and may fbe: in a favorable cohfdrnatipn for

v
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' binding. Located near this sequence is 1lysine 238‘ .

( corrofgggging to lysine 239 (240) of HSA th%ch vas proposed
by Jacobsen (Jacobsen C., 1978) to be involved in the

primary binding site fgr bilirubin. This region also

. contains 2 other arginines (193, 195), one(oth;r histidine

(240) and two other lysine (203, 241). 1In the case of HSA

the correaéonding amino acids would be arginiue 198 at the

tié of one loop uith histidine 246 at the other end of the

‘ dilulphide bridge. Lysine 239 (240) is near by and some

~ other arginine (196), histidine (241), and lysines (194,
204) are present., Based on the present results that a
combination of arginine and histidine and/or & high

arginine content increases the bilirubin affinity of the

peptide containing resins, loop 4 seems a like;y location

» for the primary binding site for bilirubin on albumin.
Althoqgh the polyamide resins with peptide pendhqhﬁ”j

syntheai;qd. and tesied in this séndy do not'exactly ainick

- the location on loop 4 menfioned previously or sny other
'possible binding site for bilirnbin on nlbnlin. their
yd!orption capacities , in aqueous solutions {indicate that -
these resins are good %daorhenta for bilirqbin in aqneéus
buffer, Eovevér. a l;nsnre of their adsorption capacit;ﬁin
the présen:e -of albumin is required to obtain a more

y ) ' ihorough‘ejéluation of their binding strength.
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CHAPTER V
ABSORPTION AND DESORPTTION
| FROM
BILIRUBIN-ALBUMIN SOLUTIONS .
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INTRODUCT ION :

In the previous <chapter efficient adsorption of
bilirubin from aqueous buffer soluéion by polyamide resins
contain}ng various peptide pendants was demonstrated. To
further characterize the adsorption by these resins . their
behavioun in the presence of BSA, a molecule that is“known
to bind bilirubin tightly, is studied. 1In this chapter the
desorptibn //of bilirubin from the polyamide resins
containing peptihe peﬁ@ants by a buffer solution and by
albumin in buffer solution as well as the adsorption of
bili;ubin by these resins from a bilirubin-albumin solution

1 -
are considered. .4?

EXPERIMENTAL

-

{ *

1) Interaction between Albumin and Polyamide Resins

An albumin-buffer solution (1.0 é/l, 25 ml) was added
to either Ala3Args oru§1a3Ly95 resin (~i0 mg). aTheamix;ure
" was stirred for an hour under the same condit@ods as for
the ad;orption of_bilitubin, ise., 0°C and purged with N2.
At'the end of the'pdsorption tima.“an aliquot was withdrawn

+ . '

and diluted 1 in 4 with the buffer. The absorbances of the
: 5

solution and of the diluted solution were measured at

278 nm. The absorbance readings were matched against a

calibration curve obtained from diluted samples of the same

albumin-buffer stock solution. N N
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2) Desorption of Bilirubin with Buffer

Adsorption of biliruﬁin was carried on{\g? described
. previously (Lhap. Iv). Following the adsorption; an
ébsorbance reading was taken .at 438 nm to determine the
amount of bilirubin adsorbed. The supernatant vas
decented, Jsing a Pasteur pipette, and 25 ml of buffer was
added to the resin. A O:S ml aliquot was withdrawn
immediately -~and an absorbance reading was taken to
determine the amount of bilirubin not ‘adsorbed‘ but not
removea by decantationt The remaining mixture of buffer

o
and resin with adsorbed bilirubin was then stirred for one

hour under <conditions identical to those wused for the-

adsorption. At the end of the desorption period, an

" absorbance reading was taken at 438 nm. The amount of

‘bilirubin desorbed was calculated from the absorbance.

readings. 2

S Y

3) Desorption of Bilirubin with Albumin/Buffer Sg%htions

)
Bilirubin was adsorbed onto polyamide resins with

4

pendants of Arg§5133, ArgsAlay, LysgAlaj, and HisjArgpAlag

as described previously. Upon completion of - the

‘adsorption, an absorbance,feading was obtained to determine

the amount of bilirubin ad;orbed and a known amount ‘of

Ll

bovine serum albumin (5-200 mg, Sigma Chemical fraction V)

was added to the remaining supernatant, The resulting

mixture was then stirred under the same conditions usedr for

“

adsorption; To determine the -kimeticg of desarption,’

aliquots were withdrawn at several intervals over a period-

2
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of 3 hours.

To compare the relative amounts of bilirubin desorbed
from each resin, the initial adsorption was made wusing
approximately equal amounts of each resin, Th; bilirubin
stock solution was used as the adsorption medium. Upon
completion of tgﬁ\ adsorption step, the same amount of
albumin (80-85 mg) was added to the supernatant for each
resin, Desorption was permitted to continue for one hour
under the usual conditions.
®

For each resin, additional data were obtained by

varying the 1initial concentration of bilirubin in the

adsorption step. Thus, different amounts of bilirubin were

adsorbed onto the resins, Additional data were also
obtained by varying the amount of albuwin added at the
beginning of the desorption step. For these additional

points, desorption was alloved to continue for two hours.
v

4) Desorption of Bilirubin at 0.010 M Ionic Strength

.For polyamide resins with a Argzhla3 pendant,
adsorption was carried out 1n‘0,010 M buffer solution
insteaﬁ of the usual 0.10 M, The adsorption was followed

by decanding, addition of a 0,010 M buffer (25 wml), and

desorption for one hour. After this albumin was added and -

desorption was followed as mentioned previcusly.
Absorbance readings were obtained aftef adsorption, after
the addition of the buffer, after desorption with buffer

for one hour, and "‘after the desorption vith albumin.
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5) Adsorption of Bilirubin from Albumin~Bili;ubin Solucions

gComgetit1on!

Adsorption | of bilirubin from albumim)bilirubin i

solutions was carried out at one initial concentrat1on of
bilirubin, 10 mg/dl. The stock bilirubin solutions were
prepared and handled in the usual manner. Inmediately
before the adsorption process was ini;idte&. the stock
bilirub;n solution (40 ml) was-added to a known éﬁount o§
solid bovine serum albumin (5-%60 mg, Sigma Chemicals
fractidn\ V). The resulting solution was stirred gently
with a gless rod or by gentle shaking until the alﬁumin was

completely dissolved, It was then allowed to stand for

apéroximately'lo minutes, The resulting albumin-bilirdbin .

solution (25 ml) wyas added to one of the polyamide resins

(~10 mgs contained in the adsorption flask. The adsorption

H )
was allowed to progress as for the adsorption from’

-

[y '
bilirubin,solutgpns. - This procedure was repeated several

times with différent amount's of albumin to yigld'different

!
™

bilirubin to albumin.ratios.

(33

]

o

v

RESULTS

L]

1) Desorption of Bilirubin with 0.10 M Buffer

- Deésorption studies were made using tﬁe ArséAla3
polyamide resin which, after adsorption,’ <contained 1.02
moles of bilirubin adsorbed per equivalent of pendants at

an equilibrium concentration of 5.0 mg/dl. After

desorption _ into buffer for one hoyr the bilirubin

113
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concentration attained a value of 0.8 mg/d1l which
corresponds to 0.86 moles of bilirubin per equivalent of

pendants still adsorbed. Thus, 1less than 20% of the

‘adsorbed bilirubin was desorbed. Reference to thé isothernm

(Fig. 24) shows that the resin retains much more bilirubin
than ekpected for reversible adsorption; 0.86 ﬁoleq%instead
of 0.25 moles at an equilibrium concentration of 0.8 mg/dl.
Due to the limited desorptioan, the'difficuilty in removing
excess Bilirubin, and the numbef of steps, each of which
introduces an error of ~ 5-102, theée results must be
considered to be semi-qualitative. However, it is clear

that very little is desorbed.

2) Desorption of Bilirubin with Bovine Serum Albumin

Better success in desorption was realized when =a
solution of bovine serum albumin (BSA) in buffer was addea
to a resin with adsorbed bilirubin. To begin this study
the possibility of an interaction between the resins and
BSA was considered. Howﬁygr, e;perimgnts showed that
albumin is not adsorbed onto the resin with the Ala3Arg£
pendants when this resin is added to an albumin buffer
solution since the absqrbance of cgis solution after one’
hour of étirripg remained the same as the absorbance of the
calibration curve at the same albumin concentration.

Studies of the kinetics of the desorption of bilirubin
from "the resins with.Arngla3 and ArgSAla3 pendants by
BSA/buffer solution give strong indication that it 'is a

slov process (Fig. 31). Although, desorption is relatively

\J .
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FIGURE 31 o
KINETICS OF DESORPTION OF BILIRUBIN FROM THE POLYAMIDE RESINS

I3

O Arg,Ala
a Arnglqg
v »Hislérngla3 ,
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fast durin§ the first hour, bilirubin is still heanrbing

( ' even after three hours. It is of interest to note that

desorption from Arngla3 resin is faster than from the

' -

ArgSA1a3 resin. Furthermore, the former loses considerably
mo;e bilirubin. Desorption from the resin with the
HislArngla3 pendants 1is faster tha; desorption from the
resin with Arg2A1a3 pendants and appears to be complete
before two hours (Fig. 381).
The desorption from the resins with Arnglaa, ArgsAla3.

LyssAla3 ‘pendants and from cholestyramine by BSA/buffer~
solution were tested after one hour of desorption. The

' .
relative amounts desorbed from these resins after ' the

addition of a fixed amount of albumin can be obtained by
comparing the amount of bilirubin desorbed from the resins
which have been loaded to the same extent (Table VII),
Loading to the same extent corresponds to the amount of
bilirubin adsorbed by 10 mg of resin from 25 ml of the
stock solutiogs (10 mg/dlj. This corresponds to a point on
the adsorption isotherm where. the resins are almost
i saturated, i.e., near plateau values. Upon the addition
of 1.25 + 0.05 pmole of albumin, 172 of the bilirubin
adsorbed' onto the resin with LyssAla3 pendants was still
-retained, 167 remained on the resins with HislArng183
pendants, 57% was still adsorbed on the resin with Ar32A1a3
pendants, while 4822 remained on the resin with ArgSAla3
pendants . and 100% remained on cholestyramine (Table VII).

The addition bf this amount of BSA is sufficient to tightly

bind all qf the bilirubin in the system assuming that each

5 116
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DESCRPTION OF BILIRUBIN IN THE PRESENCE OF BEA/EUFFER

' Table VII

o —- et AN 5

Total , | Albumin Bilirubin Bilirubin
Pendants Bilirubin Added Retained Retained
(umole) | _{(umole) {umole) L]
Ay Ala, 1.78 1.2 1.01 57
Arg Ala, 2,44 1.3 2,00 . 82
Lys Ala, 2.7 1.3 0.33 12 .-
His Arg Ala, 2,04 1.2 0.3 16 .
Cholestyramine 2,01 1,2 2,01 100

%
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. BSA molecule binds two bilirubins. Capacity for'retaiqing
biiirubin, ! once it 1is adSorbed, 4 follo;s thé 6rd;r
-ch&leatyramine > Argskla3‘> Arg2A183 > LyssAla3.l To remove
20% of the Fdsorbed bilirubin b; the re$£ﬂ with LyssAlas
pendants on}y 15 mg (0:22 umole) of BSA is required. This

fepresents less than 1/5 of the BSA required to desorb the

sameé amount f;om the reqin with Ar35A1a3 pendants, of the.

thrée resins, the resin containing the LysSA133 pendants is
-the only one from which can beJZeso;bed - more than one

bilirubin per)albumiﬁ (Table VII). g

.9

Further’ désorption studies were made on these resins
to test the é}fect' of varying the BSA 1level or the
bilirubin adsorbed on the resins to obtain di}fgrént
equilibrium bilirubin to BSA ratios. To ensure equilibrium
desorption, results were taken two hours éfter,the';ddition
. of albumin. | |

'For  the resin containing the ArggAla, pendants the

pércentage .0f bilirubin retained inqreases'rapidly as the

raﬁip of bilirubin to albumin increases, i.e., .as the

binding sites for bilirubin on albumin are being K occupied

(Fig. 32). It should be noted that even at-bilirubin to

’

albumin ratios of less than one, i.e., below nhe saturation
of the first binding site of the added albumin, not all of
the bilirubin 'is desorbed from éhe resin vhile less fhan
207 desorption occurs at a ratio of two bilirubin per
albumin, i.e..'it saturation of the second binding aice‘on

‘albumin. .
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FIGURE 32
DESORPTION OF BILIRUBIN WITH BOVINE SERUM ALBUMIN

(0] Arg,Ala,
0 ArgsA];a3

A HislAr32A1a3
n LyssA1a3
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As the ratio of - bilirubin tob albumin increases,
fraction ' of adsorbed bilirubin retained by the resin
containing tﬁe ArgéAIaa pendants igcreaaes less }apidly
than it does for the resin . containing Fhe AthAlas
pendants (Fig. 32). At saturation of the first bind;wé

site of the added albumin, desorption from the former is

-

complete while at saturation of the second binding site-

desorption {s of the order of 70%, i.e,, only 30% of
adsorbed bilirubin is retained. .

Desorption frgm the resins \containing the LysSA1a3 and
the HislArngla3 pendants dggieases ?ven less rapidly than
it does for the resin ifﬁz;ining " the nArngla3 pendants

(Fig. 32). TFor these / two resins less than 201 of the

/
"adsorbed bilirubin is retained after the saturation of the
second binding site.
In thy case of cholestyramine no desorption vas

obtained upon addition of albumin.

3) Desorétion”gg Bilirubin ggﬁgfg;glg M Buffer

Attenpts wvere also made to desorbed bilirubin frél the
resin congéining Arngla3 pendants using a buffered
solution at 0.010 M (Fig. 33). It should be recalled that
at this ionic strength the.adsorggfon was higher at low
equilibrium conéencration of bilirubin than for adsorption
from 0.10 M buffer. However, the extent of desgrption was
less than that with 0.10 M and appears to be independent of
the equilibrium bilirubin to BSA ratio with the possible

exception ‘of the two points at either end. In this case
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FIGURE 33
DESORPTION OF BILIRUBIN FROM ARG,ALA, WITH
BOVINE SERUM ALBUMIN AT 0.010 M

00.10 M
@ 0.010 M
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higher desorption would start only below saturation of the.

first binding site.

4) Adsorption of Bilirubin from Albumin-Bilirubin Solutions

' The capacity of some of the resins to adsorb bilirubin

"which has pre;iously been allowved to form a complex with
bqvine serum albumin was . also evaluated. This is
essentially the complement tb the desorption experiments in
which the resins were first allowed to adsorb bilirubin
that was then desorbed by addition of BSA. The amount of
bilirubin adsorbed, X, on each resin as a function of the
equilibrium bilirubin/BSA ratio is shown in Figures 34 to
37. Als; plotted in the same figures is the initial free
bilirubin concentration assuming that albumin binds either
one or two molecules immediately, i.e., before ad;%}ption
by the resin bggins to occur.

For the resin containing the ArgcAla, pendants (Fig.
34) there is one point at a bilirubin to BSA ratio-of 1.7
at which the 1initial free bilirubin concentration is
negative, i.e., all ofjthe bilirubin should be bound to

albumin assuming that albumin binds two molecules of

bilirubin. Thus, although there 1is no free bilirubin,

adsorption by the resin still occurs. This indicates that
the resin containing the A;gSAla3 pendants can compete:yich
the second binding site for bilirubin om BSA. Above this
ratio of two bilirubins per albumin the adsorptian
increases significantly indicating that the resin can

definitely compete successfully with the weaker binding

122
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FIGURE 34
ADSORPTION OF BILIRUBIN BY ARG,ALA,
“. IN THE PRESENCE OF BOVINE SERUM ALBUMIN
A Bilirubin Adsorbed

O Free Bilirubin Assuming One Binding Site
A Free Bilirubin Assuming Two Binding Sites
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FIGURE 35

A3

ADSORPTION OF BILIRUBIN BY ARG,ALA,

IN THE PRESENCE OF BO¥INE SERUM ALBUMIN

A Bildirubin Adsorbed
O Free Bilirubin Assuning One Binding Site
A Free Bilirubin Assuming Two Binding Sites

Y
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FIGURE 36 _
"ADSORPTION OF BILIRUBIN BY LYS ALA,
IN THE. PRESENCE OF BOVINE SERUM ALBUMIN
A Bilirubin Adsorbed

O Free Bilirubin Assuming -One Binding Site
A Free Bilirubin Assuming Two Binding Sites
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. FIGURE. 37
ADSORPTION OE BILIRﬁBIN BY CHOLESTYRAMINE
IN THE PRESENGE OF BOVINE SERUM ALBUHIN‘
& Bilirubin Adsorbed

<> Free Bilirubin Assuming One Binding Site .
D . & Free Bjlirubin Assuming Two Binding Sites
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’KrgsAla3. The resin containing the

siteé for bilirubin on albumin. This is in complete accord
with the desorption data shown in Fig. 32 that indicate
that qll'of(fhe bilirubin adsorbed byéthe resin is retained
at bilirubin to BSA raties greater than two.

When there is 41 free bilirubin presént in soiution.
again based on ghe assumption that albumin can bina two
bilirubin molecules, the resin containing the Ar32A133
pendants does not adsors bilirubin (Fig. 35). Thus, it
appears that this reqin cannot even,coﬁpete with the second
binding site on BSA. As the initial free bilirubin
concentration 1is increased the adsorption also increases
but - not as muéh\as for the resin containing the ArgSAla3
bend;nts. Actually, adsorption does not in&rease
significantly until a ratio of four bilirubins per albumin

i’'s reached. Again this is reflected to some degree in the

desorption data (Fig. 32) which indicate that only 30% of

the adsorbed bilirubin on the resin with the Arng133

‘pendants is retained at a bilirubin to albumin ratio of

two. This indicates that while the Arngla3 can compete

with the weaker binding sites it is not as efficient as the

§5A133 shows the same
behaviour as the resin containing’ the Arg,Ala, pendant's

(Fig. 36), i.e., it cannot comﬁe e with the second binding

site but. it will compete with the weaker binding sites with

the adsorption iﬁcre;sing si nificéntly‘after a ratio of

four bilirubins per albumin.

