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ABSTRACT

The bilirubin pigments found in human blood serum
have been studied by means of the reverse phase chromato-
graphic technique, The technique itself was found to be
effective only in the qualitative separation of the pigments.
From the evidence of this study, it can be stated that there
are three distinct bilirubin pigments, only one of which
can be properly called bilirubin, the other two being of a
"direct" acting nature as judged by their coupling reaction
with diazo reagent, Bvidence is given in support of the
theory that direct acting bilirubin is attached to protein
in vivo, and that this complex increases the ability of the
pigment to resist oxidation by exposure to air. It has been
demonstrated that greatly Increased levels of bilirubin in
-the body are not alone responsible for the development of
kernicterus in the newborn rat, and that other unknown fac-

tors are the toxic agents in this condition.
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PART T
INTRODUCT ION

Since the year 1916, when Hijmen van den Bergh and
Muller (1916) discovered that the diazotization reaction
could be used to indicate the presence of two different
states of bilirubin in blood serum,there has been a con-
stant search to discover the nature of these two or more
fractions, The dévelopment of any new technique gives fur-
ther impetug to this sear;h, and accordingly Cole and Lathe
(1953) adapted the chromatographic technique introduced by
Howard and Martin (1950) in an attempt to separate serum
bilirubin into its component fractlons,

The solubility of bilirubin in serum at pH 7.35 has
posed a major problem, since in vitro pure bilirubin is
only soluble at pH 8,0 or higher. The nature ofAthe diazo
reaction in water and in alcohol, and the ability of bili-
rubin to remain in solution at physiological pH values
seem to be closely connected. The present study was car-
ried out with a view to discovering if the chromatographic
technique was useful for separating bilirubin fractions
and if it could be used to elucidate the vexed question as

to how bilirubin is carried in the blood stream.
REVIEW OF THE LITERATURE

The determination of the structure of the bilirubin
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molecule has been established within the last twenty years,
due chiefly to the work of Fischer (1937) and of Lemberg
(1949)., Each has approached the problem from a different
angle. Lemberg was able to synthesize bilirubin from haemin
in 1935 and Fischer synthesized both bilirubin and biliverdin
from simple pyrrole compounds in 1942,

The accepted formula for bilirubin as synthesized
by Fischer is a tetra-pyrrole di-carboxylic acid having an
open chain structure. The degradation of bilirubin by resor-
cinol fusion by Fischer (1931) has led to a further under-
standing of the mechanism by which the molecule is able to
enter into coupling reactions with diazonium chloride.

This coupling regction is of particular importance
in biological chemistry because it has been used to measure
the quantity of bilirubin occurring in blood. The bilirubin
is capable of being split at the central carbon atom and
because of its asymmetrical nature, the two resulting dipyr-
roles will be different. Thus one half of the tetrapyrrole
forms a dipyrrole having a free alpha position, while the
other half has no such free position, it being filled by a
methoxy group. Because of the asymmetry of the bilirubin
molecule, the molecule can split at either side of the cen-
tral CH, group, and therefore for each of the two active
dipyrroles formed, there will be an inactive form. The two
possible active forms are shown in Fig. 1. These are neo-
xanthobilirubinic acid and isoneoxanthobilirubinic aeid,

The phenyl diazonium chloride can couple at either of two
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Figure 1
The Chemical Structure of Bilirubin




L,
free alpha positions. The resulting azo pigment which is
used for measurement is thus a mixture of two azo pigments
which differ only in the positions of the methyl and vinyl
side chains. These mixed azo pigments have not thus far
been separated.

The action of the diazotized sulphanilic acid is to
split the tetrapyrrolic molecule and release free alpha posi-
tions and then to couple to form the diazonium salt, Van
den Bergh in 1916 utilized this chemical reaction to demon-
strate the quantity of bilirubin in blood serum. He found,
however, that in most cases simple treatment of the serum
with the diazotized acid did not produce the azo pigment,
but that it was necessary to have at least 50% of alcohol
present in the reaction mixture before coupling took place.
By accident he discovered that the serum of certain of his
patients had a type of bilirubin which was capable of under-
going dilazo coupling without the presence of alcohol. He
called this type of reaction without alcchol, the "direct"
reaction and that requiring alcohcl the "indirect" reaction.