In the case of choléstyr miq;,\\the amount of biljrubin

‘adéofbed . is not significantly affeétedtby the presence of

127 .




1) Adsorgbion,ggﬁbilirubin in the Presence of Albumin

h <
Ll

albumin (Fig. 37). This is in good agreement with the fact

that albumin could not desorbd bilirubin: from

cholestyraminé.\ However, 'Figure 37 once again emphasizes

the very limited adsorption capacity of cholestyramine.
.Thus, tﬁe adsorption of ‘bilirubin from bili(ubin-

albumin solution shows that competition between albumin and

the adsorbents follows the order ArgSAla3 > Ar32A1a3 Y

s v

LysSA1a3. These results are in agreemént with the
desorption results. Both suggest that as conpelitors, the

ArgcAla, resin binds bilirubin more strongly than does the

‘resin with the'ArgZAla3 pendants which in turn binds more

strongly than doeé the resin with Ly35A1a3 pendants.

'DISCUSSION

Relative adsorptivities of the resins as’ c0mpe£itors
with BSA does not follow the sa;e ofdgr as their adso;ption
capacity. When compléxatiom with alg:hin preceded the
addition of the resins to the resulting buffer solution of
albumin and bilirubin, . the resins containing the Afngla3
and LysSAla3 pendan}s proved to be poor competiﬁors with

the albumin for available bilirubin and adsorbed very

little below . levels’ corresponding to -approximately 5

bilirubin molecules per albumin molecules. Theyi are’

apparently wunable to 'compete with even the second binding

site for bilirubin bound to albumin, .-

[}

<
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The resin with the ArggAla, pendants proved to be a
better adsorbent and shows some signs of co;petition with
the second binding site on BSA,. However, the dgta suggest
that it is not able to compete with thé primary binding
site fo} bilirubin on slbumin. ‘

On the oth;r hand, in terms of capacity for bilirubin,
the resin with the LysSAla3 pendants is comparable to the
regin with Ar35A1a3 pendants. Hence, it might have been
expected that it would have been co.garahle to that resin
‘in a competitive situation and that it would definitely be
better than the resin Qith Ar32A153 pendants, Hovever,
;;ch is not the case and st least a partial ansve£~-ay be
found in a careful ingpection of the adsorption isotherm of
the’resin‘with the LysSAla3 pendants (Fig. 26, Chab. V)

=

which reveals that at equilibrium g’hcentrations below 1

mg/dl, Ly85A103 follows approximately the same isotherm as

the resin with the Ar32A1a3 pendants,(Fig. 24, Chap. - 1IV)
-and does not reach the adsorption capacity of the resin

containing the Arg5A153 pendanis until the equilibrium

concentration of bilirubin reaches approximately 2.5 mg/dl.

At low equilibrium concentrations of bilirubin the resin
~ with the Lysshla3 pendants has a low adsérption capacity

vhich increases rapidly as.ghe concentration of bilirubin

increases. Thus, it appears that adsorption of bilirubin

is not efficient at low concentrations and that the
adsorption improves in some manner as concentration
increases, perhaps becoming more favourable after small

amounts ‘have been adsorbed. In ihe presence of added

- t 129
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albumin, wvhich binds available bilirubin strongly and
quickly, the bi}iruhin concentration is low resulting in a
low adsorption  capacity for LyasAla3l containing resin.
Consequently, \this resin is a poor competitor. _The
hinergian obtained with incressing bilirubin concentration
may be an indication that the conformation of the peptide
chain wmay play anfinportant role in the adsorption of
bilirubin. For example, ' in the absence of adsorbed
bilirubin, the LyssAla3 pendants may have a unfavourable
conformation for the binding of bilirubin. However, the
adsorption of small amounts of bilirubinm £5 the pendant may

change this conformation to a more favourable one.
>
2) Desorption of Bilirubin with Bovine Serum Albumin

Desorption from the resins due to the addition of.

,albumin follows the same trend as does the adsorption vhen -

albumin is present in the solution. However, the partition
between the bilirubin adsorbed by the resin and that bound
to albumin depends on which of the two competitors comes
into contact with bilirubin first.

In good agreement with the desorption results

indicating a high desorption from the resin containing the

’ LysSAla3 pendants, the results for the adsorption from

bilirubin-albumin *solution show that this resin is also a

poor'‘adsorbent in the presence 6f BSA. The BSA creates .a

low . equilibrium -~ concentration of free ~ . bilirubin

)

corresponding to a region of the adsorption isotherm where

-~
-
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the resin with the LyssAla3 pendants is a relatively poor
adsorbent,

The large degree of desorptf%n from the resin
containiang the HislArngla3 pendants in thenpresence of BSA
is rather surprising. From its higher adsorption capacity
as compared to the resin with Arngla3 it would have been
expected that this resin would be a better competitor than
the resin with the Arngla3 pendants. However, it |is
actually as poor a coméetitor as the resin with the
LysSAla3 pendants. One way to explain this phenomenon is
to consider that thke abnormality lies with the resin
containing the Arngla3 pendants and not with the resin
containing the HislArngia3 pendants. The resin with the
Arngla3 pendants exhibits much slower kinetics of
desorption than does that with the His Arg,Ala, (Fig. 31).
Thus, given enough time, the resin containing the Arngla3
pendants may eventually desorb enough bilirubiﬁ to reach
the same level as the resin with the LysSAlaB. Predict{?n
of larger desorption from the resin with the Arg2A1a3
pendants also correlates with the small amount of bilirubin
adsorbed in the presence of albumin, which in fact is
similar to adsorption by the resin éontaining the LysSAla3
pendants. Under thogse ﬁerms, the resin with Ar82A1a3
pendants would be expected to be a poor competitor. On the
other hand, if the same logic were applied to the resin
with the ArgsAia3 pendants, which also shows slow kinetics

for .desorption, it would be expected that the resin would

also be a poor“compg;itor.‘ Yet, the adsorption in the

3 ' 131
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presence of albumin clearly demonstrates that the resin

with the Arg5A1a3 pendants can successfully compete with

albumin. 4

True ¢competition 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 resin as opposed to that

of alb;min. However, this is not possible experimentally
since adsorption by the resins involves a diffusion within
the . polymer beads and 1is thus fairly slow while
complexation with albumin is rapid with a rate constant of

6 M-ls-l (Reed, 1977).

the order of 10

In the  presence of albumin the efficiency of the
adsorbents tested for the adsorption of bilirubin follows
the order ArgcAlay > Arg,Alay > Ly35A1a3’~ His Arg,Ala,.
This order is not similar to the adsorption capacity 4in tHe
absence of albumin. 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;lirubin

by the polyamide resins, other factors .such as the

conformation of the peptide penddyts may also plgy ;an

important role.
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CHAPTER VI
BINDING CONSTANTS FOR
BILIRUBIN/POLYANIDE RESIN'SYSTEMS
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INTRODUCTION ' y

In Chap. IV it has been demonstrated that certain
oligopeptides bound to the vater swellable polyamide resin
are capable of efficiently adsorbing bilirubin from aqueous

buffer solution. Adsorption of bilirubin ip the presence

/

of albumin indicated that the strength of adsorption of
bilirubin to certain of these materials is sufficient to
compete with albumin for bilirubin (Chap. V). This'chapter
describes the derivation of binding constants for the
adsorption of bilirubin to the various sorbents from the
.adsorption isotherms.

‘'Since the pendants oﬁ the resins are constituted of
: amino acids, binding constants can be obtained by

considering each pendant as a small protein, P, which ‘can

bind a maximum number, n, of ligands, A. Two different

tjp@s of binding constants, gite and stoichiometric, can be

defined.
o

1) Site Binding Constants

The most commonly used constant is the, site binding
constant which considers tPe binding of a 1ligand to a
specific site on the protein regardless of.how many othe£
ligands are already bound to that protein, The egquilibrium

between the protein and the ligand can be represented as:#

1P + A —> IPA
nP + A —> nPA

133
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T T ey,

vhere fP represents a)apeéific‘;iuding site 1 on the
protein, % is the ligand, and 1PA is the protein 'i¥§ én-
P ligand attached to binding site, 1. "
The binding constants associated vith these cqugtioa{

are given by: , » .
Lo 1

. [4PA] @
Lol ’ - .
\ ) ey ; :
\ Xy - |
: ' - [PIaL
PA
. Pl
. [_PIA]

The experimental paraweter X, defined previously as the

bl

molar ratio of bound ligand to total protein (or number of oo

-

pendants), ‘can be expressed as: ) . .:

= EIPA] [ZPA] [.Pl],
x - " + andit 2 "o + v (3’
[PIeE,PAL  [,P)e(,PA] | 1,F1+[,PA] .
Y n [*PA] .
X = - (&)
iml] [iP]O[ 1PA] .

Substitution of the expressgion for the binding constants i

into these equations yields:

A

I - X ' (s)

i=1. '[Al’hk'i[ip]u] »




s

i=], 1+kﬁi[A]

¢ :

- Equation (6} is in the form of the well-known Scatchtrd
} ’ .

equation (Scatchard, 1949):

€

a n kilﬁ] m kj[k]
I = —_— —_— ¢ .o
fm l1+k, [A] J=1. 14k [A}

Ea¢h summation represents on€ class of equivalent binding
sites -and n and m are the number of binding sites per
protein‘ in each class. Thuqﬁ as 1is evident from
_co-parison of ;quation {6) and {7), the Scatchard method
gives gigg.b§nding constantS\althouéh this is not ‘always

taken™ into account whep it -dis wused. As a result,

2

misleading numbers will be obtained.if the limjitations of a
site binding constant are not recognized.

-

The major limitation of the site binding constant model
. £ .

is that it assumes that.the sites are independent, 1i.e.,

the presence of a ligand at one site will not affect

¥
A

kI[A] o . P

(6]

(7)

Lani

binding 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

n2n-1 site binding constants, where n is equal to

occur,

the maximum number of ligands which can be bound per

-protein, will be required to describe the system (Klotz
! B .

and Hunston, 1975), or, alternatively, the constants ki can

be replaced by some empirical‘ constants kap' HB' etc.
» © -
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Howevér. these constants need not necessarily bear ai}

( - ralationdﬁip to the site binding constants they represent

L]

(Klotz and Hunston, 1975, 1979).

2) Stoichiometric Bindithg Constants N

: An alternative way of describing the same system b

N

(Klotz, ' 1946) .is to consider the sequential addition of

‘1igands to the protein regardleas of the site to which

N S
. .

those ligands arg.hound. In this case, the binding process

can be describ;d as:

o - ‘ ,
P + A —> PA o (8)
3 PA, + A —> Pa,

PAL_, + A —> PA T

-

Where PA, is a protein to vwhich i ligands are bound.

The ‘corresponding stoichiometric binding constants'

L

are given by:

- Tt

(PA,]
£, = -
1

[P10A]

[PA;] = K [P][A] (10)

{PA,]
2 . tpa,1 = K (e10A)?

X * comm——————
[PAli[A] ® - )

2 -

[Pa,] "“[PA_] = K K,...k [P][A]®
n [PAn—l][A] ' ' _ n 172°°" " ;

Undef these condiiiona. X is given by:

" | ©(PA] + 2[PAy] + .. + alPA] .
, I = n (11)
' [P + [PA;] + [PA,] + ... + [PA] . :

»
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. applicable even

s

] *

Substitution Wf the sEoicﬁiometric binding . constants

’FS\' yields? * )
(‘ ) ’ ' 4 a, ‘

‘ 2
R (AT + 2K K,(A1° + o004 K Kpe o K (A7

X =
, : 2 n
1 + KI[A] +.K1K2[A] + ... + KIKZ...Kn[A]

Y

(12}
which 1is sEﬁEtimes cailed the Adair equation (Van' Holde,
1971). o ’ )
This apalysis carries no underlying assumptions and is
L4

in the-t¢tase of non-independent binding ,

sites.,

3) Interaction between Sites
The stoichiometric approach does not' provide
v

information about the individual binding sites although

. ke .
some insight can be obtained as to how the different sites

. . '
intgract. When the sites are equivalent and non-'
+ \’ "' ‘ 1]
interacting, the stoichiometric binding constdnts can be
" related to an ovbnpli‘bin41ng constant, K_ (Klotz, et al.,
1946), as Epllows: Each prodtein can be treated as
‘consisting of a series of,%fégpendent sites, y, each of
which can form a binary complex yA with a 1ligand. Thé
. N
overall binding constant Ko can :then be defined by:
(
[Ay]
. Ko - {13}
’ (Al [y]

A}
This equation can be rewritten in terms of the measurable :
experimental parameters P and A since:~

Y

'[Ay] = concentration df bound ligand = bound
= gites occupied

137
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. s o ak aen + 4 o ——
. ’ . 3 ,
[A] = concentration of free ligand
[y] = concentration of free sites =~ .
= total protein (P) times maximum numher of binding
sites per protein (n) fminus the 'sites octupied
= nP - bound ¢ : ’
TbUS, . - ' ! f"‘;‘""s
. {ﬁoﬁnd] ,
KO“’" . et - l < . {lb}
- P {A] [nP - bound]
. ) . ?
or * . v . « .
{bound] (1 + K, [A]) = n K_ [P] [A]. (15)
AY : ‘ ° SN
and : . / ‘ ) .
. -%ﬁounﬂj - n [A)
X - . - ' , (16)
[P] ) 1/K° + [A] '
Equation {12} gives the expression for X in terms of
the individual* constants,’ Ki‘ When it is recognised that
the numerator in equatipn (12} is simply [A] times the
derivative of the denominator, then ’ ’
) £' [A) -, o
) X &— (17)
£ ' Coeo R
.Y '
where
- 1 ) X 2 . ’ n I
£ = 1 ¥R [A] + K R,0A1° + oot + KK, 0 K [A] (18)

m .
~ Substitution of equation (16}, which is the expression for

X _in terms of the overall binding constant, K _, into
e

equation (17) yields:

4y
) st
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Integration of equation {19) yields the function f in terms

~ %

Y »
U *
Y [A] n ) t'd "Tr
3 - 1 b + ‘ ' v {20)
. ' Il/% .'I
Bquat%ng both functions, i.e., f's froms eqnnilons 118) and
(20), yieldi: . .
. 7 .
‘2 ¢y n A (Al ’ ’
1 + K, fA) + K. K fA)C ¢ ... £ E.K,...K [A) sf 1 ¢ {21)
1 172 172 n-. I/‘ .
- ‘ - R o '
By hiffore tiating n times and solving for the constaéka a
series of /equations is oB#ained.
/ B - °
P , n . O ) .
/ - ‘ltzocn[én -Ko « -~ - F ‘22}
!1"2000‘n_1 - n [o " - [23’
a (nt/11) X ? ' .
: R 3 SN S o (24)
‘/ o (n-1)! v
Individual binding constants can now be obtained by taking
suitable ratios. H&nce, . ‘
‘ ‘ coo‘ (n - (1 - 1)) ‘
‘xl\(zoo.[i_l 1 . : - .
¢ v, A ’
'i(ti)ideal - qun + 1) - lb i . {26)
- \ ;
¥ y
%
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_ be more negative (Klotz, 1974, Klotz and Hunston, 1975).

-

: Ly ' LT
- Thus, in :hc ideal aituation of equivalent, .non-
intoxacting binding sites a plot of 1!1 as a functioﬁ ;f i,
rcter;ed _to as an affinity plot, should be linear with an

x~intercept at {1 = n + 1 at which point Ki = 0 (since i

cannot be zero). In the case of a positive interaction, Ki

vill be larger than (xi)ideal,for equivalent sites. Thus,

the slope of the line between '1-1 and Ki will be! 1less

negative than the ideal line. For a negative interaction
N will be slaller than (xi)ide 1 and the slope will also

When the sites are not equivalent, the affinity profile

n~

is more co-plex and depends on the number of classes of

équi¥alent‘ sites, the nunier of sites in each class, and

< their interactions wit;\!dcg other. Affinity profiles for
‘several different cases have been computed by Klotz and

Hunstén (Klotz and Hunston, 1979).°

As an example, the case of a protein with 2 ﬁinding

Jaites will be considered in the following discussion: To

obtain the relationship between the sites in the case of a

protein with two non<equivalent and interacting sites, it

4

is convenient  to relate the stoichiometric binding

constants to the site binding constants. For a th site

r

system, four site binding constants are needéd as sho;n

schematically in Fig. .38. These constants can be
represented by: : j '
[b] {e]-
 [a] [A] [a] {[A]
140
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, .. (41 T : [d] :

[v] [A] [c] [A)

AN

Where [a], [b], [c], and [d] represent the concentrations’
of the four differenf protein-ligand complexes present
(Fig. 38). The corresponding stoichidhétric' binding

constants are represented by:

(b] + [e]

, . [a] [A] L
[d]
‘2 = - {32)
: [b] [A] + [c] [A] -
‘The relationships- between the two types of bidﬂff;
constants can be obtained by substituting eqéationa {27) to -
{29) inte equations (31} and {32) to yield N '
- Ky = k; +k, {33}
’ ’ . : .
‘ ' . k, k . ‘
> . x, - 12 : {34)
- Ky kg B
o " In s? -ideal case of gquivalent and non-interacting ‘
sites, the gite binding constants are equal, i.e,., ( )
. 4 kl - kz - ka - k,& = k ) r . {35}
and
: K, - 2k " (36)°
,: : . X, = k/2 _ V (37)
¢ . N
. ( . ‘ | 4 - 11/4 . \ ) (38)
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Equation {38) 1is in agreement with equation (%i) vhich also

predicts that in an ideal case the ratio of k; to K, is

L8

four vhen n = 2, In g_plot of 1[1 as a f;nktion of },-the

. i -
~ideal line, which is the line-connecting Kl at i=1 and O at

i= n+l, will give K, = 11/2. Thus, 2K, will indeed fall -

5

|
»

,

Lo .-

.