Since then there has been a good deal of speculation
about the meaning of these two types of reaction and many
theories have been evolved to explain why one blood serum
can readily react while another serum requireg alcchol or
at least alcocholic groups.

The theories fall generally into three groups. First
are the theories that claim that bilirubin 1s actually of
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two different types. Secondly, the theory that in some cases
catalysts are present in the blood which allow bilirubin to
couple directly with diazo reagent without the presence of
aleohol. Thirdly, that indirect bilirubin is attached to
blood proteins or lipids in such a way as to prevent the
coupling with diazo reagent, whereas direct bilirubin has no
such attachment., In the former case it 1s necessary to
break this attachment by using alcchol first before the re-
action can take placs.

In reviewing the literature it seems reasonable to
depart from a chronological order in favor of a division
along the lines of the above mentioned three principal theo-
ries. |

The first theory--that bilirubin is really of two
quite different types--is supparted by Najjar (1952) who has
been able to crystallize two different forms of bilirubin
from serum., The crystals of bilirubin obtalned from the
serum of cases of haemolytic jaundice are well formed,ﬁfine
long needles, while those obtained from cases of obstructive
Jaundice are thick, short and rod shaped. Najjar believes
that whatever the differences in bilirubin, they are unrelated
to the nature of the protein which is combined with the pig-
ment, He claims it ;s possible to change one form inté the
other by manipulation of the pH and the temperature. He sug-
gests that direet acting bilirubin is a bilirubin-metal-=
protein ternary complex and that the function of alcohol in
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the diazo reaction is to catalyze the formation of this

complex,
A recent report by Childs (1956) lends weight to the

bilirubin-metal complex theory. Childs claims to have been

able to convert direct acting bilirubin to the indirect type

by the addition of a metal binding agent, Versene (etylene 7
diamine tetra acetic acid)., Since the only known effect of
adding Versene is in its metal binding ability, it is thought

to be an indication of the presence of bilirubin-metal in serum.

Yamaoka and Kosaka (1953) in their study on the na-
ture of direct and indirect bilirubin conclude that the
indirect form is a dibasic acid with free acid radicals on
the propilonic acid side chains while the direct is the salt
or ester of the dibasic acid.

Other explanations have been advanced to account for
the two different reactions of serum. Kuster (1909) believes
that bilirubin in serum is present as a keto-enol system,
the keto type being the more stable, slow reacting type found
in haemolytic Jaundice. The enol type is found in cases of
obstructive jaundice. The shift from keto to enol form can
be accomplished by dissolving the keto form in dilute alkali
and then salting out with concentrated alkali., Collinson
and Fowweather (1926) consider the direet bilirubin to be an
alkall salt, probably the ammonium salt, but perhaps the
sodium salt. They claim to have been able to convert an

indirect bilirubin to a direct form, by dissolving bilirubin
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in dilute alkali and precipitating direct bilirubin out by
the addition of a concentrated solution of the same alkali.
Other workers have not been able to confirm this work.

Gardikas (1947) believes that the fact that both
forms of bilirubin are attached to protein, eliminates the
theory that the difference between direct and indirect is
attachment or non-attachment to protein. He showed that
digestion of serum with pancreatin under optimal conditions
does not alter the indirect or direct diazo reaction. He
suggests that indirect bilirubin may be a precursor of direct
bilirubin in its formation from haemoglobin. The Indirect
may still be attached to the globin part of the molecule,

Hunter (1930) summarized the differences in proper-
ties of the two types of bilirubin. He concluded that bili-
rubin, being a dibasic acid, can occur as such or as a mono
or dibasic salt. At the pH of blood it 1s most probably in
the form of the mono basiec salt, sodium hydrogen bilirubilnate.
In this respeet he is in agreement with the hypothesis of
Collinson and Foweather.

The second theory on the nature of the bilirubin
diazo reactions, is that a catalyst is present in the blood
which 1s capable of slowing down or of accelerating the
diazotization of serum. Gray (1947) suggests that in regur-
gitation jaundice there may be a secretion into the blood
stream of some unknown catalyzing factor. The catalyzing

factor could change the nature of the serum by making it



more hydrophilic, and alsoc alter the effect of the diazo
reagent on the serum. No such catalyst has so far been
found. Cantarow (194kh) also believes that a catalyst is
present in serum of patients having obstructive Jaundice,

He has mixed sera from obstructive and from haemolytic Jaun-
dice in various proportions and has found that the values

for direct bilirubin are enhanced beyond the sum of the two
components. Klatskin and Drill (1950) suggest that the rate
of diazo coupling is determined by the concentration of bili-
rubin in the blocd and by unknown chemical and physical fac-
tors in serum and not because there are variable mixtures of
two types of bilirubin having different reaction rates. They
have confirmed Hunter's work that bilirubin in chloroform
does not react with the diazo reagent while the addition of
an extremely small percentage of alecohol causes the reaction
to take place. Evidently the composition of the solvent is
of importance, the alcohol being necessary to produce a
miscible ligquid with the chloroform and the acid diazo re-
agent.

Barron (1926), by adding bilirubin in N/20 NaOH
(buffered with phosphate buffer to pH 8.43) to serun, found
that a direct reaction was obtained only if bilirubin levels
reached 16 mg. per cent or more, Below this level the reac-
tion was always indirect. He therefore assumes that the
diazo reaction 1s dependent on quantity. He theorizes that
bilirubin on being formed In the reticuloendothelial system
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is promptly adsorbed on globulin and is thus protected from
being excreted by the kidneys, from rapid oxidation and from
reacting with diazo reagent. The direct reaction occurs
whenever the surface tension of blood is lowered by substances
excreted from the liver. $So far it has not been possible to
convért an indirect serum to a direct one by adding bile
salts in vitro, except by the additlion of very large amounts
of salt. This does not eliminate it as a possibility, how-
ever, because entirely different conditions may operate in
the body with enzymes serving to catalyze the reaction,

Ducci and Watson (1945) studied the reaction rate
curves of icteric serum with diazo reagent and came to the
conclusion that the biphasic nature of the eurve indicated
the presence of two different types of bilirubin which re-
acted at different rates. Klatskin and Drill (1950) point
out, however, that the same type of biphasic curve can be
obtained from pure crystalline bilirubin.

Opposed to the blood catalyst theory are those work-
ers who believe that bilirubin is somehow combined with
protein and that alcohol or alcohol groups are necessary to
release this combination and permit coupling with diazo re-
agent, Van den Bergh himself (1921) was undecided between
two possible explanations. He believed it was possible that
normal circulating bilirubin (later called haemobilirubin)
had a different composition from bilirubin which had passed
through the liver cells (cholebilirubin). The other possi-
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bility was that bilirubin could be present in blood either
in the free state or linked with blood proteins or lipids.

Martin (1948) and also Gray and Kekwick (1948) have
shown by electrophoresis that some bilirubin always travels
with albumen and some with alpha globulin, no matter what
the source of the serum. They conclude that the binding of
bilirubin to constituents of plasma can have little to do
with the direct diazo reaction.

Wunderley and Reynaud (1952) have found, by electro-
phoretic methods that bilirubin up to the amount of 5.7 mg.
per cent attaches itself entirely to the albumen fraction of
blood and travels with it. When the level of bilirubin is
higher than this, "saturation" of the albumen fraction results
in bilirubin becoming attached to globulin., By adding pure
bilirubin to the three globulin fractions, they were able to
show that the spectral absorption maxima are affected dif-
ferently by the different fractions. The maxima are lowered
most by the bilirubin being attached to alpha globulin and
least by beta globulin with gamma globulin being midway be-
tween these two in its effect.