I

on the ideal line;

If the sitea are equivalent but ngnlindepégdent.

"« k) = k, = k ) ) : {39)
LK = 2 0 ' ° (40)
". ¢ o s " ! 3 N
e , k k k
. R N S {2 L 12 B (41)
c " g - . 2K 2 - O
‘ » - :
"[ ! ’ \ a} ~
i » - - /.
, ~ R k
e , Ry mt 12 : v (42)-

:In a caie'bf,aipositivefinterqction, k12'> k. .’Thﬁs, 2;2

lies above the ideal line. In the case of negative

. .

1nterac££on, kLZ < k, and 2[2 lies below the ideal 1line. v
In the case of non-equivalent sites with interaction

it is convenient to’' define an interaction parameter, I, as:

9

12 _ *n

L kl

(43)

K.

.

2
.

1

. If k2 is asyigned suciﬂﬁhat it is largfr than kl, a

. difference parameter, §, can also be defined: >
> ?‘ , . o (2N . BN i
ano o 2’ ‘.
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k
2 (44)
-ku

6+1 =
According to equation (38}, to 1lie on the ideal line,

K1 - AKZ so that according to equations {33) and (34)

: o (ky + k)2 ‘
kl klZ - ? ‘{45]
Thus, from equation {44}
) Ok, + 2k; = k; + k, (46)
and
k
k, = -2 (47)
(6+1) :
Substitution : of equation (46} into equation (45} and
division by kiz yields:
kyo (& + 2)2 :
= . {48)
kq 4

Similarly, substitution of equation (47) into equation ({48}

yields:

K., ( 8+ 1) (6 + 2)2
12 A : {49}

ko 4

When equation (49} is substituted in equation (43) the

resulting parameter for the interaction parameter is:
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4( 6+ 1)

Thus, when I ) 52 / 4( 6 +1), 2K2 vill fall above the ideal
line; 1f it is smaller, . then 2!2 will be below. For non-
interacting sites I = 0, 8o that the 2K2 point will always
be belov the id;al line, since by definition the §
coﬁtaining term is always positive. For negatively
interacting sites, I is negative, Thus, the 2!2 point will
also alvays‘be'belov the ideal 1line. However, if positive
interadactions are present, the 2[2 point can be anywhere
depending on the magnitude of I and §. For a divalent
syste;. it 41s then impossible to differentiate between
equivalent, negati;ely interacting sites and non-equivalent
sites as vell as between positively interacting equivalent
sites or non-equivalent sites (Table VIII).

In this chapter, the constaats for the binding of
bilirubin to the poli;lide resins will be obtained wusing
stoichiometric approach.“ These constants vi&i then be be
compared to the binding constants for bilirubin to HSA,
Finally, for the resins containing ldrg than one binding‘
site, the interaction between those sites vill also be

considered.

RESULTS

~

% ’ ’
1) Stoichiometric Binding Constants in an Ideal Case
Stoichiometric binding constants for the binding of

bilirubin to the various polyamide resins were derived

145
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EQUIVALENCE AND INTERACTION IN AFFINITY PROFILES

2K2 - Situated Equivalence Type of
Interaction
above ideal 1line equivalent positive
non-equivalent ;oditive

on idgal line equivalent none

ﬁon-equivalent positive .

below ideal 1line equivalent ' negative

non-equivalen;w" none
positive
‘ negative
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‘ using the bindin; model described by squation {12). Since -
N some of the ;dcorption isotherms shov sigas of saturatioa
' ( l_ belov one molecule of bilirubin per pendant wvhile .othcrt
, leavel off lo-thQQ; bitvocn one aad two molecules of
biliru‘in per icndant it wvould appear thst either a ome or
‘two binding site model should describe these systeams. In

the case of one biading site équatios (12) reduces to:

. K,[4])
I - al _ (51)
1 +X,(a) ‘ -
; vhile s model with two binding site results ia: .
- ) P
K, [A] ¢+ 2K,K,([A] .
| 1 + K, [A] + KyKy[A]
As & first approximation, the biadiag coastaants were
determined from a plot of 1/X as a functioa of 1/[A], siace
accordiag to eqmation (16}:
| | 1 11 i
—_ - 4+ — {16a)
- o x .tO- ) [‘] n .

Aatngin; the .sites to be Qiuivalclé and iadependent, this
plot should be limesr with . slope of 1/ak . The values of
Ky and K, can thea be calculated by substitutiag K, into

equation (25}, ,

Using the data obtaised for the adsorption isotheras in

Chap. IV for these plots yields the valwes for tl and

12 - given in Table IX as determined by liaear regression

( ‘ analysis. Since egquivalence ;nq‘inécpcndoncc are assumed,
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TABLE IX

-~

BINDING CONSTANTS FOR THE ADSORPTIO“ OF BILIRUBIN '
~ TO VARIOUS POLYAMIDE RESINS ASSUMING IDEAL BEHAVIOUR

Pendants One Site Two Sites
S ) K K,
10-3 m-! 1073 u~1 | 10=3 n-!
resin 1.4
All3 1.6 .0
Alls (acetylated) 0.4 .
Arg Ala, 5.0
ArgoAlay 13’ 3.3
ArgqaAla, 22 5.4 .
ArgsAln3 74 18
‘Eylllln3 2.8 3
LysjAla, 3.9
‘IyasAia3 14 3.4
Elsgala, 3.5
nilslll; 12 ) ]
n Ar31A114 7.4 ‘
Arz‘Ala3ArglAll3 ' 19 N 4.5
ﬂillArng1|3 23 5.8
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ArggAla, resin is shown in Fig. 40.

a plot of 1/X as s functiom of i/[Al‘docs aot n.étslarily
yic}é accurate values of ‘o' Moreover, such a plot :f
1/{A] compresses the data at  high free iiiund
concentrations, [A], i.e., at high equilibrium values of
bilirubin, and tends to hide deviations from ideality to
give apparent straight lines (Rodbard, 1973, Klotz, 1974).
?his limited accuracy is reflected in thcegxpcrincntal datt'

‘ 4
by .the following observations: »

a) A negative value for the y~-intercept 1is obtained i{n

@

certain cases (Fig. 39). This is unreasonable since,

sccordiag to equation (l16a), the reciprocal of the y-
4

iatercept should give the maximus number of binding sites,
B. ’ ’

b) The calculated i;o;hct-s obtained by reswbstituting the
derived values for-!l and X, into equation (51) or equation
{52) are generally not a good reprcueutléion of the

experimental - data, particularly for the resins reaching

" saturation above ome molecule of bilirubia per pendant. An

cxtlpﬂi of the resulting fit for the adsorptioan by the

{

2) Stoichjometric Binding Constants in an Non-ideal Case "

Usinﬁ a non-linear iterative computer program, NLIN
from SAS (SAS Institute, 1982), binding constants were

derived for each resin assuming a model with one binding

’

v site but making no- assumption about equivalence and

independencs, 1.0.; by solving equation (51}). The}

criterion for the best fit was a minimum value for the sunm

N 149
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FIGURE 40
CALCULATED- ISOTHERM FOR ARG ALA,
BASED ON A IDEAL CASE, ASSUMING A TWO SITE MODEL’

= Calculated isotherm
401 Experimental data
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of the squares,ofathe differenc;s between the experimental

and calculated values obtained from the model equation. To

begin the iteration, the constants, K

g obtained from the

‘- previous method were entered. The values obtained for Kl

by this method are given in Table X.
Thesé -values of K1 were substituté% into equation (51}
to obtain a second set of calculated isotherms assuming a

one binding site model. For the unsubstituted resin, and

N -

for the resins with pendants of Alay, Arg Alay, Lys Alag,

Lyﬁ Ala3, H132A1a3, HisSAla3 and Ar81f134v0 this one

binding Site model appeared to describe the  system

adP uately. However, as iiéht be expected, for resins with

pehdants of Af82A183' Ar33A1a3, Ar35A1a3, LyssAla3,
|

His Arg,Ala, ahd Arg AlajArg Alas, the one binding site

model predicts X values which are too high at 1low free

.

bilirubin concentrations and tdo low at - high
concentrations. Fig. 41 shows, as an example, the case of
ArgSAlas.

A two binding site model was then assumed. By solving -
equation ({52}, again wusing the “hon-linear regression
methods, binding constants and a third set of calculated

isotherms 3;3 then obtained as for the one binding site

model. For ~all of the resins the non-linear reé;zggion

method, assuming e€ither a ‘one or a two binding site model
depending on the resin, yields satisfactory curves with the
experimental values scattered uniformly below and above the

predicted curve (Figs. 42-46).
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: JABLE X
BINDING "CONSTANTS FROM NON-LINEAR REGRESSION AWALYSIS
OF THE ADSORPTION OF BILIRUBIN BY VARIOUS SUBSTITUTED POLYAMIDE

b

Pc;dantc One Site Two Sites
' L I k2 :
T 1073 ut | 1073-471
resin 1.0 1.0 o
iia, 1.1 1.1 " 0.07
A1¢3 (acetquted) 0.7 ——— ——
. Arg;Ale, ' 4.5 4.2 0.03
'Argzalaz 42 19 7.8
Afg3A133 57 7 7.2° ,
Argshla, - 187 86 | 12
Lys)dls; 1.6 1.7 o -
LysyAla, 5.3 . 3.3 2.9
LysgAla, 130 1.0 700
His)ATa, 2.8 2.8 0
~5135A103 . 17 13 1.1
Arg,Ala, 4.2 4.2 o
Ar31A113Argltla3 n 112 2% ‘ 10
His,Arg5Ala, 114 61 4.2

Binding cohsants are considered to be sccurate vithin + 102
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FIGURE 41

CALCULATED ISOTHERMS FOR ARG ALA,

5
BASED ON ‘A NON-IDEAL CASE
wuniess One site4 aodel

awmaw Two site model
O Experisental data
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FIGURE 42

.

CALCULATED ISOTHERMS FOR THE REFERENCE RESINS
NON-IDEAL CASE, ASSUMING A ONE SITE MODEL

Pt} ~)-.f
{0 Unsubstituted resin
O Ala3
A Ala3 Acetylated
-"""{m
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FIGURE 43

NON-IDEAL CA

‘4

AArglAla3 (one
OArgztlaa (two
V4r33A1a3 (two
DAr35A1Q>3 (two
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CALCULATED ISOTHERHS FOR THE ARGININE-CONTAINING RESINS

SE

site model)
gite model)
site model)
site model)
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FIGURE 44
CALCULATED ISOTHERMS FOR THE LYSINE-CONTAINING RESINS

NON-IDEAL CASE .

AL731A1t3 {one site -84-1)
(o) Lyszua3 (one site model)
DLyssAla'a (tvo site model)
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FIGURE 45 _
CALCULATED ISOTHERMS FOR THE HISTIDINE-CONTAINING RESINS
NON-IDEAL CASE

OﬂiszAIaa (one site model) '
a BissAlua (one site model) ,

LY
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FIGURE 46
. €ALCULATED ISOTHERMS FOR OTHER POLYAMIDE RESINS
NON-IDEAL CASE.

A AtglAlak (one site model)
v HislAr32A1a3 (zvo site model)
o ArglAla3ArglAla3 (twvo site model)
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3) Thermodynamic Parameters -
The free energy change accompanying the binding

process was calculated according to:

AG’= ~RT 1n Ky

vhere K. ig the stoichiometric binding constant obtained

[

from the non-linear regression. The values for the various
«
systems are reported in Table XI. -

{d‘

-

4) Inﬁeraction between Sites

To determine the interactions between sites, a plot of

»

41K, as a function of i was made for the resins that appear
- to have two binding sites (Fig. 47). The affini:y profile#
for Af32A1a3. Ar33A183, LysSA1a3 and ArglAlq3ArglA1a3 show
that the slope between Kl and Ko is greater than the ideal
slope thus indicating positively inte&acting sites, either
e;uivalent or non-equivalent (Table VIII). For the fesins
with ‘$r85A183 and HiélArg2A1a3 pendants this‘ slope 1is
'snaller than the slopf of the ideal line. Hence, it is not
pos;ible to determine the type of ian}action since, as
nentioﬁed in the Introduction, these results are consistent
with either non-equivalent sites with no or ﬁosiéive or
negative interactions as well as with equivalent sites with

T .negative interactions (Table VIII)

DISCUSSION

4

1) Stoichiometric Binding Constants in an Ideal Case

. Since stoichiometric binding constants can be obtained-

without making any assuuétions' about equivalence or

Ry
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(53)




TABLE XI . )
FREE BNERGY CHANGE FOR BINDING OF .BILIRUBIN
* TO VARIOUS SUBSTITUTED POLYAMIDE RESINS

Pendants - 6% (x,) - 6% (X,)
Kjoule/lsle ljoule/nglo
) resin i« |
‘ Ala, 16 D -
|A1a3 (acetylated) 15, | 00 eeee-
ArglAlaa 19 —
- | Arsphlay 22 ' 20
Argjhla, 23 20
: ArggAla, . 26 . ‘ * 21
Lys Ala, 7 e :
Lys,Ala, 19 ;____
Lysghlay - 21 .
iiazAlaa L
iilsAlas , 22 :“’ .....
ArgIAla‘ 19 J--_--
Arg Alajirg, 23 21
His Arg,Als, 25 ‘ 19
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- FIGURE 47

AFFINITY PROFILES FOR BINDING OF ‘BILIRUBIN
TO VARIOUS SUBSTITUTED POLYAMIDE RESINS

—— Ideal line
_ -----Experimental line
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interactions between binding sites, they are prefé;red to
( the site binding constants in the data treatment. As a
first approximation, the simple graphical method of
plotting 1/X as a function of 1/[A] was used to obtain the
binding constants. However, this- method did not yield
satisfactory‘resulég for some of the resins as indicated by
a poor correlation between the isotherms calculated
according to the Klotz model, wusing the derived binding
constants, and the experimental data (e.g., data for Args,
Fig. 48). This is probably due to two factors: )

a) The intrinsic property of such a plot to ~compress
the data at high free ligand, i.e., bilirubin,
concentration and thgs hide deviation from ideality to give
an apparent straight line (Rodbard, 1973, Klotz, 1974).

b) Such a plot is valid only in the case of non-
interacting, equivalent binding sites, which is not the
case for a number of polyamide resins as shown by the
affinity profiles.

* Since deviation from the experimental values occurs
mainly for the resins with two binding sites per pendant}
the assumption of equivalence and non-interaction of the

binding sites is probably the major drawback of this method

M for use in certain cases being studied here.
2) Stoichiometric Binding Constants in a Non-ideal Case
Better <correlation between the experimentalldata and
data predicted from the Klotz-model was obtained for all
( ' the resins when the binding constants were obtained by a

¢ »
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‘ FIGURE 48
CALCULATED ISOTHERMS FOR u&saua
| BASED ON IDEAL AND NON-IDEAL CASES

L 4
[

e Tdeal case - two site model

! cemymewNon-ideal case - one site sodel

== Non-ideal case - two site model
Expérimental data

*
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non-linear regression method. In this case no assunfcionl
are made regarding the equivalence and interactinns‘betvccn
the sites. Initiaslly, a one'binding site model was assumed
for all the resins. In cases when the system could not be
described adequately with th;se calculations, extrg sites

vere added . until the calculated 1sother-’ gave 8

satisfactory representation of the experimental data (e.g.

’

ArgqAlay resin, Fig. 48).

L]

To verify whether or not the number of binding sites
assumed was correct, the analysis was carried out for s
‘model aaiuning one site more than the mipimum number ‘of
sites deemed necessary to describe the system adequately.
For the resins with one binding site model assuming a two
binding‘ site model resulted in a Il which was essentially
identical to Kl ohtained using a one bindingd ;ite model
vhile the resulting Kz was equal or close to zero (Table
I). However, assuming a threeLbindiné’site model for the
‘resins adequately described by a twoe site model did not
always yield a K3 equal to zéro.m *In the case of 3 or more
variables nmany different combinations of variables will
describe these systems. Derived binding coﬁsiants will
depend on the estimated values of K, used td start the
iterations. Hence, ye;yA gogd first estimates of Ki are
needed. Even then the mathematical limitations of the
method ghould be reéognized and theﬁvaluep of Ki obtained
should be treated accordingly. In the case of less thanﬁ}
variables this problem is not as serious and for all the

t

resins submitted to thé¢ non-linear curve fitting; the same

I 4
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values of ti vere obtained, regardless of the values used

to start the iteration. . U
In the case of the resins cgntain;ng the LyszAlu3 and
‘HilsAla3 pendants a one site model seemed to describe the
system adequ;tely but the vglue of ‘1 obtained using a two

sire model was not equal to 11 obtained using a one\ site -
model. For further consideration, the 1lowest possible
number of binding sites was assumed. It should .be kept in
llind that this number does not necessarily represent the
"true” number of -binding sites but rather the minimum
number of sites required to describe the system adequately,

Since it is based on the law of mass action, the Klotz.

model requires that the system should be reversible‘and at
equilibrium. Desorption with albumin, althou@ﬁ'élov for
some resins, ,%hows that adsoéption oﬁfUlliruUin by ' the
polyamide resins is reversgible, uFd;éher-ore, the small
changes in the giliiubin ggncéntration in the adsorbate
golution aftef one hour ad;orffion indicgtg‘khat the systenm

"must be at or very near equilibrium.