Lemberg and Wyndham (1936) have taken the view that
the direct acting bilirubin is the one which is attached to
protein and that the indirect fraction is not so attached.

In an effort to resolve all these various theoriles
and to come to some understanding of the nature of the two

reactions, Cole and Lathe (1953) tried to separate the bile
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pigments of serum on a reverse phase chromatographic column,
They made use of the information given by Hunter (1930),
Sepulveda (1942) and others on the difference in solubility
in chloroform of the two bilirubins. By chromatographic
methods they have been able to separate from serum three
fractions, two of which are much more polar in nature than
the third, reacting directly with the diazo reagent. The
least polar of them gives an indirect reaction and 1s be-
lieved to be bilirubin, because of its absorption spectra
at mu 4500 which coincides with that of pure bilirubin,
These fractions have apparently no protein left after being
treated with alcohol and ammonium sulphate, to precipitate

the protein, and the supernatant evaporated and applied to

" the column. Tests which would have revealed as little as

0,002 mg. protein in the eluate from these chromatographic
columns have been entirely negative.
This method seemed worthy of further study and for

that reason the present work was undertaken.



PART 1II
EXPERIMENTAL

Details of the Method

Cole and Lathe (1950) took note of the work of
Howard and Martin (1950) wherein a reverse phase chromato-
graphic column was used in the separation of fatty acids.
In this method a chromatographic column is made of non-
wettable kieselguhr which supports a nonagueous phase of a
two phase system. The material to be separated is dissolved
in the more aqueous and polar phase and applied to the column,
As the two phases flow past one another a separation of pig-
ments is achieved owing to the different solubllities of the
constituents in aqueous solution. Fractions are collected
and can be evaporated to dryness and the residue reconsti-
tuted with water or bovine albumen solution to give positive

or negative diazo reactions.

Preparation of the column

Kieselguhr was treated according to the directions
given by Howard and Martin (1950) . Hyflo Super Cel was
dried at 110° in the oven and when cool, was allowed to
stand in a desiccator containing dichloro dimethylsilane.

The kieselguhr was then aerated in a fume chamber for twenty-

four hours with fréquent stirring. The material was then
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removed and washed with methanol to a pH of 6.0. Finally
it was dried in an oven to 110° and stored in an air tight
container. The material floated when placed in a beaker of
water,

The phases to be used on the column were prepared
according to the method of Cole and Lathe (1953). The sol-
vent system used contained chloroform 25 vols., carbon
tetrachloride 25 vols., absolute methanol 38 vols. and
0.025 M phosphate buffer pH 6.0, 12 vols. The phosphate
buffers were made according to the method of Hawk, Oser and
Summersen (1949). These constituwents were well shaken,
stored overnight in a separatory funnel and separated. The
bottom phase is the stationary, non-polar one and the top
layer is the polar mobile phase.

The columns were made ready for use by mixing 6 gms.
of kieselguhr with 3 ml. of stationary phase, 17 ml. of the
mobile phase were added rapidly and the materlial tamped down
by means of a stainless steel plunger. The column itself
was a 1.8 em. diameter glass tube, about 15 cm. in length
and with a constriction at the bottom. The bottom of the
column was plugged with cotton wool to hold the kieselguhr.
(Figure 2).

The blood serum to be fractionated was freed of pro-
tein by treating 1 vol. of serum with 0.18 vols. saturated
(Nﬁh)zsoh and 2.5 vols. of 95% ethanol. This was shaken and

allowed to stand one hour before centrifuging and decanting
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Figure 2
Kieselguhr Column
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the supernatant fluid., The fluid was then dried in vacuo at
room temperature, and the residue was re-dissolved in 2 ml,
of top phase and applied to the column, In the case of
serum from cases of erythroblastosis, it was not possible to
get the material into solution in the aqueous phase. In this
case a small amount of the kieselguhr was added in alcohol,
the material dried and taken up in the top phase.