X J:d’ Adsorbe;té following a\one binding site model are
iniy éﬁose with .oqu one anino‘aéid beyond the \Af;a

, spac;r as vell as the unsubstituted resin and the .resin

~f: - vith the Ala, gpacer. ‘Bip&ing constants for these resins
o;Ze again’ show that the a&so?ption follows the order
\ arginine > 1lysine > histidine > alanin; .or ;Pcreis;ng
binding utrenéth with increasing basicity of the pendangs.
Some other observations originally made on the basis of

the .adsorption isotherms are also confiéned by the derived

-
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binding constants, For example, the binding constants for
the unsubstituted resin and the Ala3 resins correspond to
within 10Z. This is well within experimental error _ and
confirms ‘the previous postulate that the (-amino group on
the pendants and the resim,NHsf are equivalent as far as
the adsorption process is concerned. The derived binding
conftants for the résins wit§ Kr31A153 and with ArglAlaA
also correspond within the limit of- experimental error.

This sttenéthens'the.observation that chain spacer 1length

°1s not an important factor.

All of the resins following a two binding site model
have at least ‘two ;;ino acids beyond the Ala3 spacer
1E£££Ft1“8 that a given amino acid will biyd only one
molecule of bilirubin. Thus, a terminal amino aéid cannot
bind a, molecule of bilirubin at the o-amino site and
‘another at the R group. The binding constant for the
primary site on these resins is at least one order (of
magnitude 1larger than the binding constant for dn§ of the
resins fitting the one binding site madel. The second
binding constant is always at least as large as the
constant for the resin with the corresponding sing%g amino
acid that fits the one site model. This indicates that the
additiod of active amino acids not only —increases the
nulberi of binding sites on the pendants‘of the resin but
ai&o increases the affinity of these siges. If tﬁe

i

affinity of the sites would remain unchangeé'while only the

number of sites was -increased, the first binding constant
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should remain qpchanged vhile, since'lz - !1/4,Jthe second
constants sho&ld be smaller. .

Unlike the resins fitting the one binding site model,
vhere the binding constants do not offer muchm added
information over that available from the original

/ adsorption isotherms, binding constants for the resins with
twvo binding si;e; give more detailed information. For
instance, a small incre;se in the value of ll and a
decrease in the value of K, can be observed for the resin
containing the A183A1a3 pendants as compared td the values
obtained for the resin containing the Arngla3 pendants.

The decrease in the second binding constant is very small,

less than 102, and may well reflect experimental error.

‘Hovever, it 1is also possible that the addition of_ the
third arginine changes éhe conformationh of the binding
sites somehow hindering che'binding of a second bilirubin
-oiecule. The more substantial increase observed in the
first binding constant is pfobably real and is probably due
to an increase in charge density. The binding constant for
the first site on His,Arg,Ala, is larger than that of
Ar32A1a3 or of Arg3Ala3, as expected from the higher
adsorption isothern. Once- again, the second binding
cohstanf is 1lower, Thus, the addition of a histidine
instead of an arginine enhances 'the binding of the first
_ molecule of bilirubin by the pendant at the expense of the
binding of the second bilirubin, implying that the addition

of a histidine may affect the conformation of the binding

sites.
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ArglAla3ArglAla3 has the same first binding constant,
withini %xperimen;;l error, as ArgjAla, but its second
binding constant is larger. ﬁvidently, in this case, the
longer chain length has a slightly. positive effect on the
binding. The larger distarice between the :rginines and the
tharges seems to favour the binding‘of a second molecule
of bilirubin slightly.

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 LysZA153 (if two
binding sites are assumed) and even larger in the case of
LysSAla3. As shown by its isotherm (Fig. 26, Chap. 1IV),
the 1aréer second binding constant of the LyasAla3
containing resin has the effect of increasing its
adsorption capacity to a higher level thﬁn the capacity of
Argié}a3 at high(equilibrium concentrations (Fig. 24).
Second binding constants that are larger than the first
have also been reported previously for some proteins (Klotz
and Hunston, 1979) and appear to be a results of a large
positive interaction between the sites. Thus, it appears
that binding of a first bilirubin molecule by the LysSA183
pendant affects the conformation of this pendant in such a

way as to facilitate the binding of a second bilirubin

molecule.

-

3) Interaction between Sites

Paositive interactions between the sites for the

LysSAla3 resin are clearly demonstrated by the affinity

]
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profile. Certain other';esins also show deviations from

.

ideality but the interactions are not geariy as pronounced.
Although it was not possible to distinguish between the

different combinations 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
lower than ideal K2 (negative behavioyr). An understanding
of the factors controlling this behaviour would be an

important asset in the design of future adsorbents.

The positive interaction between the sites of sonme

resins ‘rule out charge density as the only determining

factor. Since the binding of the first bilirubin molecule

should deérease the overall charge density'on the pendant,
this should always have a negative effect on the binding of
effects

Ed

chain

second charge

the molecule if the electrostatic

were It appears that

the sole determining factor.

length can also be excluded as the sole factor since the

variogs resins with 8 amino acids show different types of

behaviour, e.g., ArgSAla3 shows a negative behaviour while

LysSA1a3 and Arg,;AlajArg,Ala; have positive. interaction.

7

Similar behaviour can be seen for the resins with 6 amino

shows
9

acids; a positive .behaviour while

Arg3Ala3
HislArng1a3 has negative behaviour..

amino acids does not seem to have any correlation with the

béhaviour of the sites since, for example,, the

s
t

arginine-containing resins show either positive or-negative
N ‘| "'o
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interaction. It seems very possible that the interaction

between the sites is not governed by a single factor but
rather by 'a complex combination of the above wmentioned

1]

factors, as well ag possibly certain others.

4) Thermodynamic Parameters

The derived values for the change in free energy
associated with the binding of a bilirubia molecule to - the
various resins at 0°C are in the range of -15 td -31
Kjoule/nole.- Excluding the values for the resig, Ala3
resin and acetylated Ala3 resin, th average value_ALG6 for
the first binding site 1is -21 &+ 3 kJ/mole while the
corresponding average value for the second binding site is
-22 i, 5, Qhere the uncertsinty represents th; ltandgrd
deviation. The overall average value, excluding the resin,

the Ala resin, and acetylated A1a3 resin, is - 21 + 3

3
kJ/mole. Since the adsorption isotherms showed no

indication of temperature dependence, AH® for the entire

process must be zero. Hence, AS® .would be in the range.55

1

to 113 joule mole” degree-l. Using the average value for

A G® together with AH® = 0 yields AS® = 79 & 11. )
Contradictory thermodynamic parameters for the binding
of bilirubin to HSA (Table XII) have been reported by

Shapovalenko and Kolosov (Shapovalenko and Kolosov, 1978)

‘and by Jacobsen (Jacobsen J., 1976). While AG® is negative

in both studies, AH® and AS° vere..reported to be positive

by Shapovalenko and Kolosov (Shapovalenko and Kolosov,

1978) ~while negative values are reported in Jecobsen's

171 -




Atk st s

TABLE XII

P

-t

THERMODYNAMIC PARAMETERS FOR THE BINDING OF BILIRUBIN TO HSA

6« .

. IN: o T AG® as®
Reference K joule oc joule joule
mole male. - mole deg
20 - 46.0 "~ 35.6
25 - 46.0 - 35.1
Jacobsen J. - 57 . =
1977 30 - 45.6 - 36.0
" 37 - 45.86 - 35.1
i i 3 - 28 .
6 - 30
Shapovalenko )
and 38 12 - 31 240
Xolosov
1978 : 20 - 34
37

- 37
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study (Jacobsen J., 1976). *Thus, the :ﬁerlogynalic
parameters obtained from the pigﬁing of bilir:;in‘ to {he
polyanidé resin'are in bftter agreement with the values of
Shapovalenko and Kploﬁov (Shapovalenko and Kolosov, 1978).

It should be remembered that the reported constants for the

binding of bilirubin to albumin span &, wide range of"

values. Furthernore, the’ range of tenpetat#res at which
they can be determined is ver} limited. Hence.‘a reliable
evaluation of the thermodynanmic parameters . is
experimentally very difficult: It shoqld also be noted
;hat the binding of bilirubin to albumin involves several

steps, in particular some rearrangement of the. albumin

" conformation, which-is expected to be quite differeat from

that which can occur with the small peptide friglentl'

involved in this study. Thus, ‘;ililnrity betveen the

thermodynamic parameters is not feally expected.

5) Comparison between Polyamide-Bilirubin and Albumin-

Bilirubip Binding Constants

.Constants for binding bilirubin to albumin have been

reported by several authors (Table III and IV) and for

-oit, ‘1 varieQ from 10? to 108

6

vhile K, varies'fpél IQS to

107, Comparison of these values with the derived binding

constants for the polyamide resins inddcate that Fhe resins
bind bilirubin somewhat wore weakly than does albumin.
These 1lower -bindiﬁg constants are in good agreeiént with
th; fact that, although some of the.resins sre very good
adsor?ents in aqueous solutions, ‘-os:-canqot compete with

aldbumin.

4

hY . *
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’ * Howvever, the resin conta%niug thg' Argskla3 pen;;ht
shows sonme go-petition, even with the first binding site
of albumin and can definitely compete vﬁ:h " the” second

rbinding site. This resin has a first binding constané of
roughly 105 of dependin§ on the source, approxingtely 10 to
—IUO‘ fold lower 'than the reported values for the first
binding site for ’bilir;Hin on albumin and 1 to 10 fold
‘lower than t;at of the second binding site. On this basis
the ability of the ArgSAla3 resin to compete for bilirubin
with the first binding site on BSA is somewhat wunexpected
- and snggesgs that the values reporte& in’ the literature for
the binding constants of HSA are somewhat high. Certainly
better agre;-ent is obtained if th; lower values for these
binding constants are sccepted. It is\élso possible that
the binding of bilirubin to BSA is not as strong as the
binding to HSA. "~ \ )
The general conclusion that can be derived from the

- various aspects of this study is that the best polyamide
r;:in ‘made for the adsorption of bilirubin is one with
pendants of high arginine content. Adsorption  of

'ztilirubin seems to be favored by pendants with a “strongly

basic character.
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. Throughout this project, a number of original findings

have been made. These were discussed ‘in detail ,in the-

preceding chapters and are summarized below: oos

Léa

1) It was shown that although crosslinked PVP ‘gggbrﬂs'
-
bilirubin more quickly than does cholestyramine, which is
one of the most widely used adsorbents for bilirubin, ° the .

former has a much lower capacity and thus, “its use as an

adsorberit is not feasible. ‘ RN

3

2) Using eight different, single amino‘acidil residues,

[ <

immobilized by solid phase peptide sSynthesis onto a
polystyrene divinylbenzene resin (Merrifieldiresin), it was
demonstrated that an interaction %xisié between bilirubin

and two of these. The amino‘acids?yhich‘showed the best

interactions were arginine and lysine which'are the only
two with a positive charge at a pH of 7.8. These are also
two of the four _amino acids that have been proposed

previously to be situated at e bilirubin binding site on_

albumin.
N .

3) Using 1longer peptidé péndants immobilized onto a

water .swellable ©polyamide resin increased Eﬁe adsorption - . :

capacity for bilirubin of the polyamide resins, An
interaction between bilirubin and tyrosine and histidiﬁe,

the other two amino acids thought to be situated at XHe .k

-
, .
N T
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binding site for bilirubin_ on albumin was also

demonstrated.

4) A systematic study of the adsorption capacity for
bilirubin . by polyamide resins containing d%ﬁferanc
combinations of arginine, 1lysine, tyrosine, histidine, and
alanine, the last acting as a spacer, revealéd some of the
factors controlling the adsorption of bilirubin by
immobilized amino acids to be:

| a) The a¢-amino group:- This group contributes
moderately to the adsorption of bilirubin as shown by the
fact that acetylating the(x—amiho'gréup of a Alay pendants

results in a decrease in the adsorption capacity.
b) The ? groups: The nature of the R groups

of the pendants is the main contributor to - the

adéorption of bilirubin.
c) Cﬂgrge density} Resins \cont?ining' the
charged amino acidst arginine and Iysiﬁéjh ;dsorb more
'>bilirubin than do resins containing the uncharéed'auino
acids tyrosine and histidine. Furthermore, as' th;
number ofla#ino'acids in the pendants increases, the
c&fresponding enhanéemént in the adsorption capacity is
higher when the amino acids are éharged. Arginine and
lysine were found to be the strongest adsorbents with
histidine and tyroéine showing weaker 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 role.

Adding a spacer bet;een twvo active amino ;cids
residues has a positive effect on the adsorption
capacity,. The resin containing the pendants
AéélAla3ArglAla3 demonstrating a  higher adsorption

I, capacity thanp a resin containing the pendants Arnglaa.

e) Mixed residues: Combinations of active residues
in a peﬁdant can demonstrate synergistic behaviour.

£) Conformation ~ and/or other factors:
Discontinuities in adsorption capacities and binding

constants suggest that steric and <conformational

effects are present.

5) Desorption by albumin showved that resins containing
pendants with arginine bind bilirubin more strongly than

those composed of lysine. . .
. S ° .

“xA

~

6) Adsorption from solutions <containing both
bilirubin and albumin -showved that some ° resins, in

rpargibnlgr _the - resin containing ArgsAlh3< pendants, can

-

compete favourahli with albumin for bilirmbin.

* ‘7) Bindi;g constants for bilirubin, obtained éor each
of the polyamide resins containing peptides pendanti- using
the stoichiometric binding constant approach, Qere in the
ranhe of 103 to'los. ‘The binding con;c-nt for the best
_resin, that containing the 'Ar35A113 pendants,  is

approximately two to three order of magnitude lowver thas
¥

~
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the binding of the first site for bilirubin on human serum
albuain. For pendants with more than one site an
interaction between the sifes was generally detected,.

8) Binding sites for bilirubin on albumin: The present

data give some insight to the deeply researched question

concerning the site at which the two strongly bound "

bilirubin molecules are attached to albumin. Sites . where
access to two argifaine ré§idues is possible are considered

to be prime places for consideration. By virtue of its

3

high arginine, 1lysine and histidine content, the tip of

loop 4 (Fig. 8-9, Chap I) should also be considered.

178
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SUGGESTION FOR FUTURE WORK

1) Ia-vivo studies of the adsorption characteristics

for bilirubin by these resins should be obtained. L

2). -The synthesis and study of the adsorption capacity
f6r bilirubin of resins containing peptide pendants similsr
to those found in native human serum albumin and/or bovine
serun elbumin should be considered. This could lesd to

better adsorbents and a better characterization of the

binding sites for bilirubin on albumins.

3) Since .it is suspected that conforlatibﬁ of ° the
pendants may play an important role im the ‘adsorption
process, a study of the conformation of -the immobilized

peptide pendants is suggested.

4) Synthesis of sctive peptide pendants onto a more
highly substituted resin ‘should be considered. :This should

lead to a resin vwith a increa§e§<cdpac1tj:

N ;

5) Synthesis of pendants nade( of amino acids
derivatives which would be non-hydrolizaqle should also be
undertaken. This type of resin could then be used for

removal of bilirubin from the'gastroint;stinal tract.
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PROGRAM FOR AUTbHATEﬁ SOLID PHASE PEPTIDE SYNTHESIS I

Time

Step Operation Reagent Number of
sar : Repetitions | (minutes)
{
. symmetrical until
} coupling anhydride 1 completion
2 ‘ w:shing CKZCIZ\ 4 2
- i 40Z TFA in
3 deprotection C“ZCIZ 1 20
4 vashing CH2012 2 0.75
\ — .
' 5% DEA in
5 vashing 2 0.75
CHZCI2
6 neutralization 5% DEA in 1 5
CHZCI2
vy vashing CH,C1, 2 2
8 *washing DMF 2 2
9 vashing CHZCI2 2 2
10 next coupling back to step 1
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.TABLE A-II
PROGRAM FOR AUTOMATED SbLID PHASE PEPTIDE SYNTHESIS II

w

et .
Step’ Opckation Reagent Number of Time
Repetitions (minutes)
) symmetrical until
1 coupling anhydride 1 completion
- 2 vashing CHZCI2 : 2 ' 0.5
3 vashing 1 hexane -2 0.5
4 vashing CH,CL1, 2 0.5 -~
40Z TFA in
5 deprotection CHZCIZ 1 20
6 washing CH2C12 2 1
' SZ DEA in
7 washing CH.C1 2 0.75
2°"2.
8 neutralization 52 DEA in 1 5
\ CH,C1,
9 vashing CH,C1, 3 0.5 =
10 t . next coupling back to.step 1
s !

193



TABLE A-III

{

v
Y

- PROGRAM FOR AUTOMATED SOLID PHASE PEPTIDE SYNTHESIS III

Step Opcratibi Reagent Number of Time
. ' Repetitions (sinutes)
symmetrical until
1 coupling anhydride 1 completion
2 wvashing . 082C12 2 1
"3 --washing DMF 1 1
4 vashing c32C12 3 . 1
40% TFA 1in
S dcp;otcct}on ca,C1, 4 20
- 6 vashing | CHZCIQv 2 .
7 vashing ° dioxane/CH,Cl, 2 1
8 ‘ vulhingl CHZCIf 2 }
9 vashing DMF 2 1
5% DEA in :
10 vashing : CH.C1 2 0.75 .
- 2°°2 . .
52 DEA in -
11 neutralifltion CBZCIZ 1 S
12 vashing CH2012 4 2
13 next coupling back to step 1
N
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Chapter ¥V, and Figures 39 to 48 in Chapter VI.

This ‘sppendix coatains, is tabular form, the
cxp&ri;pntal data comtained in Figures 17 and 18 in Chapter

II, Figures 22 to 30 ia Chapter IV, Figures 31 to 37 in

»—
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FIGURE 17
ADSORPTION OF BILIRUBIN BY PVP

1

i

Temperature = 0°C Temperature = 10°C

Ceq (mg/dl) X (mg/g) Aceq (-g/dl) X (mg/g)
1.5 26.3 1.4 20.3
2.7 30.2 1.8 26.0
3.2 33.1 2.5 31.6
4.2 1 3s5.9 4.1 37.6
4.8 41.6 6.4 44 .4
6.4 43.5 * 8.1 48.8

Temperature = 20°C Temperature = 25°C

Ceq (mg/dl) X (mg/g) (*’3‘q (mg/dl) X (mg/g)
2.2 31.9 4.0 37.0
2.9 34.8 3.1 ° 33.9
3.2 41.0
6.1 48.1

196




DG et SRS A A MO PR Aol et e =

FIGURE 18

Temperature = 20°C

Ceq (ng/fl) X (mg/g)
0.1 43.1
0.6 60.9
1.1 62.4
2.2 64.8
4,2 74.3
6.2 71.8

197

\ ‘ ADSORPTION OF BILIRUBIN BY CHOLESTYRAMINE
Telgsrnture = Ooé ’Tenperature - 10°C
Cqq (m8/d1) X (mg/g) Coq (me/dl)-| 'X  (mg/g)
1.3 27.0 0.7 38.8
1.9 32.0 1.2 42.9
2.6 35.1 1.7 46.0
4.5 C o 344 2.6 49,8
6.5 60.4 4.2 49.2
5.1 60.0
5.5 52.7
ﬁ 6.1 63.0
&

Tenperature = 25°C

Ceq (mg/dl) X (mg/g)
0.3 64.9
0.7 1 69.9 -
1.9 81.1
3.7 88.1
6.4 89.8




FIGURE 22
KINETICS FOR THE ADSORPTION OF BILIRUBIN
' BY THE POLYAMIDE RESINS

a

f ’ ‘ ArglAla3 Ar32A133 \ ArgSAla3
5 | TIME (min) | Absorbance Absorbance Absorbance
. sy *
o - | -0.668 |  0.448 0.850 .
L s 0.375 | - 0.300 ©.0.626 .
15 0.340 0.240 0.560
30 0.325° 0.205 0,462
60 ' 0.330 0.160 0.400
R 90 . 0,320 0.140 . 0.380
4 ‘ '
: (
[N 7 0\. ~ . v

. .
v I3 .
. a o )
° ’ 198
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FIGURE 23

ADSORPTION OF BILIRUBIN BY THE REFERENCE RESINS

Unseubdstituted Resin

qu (mg/d1) | X (mole/eq)
2.5 0.060
4.7 0.075
4.8 0.064
7.1 0.140
7.2 0.130
9.2 0.146

Ala3

Ceq (mg/d1Y | X (mole/eq)
1.9 .0.044
h.4 0.072
9.3 0.160

| 199

Cholcstyrnnino-

Coq (w8/d1)

X (-olq/hqi

0.013

1.3

1.9 0.016
2.6 0.017
4.5 0.017
6.5 0.0235

A1n3 Acetylated

C.q;(-g/dl) X (mole/eq)
2.4 0.014
4,7 0.030 -
9.5 0.120
»




.FIGURE 24

ADSORPTION OF BILIRUBIN BY THE ARGININE-CONTAINING RESINS

/ulrglAlaa\ Arg,Ala,

C..q (-é/dl) I (mole/eq) Cﬂl (‘-g/‘c'l'l) W'X (mole/eq) !
0.7 0.06 0.5 g.11
1.2 0.08 , 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
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
1.7 0.38
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FIGURE 24 coat'd

'Argallaa
Ceq (#8/¢1) | X (mole/eq)

1.1 0.32

'107 .006‘

2.1 C0.67

2.2 0.66

3.7 0.80 /
5.4 "1.09

8.2 1.37

201

Argslla3

(2‘q (mg/dl)

X (mole/eq)

0.16
. 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
4.7 1.27
6.6 1.74
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FICURE 25

B A

£ 0\ U ket e v Y i

. BFFECT OF PROTECTING THE R GROUF OF ARGINI@E PENDANTS

4

Q.q (ng/dl)

ON POLYAMIDE RESINS

Ar3241a3

I (mole/eq)

-

Arg2A1|3 protected

C.q (mg/dl)

X (mole/eq)

3.5 0.27
7.9 0.48
8.0 0.42

0.5 0.11
1.3 0.25
1.4 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 |

[}
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Ly-lA103

eq (mg/dl) "

I (mole/eq)

, " FIGURE 26 ‘
ADSORPTION OF BILIRUBIN BY THE LYSINE-CONTAINING RESINS

#

)

LyazAla3

(Z‘q (mg/dl)

X (mole/eq)

o

0.04

REE

0.08

| les )

0.11

T o

0.19

X (mole/eq)

0.8 0.05

2.0 0.13

2.8 0.21

r' 3.8 0.25
4.2 0.21

5.8 0.35

N 7.6 0.56
7.7 0.50

—

0.12

0.30 -
1.7 0.67
1.7 0.70
2.6 1.10
3.3 1.40
6.1 1.74
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'FIGURE 27
ADSORPTION OF BILIRUBIN
. T 3
BY THE HISTIDINE- OR TYROSINE-CONTAINING RESINS

[ L g

HillAIQS - : HiszAlas
(2.q ‘(mg/dl) I (mole/eq) C.q (mg/dl) | X (mole/eq)
43 | oas 2.1 0.11
9.2 0.15 2.2 | 0.20
' — T 3.5 0.16
. 4.0 ©0.19
HisgAla, 6.5 0.23
C“l (mg/dl) | X (mole/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
Tyr,Ala, "ryrlua3
Ceq (mg/dl) X (mole/eq) Ceq (mg/d1) X (molé/eq)
L ' {
4.3 0.20 4.3 0.14
9.1 0.23 9.2 0.16
- 204 ”
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PIGURE 28 \
EFFECT OF THE ADDITION OF AN HISTIDINE TO ARG,ALA

Ar32A1a3
‘é.q (mg/dl) I (mole/eq)
0.5 0.11
1.3 0.25
1.4 0.42
2.1 0.58
2.7 0.71
3.0 0.77
" 4.0 1.02
5.3 0.93
7.0 1.20
HislArngla3
Ceq (mg/d}) X (mole/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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3

ArgaAlaa

C'q (mg/dl)

X (mole/eq)

1.1 0.32
1.7 0.64
2.1 0.67
2.2 0.66
3.7 0.80
5.4 1.09
8.2 1,37




3|
;
]

1Y

) Argllla3'

C.q (mg/dl) | X (mole/eq)

l 0.7 0.06
1.2 0.08
1.9 ) 0.11
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

ArgaAla3

Ceq (mg/dl) X (mole/eq)
0.7 0.07
1.8 0.18
2.6 . 0.21
4.0 0.20
5.6 ) 0.20
5.9 0.29 '
8.0 0.41
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FIGURE 29 , ' \\\“

BFFECT OF THE ADDITION OF A SPACER ‘

\

'AT32A1l3 .
ch((ng/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 0.77
4.0 1.02
5.3 0.93
7.0 1.20
ArglAla3ArglA133
Ceq (mg/d1) X (mole/eq)
1.1 0.31
1.8 0.65
3.0 1.00
4.9 1.13
5.0 1.04
5.0 1.26
7.01 1.32




_FIGURE 30
EPFECT OF IONIC STRENGTH ON
. ADSORPTION OF BILIRUBIN BY ARG,ALA,

1
¥

. ‘Arngla3 Ar32A1a3 .

Ionic Strcngtﬁ - 0.1 M ‘Ionic Strength = 0.010 M
C‘q (mg/dl) | X (mole/eq) Coq (mg/dl) X“(lolo}cq)
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
3:7 0.71 . 3.0 0.89
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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KINETICS OF DESORPTION OF BILIRUBIN FROM

FIGURE 31

POLYAMIDE RESINS

krgztlas thzllaa ~ Lysghla,
Time (min) Absorbance Absorbance Absorbance
0 0.452 6.365‘ 0.390 .
15 — & - 0.662
30 0.610 0.409 0.754
60 0.678 0.467 "0.781
120 0.734 0.520 " 0.823
190 0.758 0.576 0.821
250 0.774 0.593 ~——-
{ |
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FIGURE 32
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“JIE\«w DESORPTION OF BILIRUBIN WITH BOVINE SERUM ALBUMIN

PO

Ar32A113

b;;%rnﬁgn bilirubin
BSA retained
!’l‘ B ‘!
0.87 i 0
1.19 18
1.61 22
" 2.02. P d
2.81 47
HislAr32A1a3
bilirubin bilirubin
SA retained
4
2.32 5
3.65 11
4.81 .27
9,24 .75
" 9.43 '60
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) ArgsA1a3
irybin bilirubin
A retained
4
0.54 32
0.80 45
1.07 48
1.43 65
1.74 82
LyasA1a3
" bilirubin bilirubin
A ~retained
) 4
2.93 17
9.22 78




d FIGURE 33

DESORPTIOR OF BILIRUBIN FROM ARGZALA3
WITH BOVINE %ERUH ALBUMIN AT 0.010 M

Arng1a3 ArnglaB
Ionic Strength = 0.10 M Ionic Strength = 0.010 M
bilirubin | bilirubin : ‘ bilir;bin bilirubin
BSA - retained BSA retained
)4 2
0.13 40 : 0.87 0
0.27 54 1.19 18
0.37 53 ‘1.61 22
0.39 48 : 2.02 i 29
0.47 s3 |- 2.81 47
0.54 52
0.60 59
.70 49
0.84 - 54
0.95 : 46
1.40 63
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FIGURE 34

x

ADSORPTION OF BfLIRUBIN BY ARGSALA3
IN THE PRESENCE OF BOVINE SERUM ALBUMIN

“the

bilirubin X (mole/eq) free bilirubin free bilirubin

BSA 1 binding site 2 Q}ndiug sites
1
1.72 0.09 1.97 - 0.31
'2.02. 0.10 2.32 I, o.s0 \
2.23 0.16 2.61 0.89
2.50 10,22 ~ 2.82 1,33
2.95 0.18 3.06 | 1.83°
3.94 0.36 3.45 2,59
45,78 0.45 3.65 2.97
5.51- 0.57 3.76 _ -3.22 A
6.07 0.47 3.78 . 3.28 o

" 3,67

Y

(Ve ]

o0
511_.»

8.45 0.75
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FIGURE 35

ADSORPTION F BILIRUBIN BY ARG,ALA,

IN THE PRESENCE OF BOVINE SERUM ALBUMIN

bilirubin X (mole/eq) | free bilirubin | free bilirubin
BSA 1 binding site | 2 binding sites
1.70 0.004 1.90 - 0.46
2,08 0.027 2.33 0.40
3.26 0.058 3.09 1.85
3,76 0.062 3.28 2,23
4.45 0.11 3.47 2.62 "
6.80 0.4l ' 3.84 3.36
9.89 . 0.56 4.01

3.71
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FIGURE 36
ADSORPTION OF BILIRUBIN BY LYSSALA3
IN THE PRESENCE OF BOVINE SERUM ALBUMIN

.

bilirubin X (mole/eq) free bilirubin | free bilirubin

BSA 1 binding site | 2 binding sSites|:
1.74 0 1.88 - 0.48
2.13 0.019 2.36 0.46
3.29 0.031 3.07 1.81
§.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 | 0.3 _3.83 3.34
8.96 0.79 4,01 3.71

-

-7 o 213 .
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FIGURE 37 -

ADSORPTION OF BILIRUBIN BY CHOLESTYRAMINE

IN THE PRESENCE OF BOVINE SERUM ALBUMIN

o

bilirubin X (mole/eq) ‘free bilirubin | free bilirubin
BSA 1 binding site 2 binding sites
1.68 0.0118 2.33 Q.41
2.11 0.0115 2.72 1.2
. 2.54 0.0129 3.00 1.76 7
5.63 0.0181 3.77 3.30
8.90 0.2018 3.95 3.66

-

214

[ 3
.

Ly

i T VRSN G o Mo St ‘
.

‘
e e Rt o
-~



1

FIGURE 39

DOUBLE RECIPROCAL PLOT TO DETERMINE

ArgsAla3
1/C
x qu“e?n-1> (eq;:ile)ﬁ '
o.as: 0.57
. 1.24 - 0.79
1.41 0.80
1.47 0.75
1.87 3.83
2.28 0.93
3.6% . 1.00
4.67 1.25 '
7.02 1.18
12.8 2.38
269 4.12
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THE BINDING CONSTANTS AT 0°C FOR VARIOUS POLYAMIDE RESINS

-

LysSA133

x léfgegM°1) (eq;::{e)
. 0.95 0.57
1.76 0.71
2,26, 0491
3.43 1.49
3.4§ 1.44
“ 5.18 3.31
12.54 8.58
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FIGURE 40°
) CALCULATED ISOTHERM FOR ARG ALA,
BASED ON A IDEAL, ASSUMING A TWO SITE MODEL
. 31
Jr, w76 X102 ML
xl <18 x 10° M1 K.
e Kr35A1a3
] | | ch (mg/dl) X (mole/eq) ’ »

0.1 0.16
0.2 0.24

A

0.5 0.42 . ,
0.8 0.85
1.3 - |+ 0.80
1.6 | 9.91
2.6 1.07
3.1 ' 1.20
4.0 1.33
“ Q 4.1 1.25
4.7 1.27

L . ! 6.6 1,74 X

]
(
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One site model
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FIGURE 41

CALCULATED ISOTHERM FOR ARG.ALA

5
BASED ON A NON~IDEAL CASE

3

Two sites model

I ! . 4
=187 x10° 1 - 'k =86 X 103 M
: Ky = 12 X 10° ¥
ArgsAla3
Ceq (mg/dl) | X (mole/eq)
0.1 0.16
-
0.2 0.24
p 0.5 0.42
0.8 " 0.85
1.3 | 0.80
1.6, 0.91
2.6 107
3.1 1.20 -
. Y
- 40 1.33 .
4.1 1.25
407 e 1027
606 ‘ 1-7& LY

217

1
1




——

1 e ——————o O IR A G R N 02 R
R

2
L]

FIGURE &2 &

CALCULATED ISOTHERMS FOR THE REFERENCE 'RESINS

NON-IDEAL CASE,ASSUMING A ONE SITE MODEL

" Unsubstituted Resin
K, = 1.0 X 10° 47!

Ceq~(mg/d1) X\(mole/eqi
2.5 0.060
4.7 0.075
4.8 0,064
?.lv 0.140
7.2 0.130
9.2 0,146

Ala%)
Ky = 0.7 X 103 y!

Ceq (mg/dl) XLImole/eq)
1.9 © 0.044
4.6 0.072
9.3 ° 0.160

2 218

Ala3 Acetylgted

1.1 X103 ¥

1

|
eq (#8741) | X (molefeq)
4
; 2.4 ie 0.014
%.7 0.030
9.5 0.120
p
a

st he e ek
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FIGURE 43

-.CALCULATED ISOTKER}{S FOR THE ARGINIM?? ~CONTAINING RESINS

I

“ArglAla;
K, = 4.5 x 100 07
Ceq (ng/dl) Xo(mole/eq)
” 0.7 0.06
1.2 .0.08
1.9 0.11
3.1 o0.19
3.2 . 0.17
) 3.8 0.24
: 4.3 0.28
4.7 0.23
5.6 0.31
7.7 . 0.38

vy ' ’ m219

{NON-TDEAL CASE :

Argzhla3
3 -1
Kl = 19 X 10 3M

"~ ¢ Ky = 7.8 1100 M -1

Ceq (ng/dl) - X (nole/eq)
0.5 0.11
o 1.3 0.25
! 1.4 0.42
2.1 0.58
2.7 ‘ 0.71
3.0 o 0,77
4,0 1.02
53 0.93
7.0 1,20




FIGURE 42 Cont'd

220

Arg,Ala, ArgSAla3 . .
K, = 24 X 10°m°0 N A 86 1 103 7]
Xy % 7.2 X 10° M . Ky = 12 X 107 M
geq (mg/d;) X (mole/eq) ) “Ceq {mg/dl) X (molejeé)

1.1 0.32" 0.1 0.16
1.7 0.64 C 0.2 0.24
2.1 0.67 0.5 0.42
2.2 0.66 0.8, 0.85
3.7 0.80 1.3° 0.80
'5.4 1.09 1.6 0.91
8.2 1.37 2.6 1.07
3.1 1.20
| 4.0 1.33
i 4.1 1.25
‘ 4.7 1.27
6,6 1.74
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¥

CALCULATED ISOTHERMS FOﬁ‘THE LYSINE;CONTAINING RESINS

('«

> NON-IDEAL CASE "L
\
. Lys,Ala, . ,LyszAlaB
K, = 1.6 X 103 y°! K, = 5.3 X 103 y-!
. Qé: (mg/dl) X (mole/eq) beq (mg/d1l) | X (mole/eq)
0.9 0.04 0.8 0.05
2.2 0.08 2.0 0.13
- . 4.6 0.11 2.8 0.21
. ’ 9.2 0.19 3.8 ¢ 0.25
. 4.2 0.21
A
5.8 0.35
- 7.6 0.56
8 B ' )
Lys5Ala3
. K= 1.0 X 103 M1
_ Ky = 700 X 10° M° )
& Ceq (mg/dl) X (mole/eq) \ 4
Tp 1 ‘\“
I34 { \
0.5 0.12 \
1.1 0.30 .
i 1.7 0.67
1.7 0.70°
2.6 1.10 5
3.3 1.40 '
( 6.1 1.74
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« FIGURE 45
v

CALCULATED.ISOTKERMS FOR THE HISTIDINE-CONTAINING RESINS

7

"

NON-IDEAL CASE

HiszA133
£, = 1.0 103 M7
K2 = 700 X 10" M
Ceq (mg/?l) X (mole/eq)
? 2.1 Ooll
2.2°, 0.20
3.5 0.16
dﬂO 0.19
3 6.5 0.23
6.6 0.20
8.5 0.37
9.0 0.21
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HisSAIQB

‘1 =1,0X 10
lz «°700 X° 10

Ceq (mg/dl)

3 41
M

-

X (nole/eé}

1.5° 0.25

3.0 0.44

6.§. 0.76

7.0 0.66
\‘ -

-




| . FIGURE 46 -
(. ' CALCULATED ISOTHERMS FOR OTHER POLYAMIDE RESINS
’ - NON-IDEAL CASE | :
vooT » — -
‘ ArglAlaa ArglAla3ArglAla3
: X, =4.2x 10 071 K, = 25 X 107,071
: Ky = 700 X 10° M
Ceq (mg/dl) | X (mole/éql éeq (mg/dl) | X fmoLe/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 9 5.0 1.04
© 5.9 0.29 5.0 1.26
‘ 8.0 0.41 ,7.01 1.32
»
Yy
. ; % Hislérng1é3
K, =61 x 10%071
e Ky = 4.2 X 10° M n |
- Ceq (mg/dl) X (mole/eq) v /.
' 0.5 0.40 ’ /
‘ 1.6 0.76 n
2.8 0.96
, 4.7 1.06
.'( 6.8 1.23 i ?
‘
. EY « ) '[ " ’
223 . .
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AFPINITY PROFILES FOR THE BINDING OF BILIRUBIN

FIGURE 47

_TO VARIOUS SUBSTITUTED POLYAMIDE RESINS

P
—

-

Atng1a3
1 1ti x 103
1 Y19
2 16
kY
3 .0
...‘ '
'ArgSAlaB-
“y ik, x 103
1 " 86
-2 23
'3 0
HislArngld3
1 T 103
1 61°
2 8
3° 0

224

. .*"
lrg3Alay
$ ik, x 10
1 .24
2 14
3 3 0
ArglAlaéArglAlaB
i iR, x 10%¢
1 25
2 20
3 0
LyssArglAla3 )
i ik, x 10 |,
1 1.0 \\
Emy 2 1400 ,
3 0

e

f



FIGURE 48
CALCULATED ISOTHERM FOR ARG GALA,
_ BASED OF A IDEAL AND NON-IDEAL CASE

Idé’al c&e 3
,Kl = 74 X 1.03
K, = 18 X 10

H'i
M
! 1

Non-ideal case
Ong site model

Two Sites mqodel

K, = 187 x 103 y~t X, = 86X 103 M_]
S K, = 12X 10° ¥
) ‘
. Argsk,la;3
. 'Ceq (mg/dl) . X (mole/eq)
- 0.1 0.16
-
. 0.2 0.24
" 0.5 0.42
0.8 0.85
1.3 0.80
1.6 4 0.91
2.6 1.07
3.1 1.20
4.0 1.33
4.1 1.25
W 1.27
6.6 1.74
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~ The adsorption of bilirubin
{ from- aqueous solution
onto solid cholestyramine
and polyvinylpyrrolidone
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ABSTRACT

14
.

( 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 solid, cross-linked PVP and onto .
cholestyramine (CA) (used as a reference adsorbent) at 0,
10, 20 and 25°C Although adsorption onto PVP reaches
equiibrium values more rapidly than for CA, the latter
adsorbent has a larger capacty. Furthermore the
"isatherms for PVP are independent of temperature while
those for CA show an increase in BR adsorbed with an
increase in temperature. ’

INTRODUCTION

Bilrubin (BR), a bile pigment produced in the blood
by degradation of hemoglobin, is normally conjugated
with glucuronic acid in the liver, then metabolized to
urobilinogen by bacterial flora in the intestne and ex-
creted. Transport to the liver requires the formation of a
complex with albumin. When complexation, or conjuga-
tion, 1s incomplete, either because of an albumin defi-
ciency or a defect in the conjugation mechanism, the
level of free BR in the blood will rise, causing hyper-
birubinermia The free BR diffuses into the tissues caus-

( ing severe illness, e.g., jaundice and kernecticus, which

may result in brain damage or death. This aliment 1s par-

ticularly common in newborn children and in eastern

countries may affect as many as 30% of ali newborns.
One possible method for treatment of hyper-

The internations! Joum-al Of Antificsat Orgams { Vol 5 no 6, 1882 / p p 373378
© by Wichtyg Editors sd, 1982 ¢

D.S. Henning, G.R. Brown and L.E. St-Pierre

Department of Chemistry

and Artificial Cells

and Organs Research Centre

McGill University, Montreal H3A 2K6

)
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bilirubinemia is adsorption onto an ingested absorbent
so that remowval occurs in the gastrointestina!l tract thus
preventing the re-absorption of BR into the cardio-vascu-
lar system WVarious degrees of success 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% divinylbenzene containing quaternary
ammonium ions) (Lester et al. 1962; Arrowsmith et al.
1975) as adsorbents. In some cases, rasin feeding has
been attempted to assist simuitaneous phototherapy
(EBbesen and Moller 1977, Nicolopoulos et al. 1978;
Maurer et al. 1973). However, many factors such as ges-
tational age and feeding methods as well as physiologi-
cal factors seem to be of importance. For example, al-
though ingestion of agar alone generally has little or no
effect (Romagnoli st al. 1975; Molier 1974; Maurer 1974;
Maurer et al. 1973, Bium and Etienne 1973; Schellong
1974), there has been a report of its effective use by Pol-
land and Odell 1971 The ingestion method of treatment

Fig. 1 Adsorption flask

0391-3988/500373-06 $ 01.50/0
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s of imited application and is generally impractical for
use with newborn children. ~
Physiological factors seem to be of lesser importance
when adsorption of BR occurs during perfusion of plas-
ma through the adsorbent Columns of activated charcoal

(Barakat and MacPhee 1971; Lauterburg et al. 1979} and”

of various polymer resins have been used successfully In

. general, charged resins such as Dowex, 1X (Choles-

tyramine) tend to be more efficient than uncharged re-
sins such as Amberlite XAD-2 in removing BR Sideman
has reported the use of a «macroreticular MR 10n ‘ex-
change resin» with improved performance for removal of
BR by hemoperfusion (Sideman et al 1982} it has also
been found the immobiized albumin i1s useful as a
biocompatible substance of adsorption of BR
(Scharschmidt et ai. 1974; Ton et al. 1979).

Although the various adsorbents mentioned have
been used with varying degrees of success for the re-
moval of BR each suffers from a lack of specificity and
often have undesirable side effects, especially those
which are ingested. A report that the addition of water-
soluble polyvinylpyrrolidone (PVP) to BR soluition causes
a «red-shift» in the visible, spectrum of BR (Ploussard et
al. 1972) suggested that a specific interaction may be
involved. The purpose of this study was to determine
whether this interaction coyld be the basis of a selective
adsorption of BR onto biocompatible PVP that had been
made water insoluble, but was still swellable, by light
c}oss-hnking.

"MATERIAL AND METHODS [

Solution of BR were prepared daily by dissolving
bilirubin powder (from Bovine gallstones, Sigma) n 0.10
M NaOH and adjusting the volume with KHzPO4/NaOH
buffer to achieve a final pH of 7.8 + 0.1 Solutions were
kept in the dark at 10°C All experiments were made in a
dark room using a red-hght. °

The adsorbents, cross-linked PVP {Aldrich) and choles-
tyramine (Dowex 1X2, Aldrich) were pretreated in the fol-
lowing manner The PVP was washed overnight with buf-
fer {50°C) 'to remove soluble polymer Subsequently, both
cholestyramine (CA) and P¥P were washed overnight

Fig 2 Eﬂect of polyvinylpyrrolidone on the Bilirubin Spectrum
Bihirubin reference solution (10 mg/dl)
~ — — Bilirubin to PVP ratio = 049
B ———— Bilirubin reference solution (1 mg/dl)
~— — — Bilirubin to PVP ratio = 0 0046
— — — Bilirubin to PVP ratio = 0 0012

C ————— Bilirubin réference solution (10 mg/d!)
— — — Bilirubin to PVP ratio = 0.045, itial (BR)=
10 mg/di
— — - Bilirubin to PVP ratioc = 0,050, initial (BR)
10 mg/d!
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Fig. 3 Kinstics of Adsorption of Bilirubin at 10°C.
Polyvinylpyrrohdone
— -~ — Cholestyramine

with methanol, twice with 10M HCI (20 min), twice with
0.10M HCI (20 min), and twice with buffer (20 mn). Final-
ly, they were filtered, using a glass sintered filter, dried at
100°C under vacuum and the fraction with mesh size 100-
140 was stored in a dessicator until use.

. The adsorption studies were done in a specially de-
signed apparatus, shown schematically in Fig. 1. To pre-
vent formation of scratches, which encourage precipita-
tion of BR, the glass stirrer was placed so that it did not
touch the surface of the flask. In-addition to the inlet neck
for the stirrer the flask had two others necks, each of
which was stoppered with a rubber septum-to facilitate
the purging of the flask with an inert gas and the with-
drawal of solution during the experiment. The flask was
coated with BR prior to use by.stirring a BR solution (25
ml, 10 mg/dl)_for 2 hrs. The solution was discarded and
the flask nnsed with distilled water and dried.

The flask containing the BR solution (25 'ml, 10.0
mg/dl} was placed in a- thermostatted water bath and
purged continuously with nitrogen The mixture was stir-
red constantly Adsorption was intiated by adding the
appropriate weight of resin to the flask Aliquots (1 mi)
were withdrawn, at 15 min intervals for PVP and 30 min
antervals for CA to determine the concentration of BR in
the supernatant solution from its absarbance at 438 nm
measured with a Beckmann model 25 double beam spec-
trophotometer using the buffer solution as the reference.
Calibration experiments with BR solutions of known con-
centrationwyielded a linear Beer's law plot, in the concent-
ration range of these studies, with a molar extinction
coefficient of 4.44 x 104 1 mole-' cm-!

For studies of the kinetics of adsorption a continuous
flow system was used The solution was withdrawn, from
the adsorption flask, entering the bottom of 1 mm spec-
trophotometer flow cell, was withdrawn from the top of
the cell by a piston pump and returned to the flask. Glass
tubing was used throughout except at the connections to

°© -

e - -
v T s

Y —1 Y T ]
80]_ . ‘L
o
g 6o N
x G m_',/v‘u"
a0l o T ]
20 -
. il
. i 1 4 1 1
2 4 8

) 6
CegX10 mgymt

X mg/g

*

! 1 1
4 . 6 8
CagX 10? mg/m) '

Fig 4 Isotherms for the adsorption of Bilirubin. -
A Polyvinylpyrrolidone N
B Cholestyramine . .
0°C, 10°C, 20°C, © 25C

the cell, pump and flask. Corrections were made for the
rate of loss of BR in the absence of asdsorbent. g

.

RESULTS .

Experiments were carnied out to verify the previous
report by (Ploussard et al. 1972) of a «red-shift» in the
vistble spectrum of BR upon addition of water-soluble,
1.e., non-crosslinked 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, Amax,
shifted from 435 to 420 nm, i.e., a «blue-shift rather than
the reported «red-shift» was observed (Fig. 2). However,
when the weight ratio of BR to PVP was decreased to
0.05 a shoulder appeared aty460 nm on the peak with
Amax at 420 nm. A further decrease in BR/IPVP ratio to
0.005 resuited in a, relative decrease in the absorbance at
420 nm and an increase at 460 to give two peaks. Finally
at a BR/PVP ratio of 0.0012 the peak at 420 nm is seen

. 375
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only as a shoulder on the main peak that appears at
Amax = 460 nm, corresponding to a «red-shift» of aque-
ous BR. This is in agreement with the report of Ploussard
et al. (1972} since their studies were made at a BR/PVP
ratio of 5x104, i.e., under conditions where the peak at
420 is no longer observed.

It is noteworthy that the two spectra at a BR/PVP ratio
of 5x10-3 {Fig. 2c) are essentially identical inspite of a 10
fold changerjin initial concentrations. This suggests that
some equilibrium, or equilibria, exists between BR and
PVP, Indeed, since there are two shifts in Apax of BR,
(435 -»420 and 435 —460), depénding on the relative
amounts of BR and PVP, it is possible that two different
complexes are formed. At high BR to 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 binding sites, changing its conformation and
giving nse to the peak at 460 nm. At the intermediate
ratios both complexes would coexist.

The substantial effect of PVP ‘on the BR spectrum
suggested that adsorption studies were warranted. This
study was begun with an investigation of the relative
rates of adsorption onto the two different resins. The
kinetic studies 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 as
sharp decrease in the absorbance occurs and s followed
by a levelling off at about 20-min The completion of
adsorption 1s clearly defined. In contrast, the rate of de-
crease in absorbance for CA is less prounounced and
extends over a longer period of time. Although the point
at which adsorption is complete 1s difficult to assess it is
clear that the capacity is greater for CA than for PVP.

On the basis of the rate studies adsorption isotherms,
were obtained as the amount of BR adsorbed per g, of'
resin added at several temperatures {Fig 4). The amount
of BR adsorbed, calculated from the decrease in BR con-
centration, was taken after 30 min for PVP and after 90
min for CA. The most striking features of these isotherms
is the temperature independence of the acisorption onto
PVP and the increase in the amount of BR adsorbed onto
CA with increase in temperature,

Attempts were also made to desorb the BR. Howaver,
only 8% of the BR was desorbed from a PVP sample that
had 55 mg of BR adsorbed/g of resin after stirring in buf-
fer solution for 1 hr. This suggests that the adsorption
process is in fact a chemisorption, or at least involves a
relatively strong interaction, as 1s also suggested by the
“increase in BR adsorbed on CA with increase in tempera-
ture. ’

The adsorption isotherms were replotted according to
the Langmuir equation

x |0
olo

I,
ab

376

T I ¥ ¥
!
a T
4 N 4
12— . -
t
3 e >
b s
x 8L 7 ) -
»o ey
~N
0 / .
af -
» ©
1 1 i . |
2 4 . ) 8
Ceq X107 mgjmi
H ¥ T I
, (
12} -

1 | 1
4 - 8 8
CogX 107 mgymi

Fig & Langmwr Isotherms for the Adsorption of Bilirubin
A Polyvinylpyrrolidone
B Cholestyramine
v 0C .
v 10C ¢
,oec ,
O BC

where x is the amount of BR adsorbed per g of adsor-
bent, C s the equilibrium concentration and a and b are (
constants. The linear relationship obtained by plotting C/x * _
as a funchon of C (Fig. 5) shows that BR adsorption fol-
lows Langmuir behaviour although some discrepancy is
gvident for adsorption onto CA at 0°C. Solid-solute in-
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TABLE | ADSORPTION CHARACTERISTICS OF CHOLES-.
TYRAMINE AND OF POLYVINYLPYRROLIDONE FOR BILIRUBIN
FROM AQUEOUS BUFFER AT pH = 7.8

Molecules of BR adsorbed Resin repeat unsts

'

Resin  Temper- g ofresin Molecules of BR
ature {x 10719) adsorbed
(°C)
PVP 040 0 79 - 67
CA * 100 64 38
CA 200 78 30
CA 250 94 25

9
“

teractions are strong enough t0 compete with solid-sol-

,vent interactions in the first layer but not thereafter. The

number of molecules 1n the monolayer bound per g of
adsorbent, calculated from the Langmuir equation can be
related to the number of binding sites If 1t 1s assumed
that one BR molécule occupies on binding site (Table )
The number of binding sites are comparable for these °
two resins on a weight basis Taken on a repeating unit
basis (ignoring cross-hinking) PVP has one BR* molecule
for every 67 repeat units On the basis of the manufac-
turer's claim of Anx 1073 equivalents of quaternary am- .
monium tons per g of CA, it binds one BR molecule for
every 25 ons (at 25°C). For CA the number of binding
sites effective 1in adsorption apparently increases with
increase in temperature.

[¥]

DIScUSSION u .

In any adsorption process four major different steps
can be involved
1 Adsorbate diffusion to the adserbent surface;

2 Desorption of solvent molecules from the adsorbent
surface (8 endothermic process),

3 Desolvation of the adsorbate (an endothermic pro-
cess),

4 Adsorption of the adsorbate onto the adsorbent sur-
face {an exothermic process) !

In these experimants the solution were always stirred
Thus, diffusion is not expected to have a significant effect
on the rate of the overall process The increase in BR
adsorbed onto CA with increasing temperature indicates
that the effect of the endothermic processes (2 and 3) s
greater than that of the exothermic process

However, 1t could also mean that a chemical reaction
requining an energy of activation or which 1s endothermic
1s 1nvolved 1n the adsorption process

In the case of adsorption onto PVP, the magnitude of
the endothermic and exothermic processes are evidently
identical, 1e, the adsorption process appears to be

athermal. Previous studies (Clifford 1974; Olsspn ‘and
Samuelson 1974) strongly indicate that binding to PVP 1s
generally the result of a H-bond formation, presumable
to the C=0 function on the PVP.

It 1s also of interest that the number of binding sites
on CA increases with an increase in temperature. It I1s
possible that the conformation of adsorbed BR changes
with change in temperature thus altering the binding
capacity of the resins

If this were the case, however, then similar behaviour
would be expected for both resins. Hence, a change in
the nature of the BR — resin interaction 1s imphed; It

.. Seems possible that the reactivity of the quaternary am-
mine of the CA is temperature dependent Certainly, a
previous report clearly shows that the adsorption of BR
onto the CL- form of the resin 1s quite different from the
adsorption onto the HCO-» form (Sideman et al 1982)

However, it is also possible that the physical accessi-
bility of the resin surface is quite different for these two
resins. In these experiments, adsorption was initiated by
adding-dry resih to the BR sotution It is possible that the
wetting and swelling charactenstics of the styrene base
resin (CA) would be poorer than those of PVP which in
its uncross-hifked form s water soluble Further exper-
ments are planned to test this matter

Although CA will bind more BR than PVP, adsorpfion
onto the latter 1s favoured kinetically Adsorption of BR
onto PVP reaches saturation in a few minutes At short
times PVP adsorbs more BR than CA This could be an
important factor if the resins were used n a column for
perfusuon

Durmg perfusion the contact time between the BR
solution and the adsorbent would be relatively brief A
.resin adsorbing more rapidly could then well be more
efficient thah one with a higher capacity but slower kine-
tics This higher affinity also means that if other com-
pounds were present in the *plasma, .eg., bile acids, to
compete for the binding sites, PVP might well be more
efficient than CA
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ABSTRACT . g
oy Merrifield resins with various'amino acid containing
- pendants and a water swellable polyamide resifh with the

. peptide alanine-alamine-alanine-argiine as the pendant
group have been prepared by sohd phase peptide synth-

~esis Mernfield resins with either af’gmme or lysine pen-

dants are capable of sorbing bilirubin from aqueous sol-

ution (pH = 7 8) but those with other amino acid pen-

dants gave no indication of sorption The polyamide-ar-

ginine resin showed, on a functional group basis, a high-

er capacity for bilirubin than does cholestyramine It 1o
proposed that the formation of salt linkages causes a

« . strong interaction of bilirubin with argimine and lysine.

INTRODUCTION .

Hyperb|llrub|pem|a, the accumulation of the bile pig-

* ment bilirubin (BR) in the blood, can cause.serious tissue

damage and may even result In death (1). Currently

hyperbilirubinernia 1s being treated with considerable.

success by phototherapy, 1 e, by \Huminating the patient

with visible ight-for periods of hours or days (2). How-

ever, since this treatment is not without side-effects (3),

e.g.” «bronze baby syndrome» (5), other methods of
treatment are still being sought.

. Hemoperfusion through a suitable sorbent I1s a possi-

( ble alternative method for removing BR from plasma (4)

Activated charcoal (6, 7), charged resins such as Dowex

1X {cholestyramine) (8, 9, and uncharged resins such as

Amberlite XAD (8-10) have been used with some success

L in Iabora:(o’ry tests. Immobilized human serum albumin

T
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(HSA) 1s a somewhat more selective adsorbent, that is
also biocompatible (11, 12), but its usefulness i1s limited
severely by the fact that one molecule of HSA, with a

_molecular weight of 66,000 binds only two molecules of

BR. Thus a large amount of HSA 1s required to remove
significant amounts of BR

Although the chemical structure of HSA has been fully
established {13), the location and structure of the binding
site for BR on HSA have not yet been clearly identified in
spite of extensive studies (1) It seems ‘I‘;ke_ly, however,
that the binding sites for BR constitute only small por-
tions of the HSA molecule Jacobsen showed that when

‘the lysine, arginine, tyrosine, and histidine residues in

HSA are modified chemically the binding constant for BR
is markedly reduced (14, 15) This led him to postulate
that these four amino acids must be at, or near, the bind-
ing sites . [t 1s also possible that the binding sites are not
preformed, but rather that the flexibiity of HSA permits
them to be formed by the folding of the HSA around the
BR molecule (1)’

These observations suggest that it should be possible
to make a sorbent of fugh capacuty for BR by attaching,
as pendants, appropriate amino acid sequences, corres-
ponding to the active sites on HSA, to a polymer
backbone This paper describes the preparation and $re-
liminary testing of sorbent produced by attaching pen-
dants caonsisting of a single amino acid umit to Mernfield
resin using well known sohd phase peptide synthesis
techniques The synthesis and adsorption behaviour bf a
sorbent composed of a water- swellable polyamide resin
ds the polymer backbone and arglnme cgmaining pen-
dant groups is also presented.

EXPERIMENTAL :

Preparation of resins .

1 Mernfield resins A series of sorbents was prepared
by chemically attaching single amino acid residues to the
Merrifield resin {a chloromethylated or hydroxymethy-
lated polystyrene divinylbenzene resin} (16) For this
synthesis the amino acids were protected at-the « amino

0391-3988/600209-06$01.50/0
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location and at the reactive side chains using suitable
protecting groups’ {bis-Bos for lysine, histidine and
tyrosing, and mono-Boc for arginine) to ensure that the
amino acid would be coupled to the resin at the car-
boxylic acid site The protected amino acids were at-
tached to either the chloromethylated resin {Chemalog),
in the case of lysine, arginine and tyrosine, or the hyd-
roxymethylated resin (Biochem), in the case of histiding,
using standard sohid phase peptide synthesis techniques
(17) ‘Merrifield resins with proline, glycine, phenylalanine
and aspargine pendants were purchased as the N-t-Boc
amina acid resin ester The attached amino acids were
deprotected by stirnng the resin n triffucroacgetic acid
(TFA) (40% in CH2Clz, 40 min) and neutralized with
triethylamine (10% in CH;Cl2, 5 min)

2 Polyarmide resin A water swellable polyamide resin
(Chemalog), which 1s a copolymer of dimethylacrylamide
and N-acryl-1,6-diaminohexane reticulated with bisac-
rylyldiaminoethane was used as the polymer backbone
(18) onto which the peptide Ala-Ala-Ala-Arg (where Ala 1s
alanine and Arg is arginine) was synthesized. The Ala
COOH group was attached directly to the resin by an
amide bond to the resin NHz2 groups The trialanine por-
tion was included to extend the Arg unit away from the
polymer backone to make 1t more accessible for sorption

-The compiete sequence for the synthesis of the pen-
dants on the polyamide resin i1s shown on Figure 1. The
synthesis of the peptide pendants was achieved on a
Vega model 250" automatic peptide synthesized by the
symmetrical anhydnde method (19) .according to the
schedule shown in Table'| The resin was first swotlen in
CHzClz and the hydrochlornide salt was displaced with
40% dusopropylethylamine (DEA) in €HeCl2 30 min Ter-
butyloxycarbony! groups were used to protect the amino
function of both alanine and arginine while nitro groups
were used to protect the guanidp function of argintne
Both amino acids were obtained fully protected from
Chemalog. Upon completion of the coupling step, as in-
dicated by the ninhydnn test (20), the amino group was
deprotected with 40% TFA and- neutralized with 5% DEA
After the last aming acid in the sequence had been intro-
duced, the peptide was completely deprotected {« amino
and R groups) by treatment with anhydrous HF at 0°C for
—_one hour (21)

", Adsorption studies ,

The techniques used In this study for studies of the
adsorption of BR from buffer solution’ by the various re-
sins were essentially as described previously (22). Sol-
utions of BR were prepared daily by dissolving BR pow-
der (from bovine galistones, Sigma) in 0.10 M NaOH and
adjusting to volume with KHzPQO«/NaQOH buffer to achieve
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Fig 1 Synthesis scheme of the amino acid pendants onto the
polyamide polymer backbone

TABLEql - PROGRAM FOR AUTOMATED SOLID PHASE PEP-
TIDE SYNTHESIS
Step Operation Reagent Number of Time
repetition {minutes)
1 coupling symmatrnical 1 until
anhydride completion
2 washing CH2Cl2 4 2
3 deprotection 40% TFAn 1 20
CHzClz
4 washing CHzCl2 2 075
5 washing 5% DEA in 2 075
CHz2Cl2
[ neutralization 5%°DEA in 1 5
CH2Clz
7 washing CHz2Clz 2 2
8 washing DMF 2 -2
9 washing CHaCl2 2 2
10 mnext coupling back to step 1

+
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TABLE Il - AMINO ACID CONTAINING MERRIFIELD RESINS
FOR SORPTION OF BR

Amino Substitution R group status Colour

acid mmollg atapHof78 .
No acd - — no charge ) white
{rasin only} ’

Lysine 038 ' positive charge yellow
Argtnine 018 positive charge | yeliow \
Glycine os8s - no chargod white
Histidine 025 no charge white
Tyrosine 048 no charge white
Asparagine 040 no charge white
Phenylalanine 050 no charge white
Proline a) 012 no charge white

a) Proline is the only amino acid with the a NHz linked to the R group
v

a final pH of 78 + 01 and a concentration of 10 mg/dl.
This stock solution was diluted with KH2P0O4/NaOH buffer
(pH 7.8) as required Solutions were kept in the dark at
0°C and all experiments were made in a dark room using
a red hght . ‘

In a typical adsorption expenment with the Merrifield
resins, the resin (=60 mg) was added to 25 ml of stock
BR solution in a stoppered flask. The suspended resin
was mixed by inversion and left to stand for 30 minutes.
The resin was filtered, washed first with buffer and then
with CHzClz Presence or absence of BR was judged from
the colour of the resin,

For the study of the adsorption of BR by sthe
polyamide resin, 25 mi of BR solution at an appropnate
concentration was added to the resin contained in the
adsorption flask The flask was placed in an ice-water
bath and purged continuously with nitrogen. For the
study of the kinetics of adsorption, aliquots (0.5 ml} were
withdrawn at desired times. To obtain the adsorption
1sotherms only one aliquot was withdrawn at 60 minutes

The concentration of BR was determined from the
absorbance at 438 nm measured with a Beckmann model
25 double beam spectrophotometer using the buffer sol-
ution as the reference Calbration studies with BR sol-
utions of known concentration yielded a hinear Beer’'s law
plot, in the concentration range of these studies, with a
molar extinction coefficient of 4.44 x 104 | mol-' cm™!

RESULTS

3

1 Merrifield resins: For none of the Mernfield resins

'
"

ABSORBANCE

|
i
i
b 15 38 45 68 75 se

TIME (mir)

Fig 2 Kinetics of adsorption of bilirubin at 0°C
x Polyamide-AlasArgs
0 Cholestyramine :
+ No adsorbent

to which a single amino acid residue had been attached
was there sufficient adsorption to cause a measurable
decrease 1n the concentration of BR in the adsorbate sol-
ution. However, since BR 1s highly coloured qualitative
observations, based on the colour of the resin after wash-
ing with CHz2Cl2, were possible (Table Il). A yellow colour

. was taken as an indication that sorption of BR had occur-

red while a white resin indicated a lack of or a weaker
interaction Two resins, one with lysine and the other
with arginine pendants, showed colour with the latter
being more intense It 1s of interest to note that lysine
and arginine are two of the four amino acids proposed
by Jacobsen to be located at the binding sites of HSA faor
BR (14, 15).

These qualitative observations indicate that the pre-
sence of suitable amino acid pendants on the resin can
cause strong interaction with BR. Both the lysine and the
arginine containing resin retained a significant amount of
yellow colouration even after washing with CHzClz. The
failure to adsorb larger quantities of BR seemed to tesult
from poor contact with the adsorbate solution. None of
the resins listed in Table Il were wetted by water and,
hence, also did not swell in the adsorbate solution. At-
tempts to achieve better wettability by increasing the
length of the amino acid pendants were unsuccessful

2 Polyamide resin. The polyamide resin with the Ala-
Ala-Ala-Arg pendants attached at the functional sites
showed a greatly increased capability to adsorb BR as

compared to the similarly substituted Mernfield resins.

Figure 2 shows that the rate of adsorption of BR onto the
polyamide-Ala-Ala-Ala-Arg resin is similar to that of
cholestyramine (22). For-further studies to derive the

0
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Fig 3 Isotherms for the adsorption of bilirubin
x Polyamide AlasArg: at 0°C
Polyamide AlasArgy at room temperature
{1 Cholgstyramine at 0°C

isotherms, adsorption was considered to b& complete
after 60 minutes although, due to continuous degradation
of BR -caused by environmental factors, the point of
completion cannot be defined unambiguously An ad-
sorption isotherm, showing the amount of BR adsorbed
(tn mg) at 0°C per gram of resin added at various final
concentrations of BR s shown in Figure 3 The amount of
BR adsorbed 1s apparently not altered sigmficantly by
increasing the temperature to room temperature.

An attempt to desorb BR from the resin into buffer
solution resulted i only 14% of the adsorbed BR return-
ing back into solution after one hour. Hence, at the result-

“ing equilibrium concentration of the desorbed solution,

the amount of BR that remained adsorbed per gram of
resin does not fall back onto the i1sotherm This su.ggests
that'the BR molecule is tightly adsorbed to the resin and
that reversibility 1s achieved only with difficulty, if at all
Nonetheless, a inear relationship was obtained when the
adsorption 1sotherm was replotted according to the
Langmuir equation

ab c.
where x 1s the amount of BR adsorbed per gram of ad-
sorbent, ¢ 1s the ethbnum concentration and a and b
are constants?’

Thus indicates that the adsorption follows a Langmuir
behaviour {monolayer adsorpnor;) The., number of
molecules bound in the monolayer per gram of adsor-
bent, calcuiated from the Langmuir equation, can be re-
lated to the number of binding sites f it 1s assumed that
one molecule of BR occupies one binding site. The
polyamide-AlasArgs resin adsorb‘ed 11 x 1020 molecules
of BR in the monolayer

212 .

DISCUSSION

The failure of the Mernfield-glycine resin to adsorb
detectable amounts of BR suggests that BR does not in-
teract significantly with the « amino group. Only lysine
and arginine containing resins are active and, of the
amino acids tested, these are the only two that have a
positively charged R’group at a pH of 78 Furthermore,
the resin with arginine appeared to be a more potent
adsorbent. This might be expected since argining 1s more
basic than lysine (pKg(Arg) = 12 48, pKRiLys) = 10.55).

«Bilirubin 1s known to exist as a dianion in agueous
solution at pH of 7.8 (1). It i1s possible, thercfore, that a
salt hnkage between the carboxylic acid groups , of BR
and the positively charged R group of the amino acids is
responsible for the observed interaction. The other amino
acid pendants"are not sonized at a pH of 78 and, con-
sequently, are unable to form salt inkages. -

It is of particular interest that the resins containing the -

amino acids tyrosine and histidine, previously postulated
to be at or near th® binding sites for BR on HSA (14, 15),
did not show a detectable interaction with BR Although
it is still possible that these amino actds may be near the
binding sites on HSA for BR, their role in the binding
would seem to be of a secondayy nature.

"The observed differences in interaction that result
when different amino acids form the side chains provide
strong ewvidence that it shoudld e possible to prepare a
sorbent that has high ca ac%\ﬁnd perhaps even
specificity, for BR by appropnate - selection of the
backbone of the polymer and of the amino acid or pep-
tide pendants The adsorption behaviour of the
polyamide-Ala-Ala-Ala-Arg resin offers additional evi-
dence On_a weight basis this resin has an adsorption
capacity similar to that of cholestyramine at BR concent-
ration below 10 mg/di (22}. However, the polyamide resin
has a lower substitution, 020 meg/g rather than 35
meqgl/g for cholestyramine. If the arginine substitution
were increased to the .same level as that of choles-
tyramine it would adsorb approximately 20 times as
much BR, provided that the BR molecules did not inter-
fere with, each other at this higher density. Moreover, the
polyamide-AlaiArg: resin does not reach saturation as
rapidly as does cholestyramine. For a complete
monolayer as determined from the Langmuir plot, the
arginine resin binds one molecule of BR for every active
site while cholestyramine has one in every 35. Thus, on a
repeating umt basis, the polyamide refin has a greater
capacity. Furthermore, the adsorption of BR onto the
pelyamide resin does not show any temperature depen-
dence

The adsorption kinetics of the polyamide-AlasArg: re-
sin are similar to those of choléstyramine which stggest
that the same type of interaction i1s involved in both

e
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caBes The slow kinetics and the hmited desorption from REFERENCES _ S

the polyamide-Ala:-Arg: indicate that the adsorption is M

due to chemisorption, with formation of chemical bénds, 1 Brodersen R.. CRC Critical Review in Clinical
rather than physisorption with only weaker physical in- . Laboratory Sciences. CRC Press, Cleveland, 1980.
teractions Since both sorbents have charged side chains, 2 Seligman J W., Recent and Changing Concept of

salt linkages can be formed and are hkely for the binding
of BR to proteins

A formation of specific interactions between bilipro- 3.

tein and histidine immobilized on Sephargse gel has
been reported by Rabier et al (23). These mteractions ~
occurred at a pH of 5 which 1s above the isoelectric point
of the protein and below that for histidine. These bilipro- 4
teins also formed an interaction with lysine and arginirie,
the other pasitively charged amimno acids Although a pro- ’
ton exchange or charge transfer mechanism was prop- "5
osed, salt linkages seem equally possible.

On the other hand, Van der Eyk et al (24) reported
that' aithough BR does not interact with protonated
polyhistidine (pK =
nated polyhistamine {(pK = 52} Hydrogen-bonding be-
tween the weakly acidic pyrrolic nitrogen and the weakly
basic protons of the BR lactam rings, rather than salt

{ linkages, was proposed However, If such interactions 7.

occungto a significant extent, an interaction would also be
expected between BR and the amino acids capable of
hydrogen bonding, e.g histidine, proline and asparagine.
This study indicates that such interaction apparently does 8
not occur to a degree sufficient to cause sorption of BR
) by these amino acids when they are present as pendants .
on a Merrifield backbone, and that salt linkages rather '
than H bondiﬁg are responsible for the binding of BR to
proteins 9
A detailed study of the charactenstics of the adsorp-
tion of BR by other amino acid pendants on the

polyamide resin 1s underWay Studies are aiso being 10.

made to determine the effect of increasing the number of
active amino acid units i each side chain and to investi-
gate the possibility of producing pendants that mimic the
active sites for BR on HSA
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2

Short pcptides, three to eight amino acids in  length,
°
conlaineng vareows combinations of- alarmae, argininc. lysine,

histidine and tyrosine have been.synthesized onto water-swellable

polyamide reasin by the solid phase peptide synthesis method. Tie

awennt  of balyruhin co-orbed froe rgueon Tuffe, colutron (pll =
2

) . . 2
7.8 by thede teoins 1ncreases with 1ncreesing hasiciey of  the
7’ b -

N a9

amino acids in the pendanis, As Lhe numbecr of basic amino acids

.
. i

on the pendant is 1ucrcased fron one to five a 4.7 fold

Ay

‘enhancement in the wdsorption capacity 15 secen for arginine whi'e

a 9.3 fold enhancemcnt 15 obtained for lysine. A coriesponding

increase 1n  length for the non-basic histidine results 1n a 6

f

fold enhancement. With alanine the adsorplion capacity as

-

uneffected by an increasc 1n pendaent length,
&
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INTRODUCTION

. . N ~

&

Immobilized serum albumin is an eff‘ective_‘sorbent for the

( ; 5

v removal of bilirubin by hemoperfusion -(1,2). However, -.each _”

albumin molecule which has a molecular weight of 66,000, binds

-
3

conly two molecules of bilirubin tighi:ly, (3). Thes , a large
. N ~—

ot

amount of sorbent is required for removal of a significant amount

2

of bilirubin. It seems most probable that only a small portion

PR RN

of the &albumin *molecule is active in binding bilirubin. F A

vy sorbent’ with a higher 'capacity should res;nljt from the
immobilization of the active part only ‘of ) tile hulian- s;erum

v albumin, e.g., by grafting onto a suitable polymer backbone ai
am}no acid sequence tha£ would mimic the‘binding site. ’ '

A seri'ous difficulty in prepar\ing such a polymeY arises from

4 the fact that, although the chuemical structure of #fbumin is well
(\ established (4), the exact nature of its binding sites for
bilirubin has not yet been determined. Attempts have been mande
to identify it by cleaving bovine serum albumin‘(BSA) or 'human
ser.um albumin (HSA) and testing the binding“characteristi;:s of
the fr-agn;ents. For example, Reed et. al. (5) reported that three

fragments - all containing the residues 186 to 235 +etain an

-affinity for bilirubin comparable to that of native HSA. - Geisow

)

< pea a

and Beaven (6) showed that the CD spectrum of fragments

{

Lo . oo :

} containing residues 1-386 and 49-307 bound to bilirubin dis
'+ A ' .

{ -+ similar to that of bilirubin-HS5A as reported- by Blauer and
i . Wagniere (7,8). .Chemical modification of specific amino acids of
‘if «
gw : HSA led Jacobsen to conclude that the four amino acids tyrosine,
IS ' - Lo

£ C . .histidine; arginine and lysine are at, or near, the binding site
e . [ .

‘ R

i ' @ ‘

H "g. 2 7 i ® '
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N
A

4~1abo]]cd bil%rubin bound cavalently

(9,109 . By fragmenting C

to HSA he lJater showed that the residues 240-258 arc involved 1n .

.
1

the bandaing .(11).

Since only one lysines lysine 240, is locabed

in that seguence it-wvas assigned to the binding site. . :

J b .
A previous report: from this -~laboratory compares the

Vi

adsorption behavidqr of 'bilirubin by various synthct1ca]l§

prepared sorbents with pendants consisting of a single amino acid

on a Merrifield resin to that of a water-swellable  polyamide

with (12).

resin an arginine-alaniné-alanine—alanane pendant

Although the adsorption capacily of the 'Merrifield resin an

. aqueoﬁs'buffertis severely limited by its hydrophobic nature, the

- AN

~

v N
results ¢lcéarly indicated a strong interaction of bilarubin with

-

1
resins containing cither a lysine @or an argiiine pendant group.

water-swellable polyamide wvith the

B
arginine - Containing pendants adsorbed balirubin efficicently with

B} {'GS"LH

\
comparison, the

a complete menolayer capacity 35 tincs grceater than that of the
4 * .

s
»

commonly uscd rcsin‘cholc%n%famznw (Dovex 1X2) (15).

L3

The largpge capacity of this polyanide ArgJAJaB-resln suggests

- . S
“that the pendant groups do

birnding sites for birlurubin on HS

not neccasprily

precisely the

favovrroble Dnviionument Vo,

v

For intey
[ + N

systematic

. »"' N ’ ' "
composition of the pendant, both  type ' and

_adsorption behaviour by bilirubin on the resins. -

—
A

have

A Lo

5

number,

-~

to

create

a4
!

on

mimic

éa

Thi= paper precents’ a

study, of the effect of changes i1n the amino acid
t ' ‘o - ’ © Ll
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t

EXPERIMENTAL

s

Preparation of the resins: A water swo?]ab]o polyamide resin
(Chémalog), which is a copolymer of dzmcthy]acgylamjdv and N-
acryl-1,0-diaminohexanc retaculated wath bisacryly ldiaminocethane,
was used as  the polymer bhackbone.(16) onto which the peptade
pendants werc synthesised. The first alanine of the pendant 1s
attached directly to the resin NH2 groups via the COOll group thus
forming an amide bond. A tridtanine "spacer" portion was always
included next to the polymer backbone to extend the active unit
and so make 1L more accessible for sorption.

Grafting was achieved through a modificatnon of the solid
p£ase peptide synthesis technique as descraibed previously (12).

- . . .
Completa-s of the coupling and deprotcctiron steps was checked by
the ninhydiin method which can detect leos than 1% of {Lree NH2
(13) so that 99%Z completion ol cach Cougllng step can be
achieved. Hence, fof the longest pendant lha? consists of 8
amino acids” 93.27 of the pendante should have the complete
sequence (14)., Fully protected amino acids, N--a -t =BOC-L-alanine,

N-g -t-RBOC-7-bromo-ChZ~L-tyrosinc, N-a -t-BOC-N-w ~nitro-L-

argainine, N-a -1 -BOC-N-¢ ~2,4-dv(Nhlor -CBZ~L-1ys1re and N-a-t-

PRGN - tooayl-1 atidin s were  olt ooned froo Chownlog, - T
) .
Samn . ‘

Sorbents  were synthesized in daffercrt Batches. To obtain the
v rious pordant denpthe ono g prven bet o h, oparld of the resin wes
wvithdrawn when a given sequcence longth was  complete. The

synthesis was 1cesumed with the remaining sample,

Adsorption studies: Sclutions of bilirubin were prepared

1

dai1ly by dissolving the powder (from bovine gallstones, Sigma) 1n

0.010 M NaOH and adjusting to volume with KH2P04 buffer to

“ ]

-
'
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achicve a final pll of 7.8 4+0.1 and a concentration of 10.0 mg/dl.

This stock solution was diluted with KHZPOA/NaOH buffer (pH =.

&’ 7.8). Solutions werec kept 1n the J;;k at 0°C and all experiments
were made in a dark room using a red laght.

The adsorption was tnititaicd by sddang 25 ml  of  bislirubin

. solution, al an appropriatce concentration, to approximately 10 mg

of polyamide resin contained i1n the adsorption flask described

previously (15). The flask vas placed i1n an 1ce water badh and

. purged continuously with nitrogen. - An aliquot was‘ taken for

analysis al 60 minutes, Duplicate experiments were reproducible

to + 57.

Thc concentretiaon of bilarvbain was determined {from the

.

absorbance at 438 nm measured with a Beckmann model 25 douplo

bean spectrophotormeter using the  baffer solution Jas %the
i
( reference, Calibration studies ®ith bilarubin solutionsl of known

concentration yiclded a lincar DBeer's  law  plot, in the

concentration range of these studies, with a molar extinction

24 -1 -1 -
coefficaent of 4.44 x 10 1 mol cm .
. RESULTS ANh DISCUSSTON
Aw pentioved previously, all of the sorbeat wresins o' this

study had the Alaq—polyamlde structure as the starting point for
furthcer recir-.  To establish a 1cefercnce point feor comparison of

sorption characteristics 1sothcerms  wvere determined  for, the

- .
4

adsurption of bilirubin by the uncubstituted .polyamjdq resin and

the Ala3—po1ynm1de resin at 0°C. Figurce 1 shows the amount of

\
bilirubin adsorbed, per equivalent of pendants, plotted as a

( function of the [ainal equilabrium concentration. Also 1ncluded

-

a
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on this figurc 1is the previously recported 1sotherm (15),
deterrined under similar conditions, for the adsorption o{
bilirubin by cholestyramine. Tt 1s of 1nterest to note that on

an equivalent of actave sites basis both the polyamide and the

Alaq-p01vamldc resins  have the abil-ty te adsorb bilairubin in

amounts that  significantly exceed that adsorbed by

cholestyramine. Becausg of the higher substitutidn of

»

cholestyramine it has a greater capacity expressed on a per gram

of sorbent basis. The ability of the Ala‘-polyamwde to adsorb
bilirubin is rcduced to approximately one half by acetylation of
the a-amino groups of the AJa3 pendant s,

A scries of experiments was made to determine the relative

adsorption “abtlity of the polyamide 1osin to vhich were attached,
N\
pendants vath the four amino acide praposcd by Jucobsen to bes at

. -
- - r

S >
or ncar the bunding site for biliruhuen on huwan serpm  albumirn.
} .

\
N -

Figures 2 to 5 show t1asotherms {for 1esine  with the structure
"

X Ala,-polyamide, X being one of the _ four amino acids and
n 3 . > .

- .

+
varying from. 1 to 5. It 1s appaicont fr%m these 2sotherms  that
-

'

for a gpiven n  the adsorption c¢upacity of these resins  for
. .

briirubin, expressed on a moles of Lilirubrn per equivzlent  of
M f

po oo U0 faltlor the ordcr oy o Toono hytvdone -
tyrosine, .t.e., decreastng vith decicasing basicity. At pll = 7.8
. Hes,
. . ‘ .
1t ws ¢ opoected that both arginrve ood Tvers e pendonts would o be
-~ L] .

positively charged while histidine and  tyrosine would be
uncharged. This 1s based on the as~umptron that the pKa of the

o

' 4 [}
amino yacids un the pendants sre sirilar to thosce of free amino

.

acids, as 1s known to be the case for small peptaides 1In solution

(17)y. > '
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¢ Doubling the -number of active amino acids in  the pendant
generally results in an increased capacity for bilirubin when X
is a charged amino acid with a basac pKa, such as arginine or

ﬁy31nc (Figs. 4 and 5), but a gma]ler increase is obtained when X

consists of the p@ndnnté‘w1th uncharped tvr051ne&and histidin~
b

(Figs. 2 and (§). This suggests that charge density 1is an

import?nt factor iqxthe adsorption of bilirubin by these resinsj

A confirmation of the importance of°' charge density is

i

‘demonstrated by experiments 1nvolving resins with pendants

containing an even higher number of arginine, lysine or histidine

units in the pendants (Figsd 3 to 5) . In the case of arginine,
3

N

sincreasaing  the number of charged amino acids from two to three

has ro ap arent effect on the adsorption isotherm but a further
increase  to five erhances the adsoveptioa capancity by a factor of-~
4.7 as comparcd to that of the resin with pendants containing

only vne #mino acid. For lysine the adsorption is enhanced by a

<

factor of 9.3 when the pendant lenpth is increased from one to

’

five while for histidine the enhancement is about 6. A sumnmary

-

of the 1sotherms, bascd on the amount of bilirubin adsorbed at

a

high equilibitum concentration vhere the change 1n adsorption

vith concrnt ot von b =nell, vo erven ap Tahtco 1,

f
- It 1s of interest Lo note thL althouglh the resin with the

/\l'z;,/'l](‘)J pendarcts hes a grcator capacsty  for o balarvubin® per

cquivalent than does UhegLyszAla, contawning resin, the capacity

3
of the Arg Ala,y resin is somewhat less than that of the LysgAla,
resin.  Apparently there is an optimum in charge density so that

a further increase in basicity 1s not reflected +n a larger

-
’

‘adsorption capacity. Rather surprisingly, - the resins with

et SELSR A VIVORIERV I Y JPNT WP SR STRY WX TS 17 SR N WY Sr RTINS SPRPIES PR RRVUER TR et

UTEE S RSAIRICH A SHAe s rae
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g, Ala, have approximately an cqual capacity for
3 3 3 P

bilzitubxn which sugeests that factors other than charge density,

'

Moo, Ata and  Arg

perhaps conformation of the peptide chain, also play a

%

significant role 1n the adsorption process., A further indication
Al

o

that conformation mav he of 1mportanc < 1s seen 1n the studies of
the temperature dependence of the adsorption of the arginine
series of resins. Of the resins with pendants consiting of one.
two or five arginines only the last showed. a temperature
dependence, with incrceased capécjty with increascd a1n temperature

(Fig. 4). It is quite probable that this 1s a result of a change
in conformation of the longer peptide' chain with dncreasing
temperatuje,

“

The ¢:fect of the length of the pondants as opposed to 1ts

"

charge derpsity vas tested using arernse o contarnainyg resins wilh

exira alanine spacers eiather at the bey nning of the chain, 1.c0.,

before the first arginine or between arginines, (Fig. 6). Each of

‘

these resins can be related to another recin with either the same

v

number of amino acids or vith the same nuwber of arginines in the
¢
pendant ., The 'Arg]Aiaa‘hohaves Tike ArglA]AB which has the samc

number of arvpinines rather than 1vkuo A1;2A133 which has the same
nur ber ol EESRRTTY ac i ds ' n the posdant s Simitarty

ArglA1u3AlglA1a3 pendants behave Tike ArgZAla3 and not 1ike

Aro_Al:n, The Ao, <pacer separating the arginines apparvatly
2

has minimal eflcct on the adsorption cepacity that scems to be

more deperdent on the number of arginincs in the pendants than on
the length of the pendants,
The' 1esin Arg,Ala, was also tested with the two guanido

groups  stilt, protected by nitro groups bul with the a amano

®

8

’
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groups free., The adsorption capfcity of this resin 1s rcdhced to é
onc third of that of %hc Arngla3 resin but it remains slightly %
more active than Argll\]a3 resin (Fig. 7). This Pehaviour, like g
that 1f acetylated AlaB, which retained a capacity one haif»that §
. ) ]

of A1aj (flg. 1), gives stronn cevider-e that the adsorption of
bilirubin 1is not due solely to the interaction witﬁ the R group
on the amino acid pendants. As shown by thé adsorption behaviour
of these "protecte?ﬁ resins, the a amino group i;nalso ;ctive.
This idinteraction waé not detected with &re Merrifield- glycine
res)ns (12), possibly because of their lack of water
swellabalzty. The fact that the Merrifield-arginine and
Merrifield-lysine resins adsorbed hilirubin ghows that, as might
be expecu.ed, the interactiong wirhltht charged R gro&ps are more

v i

poverful,.

SUMMARY

The charge Jtnsity contributed by the K groups of 'the amino

acids present in the pendants is a major contributing factar in
“

the -adsorption of bilirubin by the substituted polyamide resin

(]

However, some adsorption also occurs at the @ amino groups and

cven ot the vasuhbastvtuted - NH2 aronp-s st the resin, both of witych
are charged at a pll of 7.6, This suggests that clectrostatic
interartions are the most important consideratibn for the strong
adsorption of Dbilirubin. Effects due to other considerations,

such as the confdrmation of the peptide chains, cannot be ruled

out. A detailed study to determine the binding constants of the

resins with the higher adsorption, capacity is now under way.
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Table T i . )
Relative Adsorption Capacitie- for Bilirubirn
. -by Substatuted Polvamide Resins
Number of aming acids
- attached to the A]a3
- . e = e e e e o e L g ey e o e e o e gy ————
- amino acid 1 2 3 5
arginine - 3 10 10 14
lvsine 1.5 4 - 14
Firstadine 1 2.5 - 6
t rosine 1 2.5 - -
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. -
CAPTIONS ' ‘ :

Figure 1 Adsorption of bilirubin onto the reference polyamide-

resins and cholestyramine (X = moles of bilirubin bound per.
,equivalent of functional group). T, ) ‘
DNon‘sub}stltuLe(l resin ° “ -
. AMNla . -
OA\la; acetylated - .
nCho?estyramine N ‘ ) ) -

' Figure 2 Adsorption of bilirubin onto the fyrosine containing
polyamide resins (X = moles of bilirubin bound per equivalent of

functional group).
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: Figure 3 Adsurption of bilirubetn onto the histidine -containing
polyaisde resine (X = woles of bularutan bound per cquivalent  of
functional group). .
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- Figure 4 Adzorption of hilarubin onto the__arginine containing
polyamide 1evins (X = moles of bilirubin bound per equivalent of
functional roup).
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; Figure 5 Adsorption of bilirubin onto ,the 1lysine  containing '
! polyamide resins (X = moles of bilirubin bound per equivalent of ,
é (v functiofal group).
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§ Figure 6 Effcct of alanine spacer8 onto the adsorption of
i + bilirubin by substituted polyamide resins (X = moles of
é bilirubain bound per equivalent of functional group). - .
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' Figure 7 Adsorption of bilirubin onto polyamide resin with
' "protected’ arginine containing pendants (X = moles of biliruhin
bound per equivalenis of functional group). .. o T e
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