All material being eluted from the column was cole
lected in 1 ml. fractions. The speed of elution varied from
column to column according to the amount of weight of fluid
placed on top of it. The best rate of elution was about
1 ml. in four minutes.

The optical densities of the eluates were read with a
violet filter, Kodak #1 (mu 543) in a Hilger Spekker Absorp-
tiometer., The optical densities were then plotted against
rate of elution as abscissae., In some cases the eluate was
examined in a Uvispek spectrophotometer to determine the
absorption spectra in ultra violet and visible light.

Some of the eluates were dried in a stream of air
at reduced pressure, redissolved if possible in water and
then used in the diazo reaction, After determining the diazo
reaction in water solution, alcohol was added to make a final
solution of 50% and the indirect diazo reaction was measured.

The diazo reaction technique was that of Malloy and
Evelyn (1937), the direct action being measured at one minute
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according to the modification of Ducci and Watson (1945),

The experimental work in the study of bilirubin can
be divided into six sections. The following detail of the
work is representative of the results obtained from 73 ex-
periments. Of these 73, twenty have been selected for des-
cription and full explanation. Each graph represents the mean
result of several experiments. The six sections are:

. 1. A study of the limitations of the technique with
reference to the effect of the pH of the media, the presence
or absence of protein and other factors,

2. The use of the colum in assessing the methods
for converting one fraction of bilirubin to another which
have been suggesied by various authors,

3. An attempt to discover substances in the blood
ghich might be utilized in the transport of bilirubin in the

ody.

Y, Experiments designed to show whether the method
can be used to separate adult from fetal hemoglobins and

bilirubins.,

. 5, The separation of three pigments on a special
butanol-water phase system.

6. The attempted production of kernicterus in new-

born rats with a view to investigating the pigment in the
brain tissue.

SECTION I

Experiment 1

A pure solution of bilirubin in chloroform contalning
0.5 mg. of bilirubin was evaporated to dryness, then taken up
in 2 drops of 2% Na2C03. Material was then buffered to
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pH 7.0 with 0.2 M Phosphate buffer of pH 6.0. It was then
treated with 0.18 volumes of saturated ammonium sulphate and
2.5 volumes of 95% ethanol to parallel the technique for
deproteinization.

The mixture was allowed to stand for one hour and was
evaporated to dryness under reduced pressure at room temper-
ature. The dry residﬁe}was taken up in 2 ml. of top polar
phase and applied to the newly prepared columm, When this
material had entirely sunk into the kieselguhr, more of the
polar phase was added to the top. As the billirubin mixture
moved down the column, two distinet bands of colour began to
separate out.

As the eluate came off the column at the rate of
about 1 ml / 4 minutes, it was collected in glass tubes in
1 ml. fractions. The optical densityvat mu 543 of each
tube was measured. These optical densities were then plotted
as ordinates on linear graph paper, and the number of ml. of
eluate were plotted as abscissae.

The results of this separation are shown in Fig. 3.

Fig. 3 shows that even pure Hoffman La Roche bili-
rubin will separate into two distinet bands of colour when
it is prepared in this way and put through a kieselguhr
columm. In a personal communicatlion from G. H. Lathe, he
attributes the appearance of two bands of colour from con-
mercial bilirubin to the presence of impurities in the mat-

erial,
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Figure 3

The Separation into Two Fractions of FPure Hoffman -

La Roche Bilirubin
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The two bands of colour which were obtained were
examined spectroscopically to determine their absorption
maxima, It was found that the first band of colour eluted
from the column (the fast band) had an absorption maximum
at 2750 A. The second and slower moving band was found to
have its absorption maximum at 4500 A which is the accepted
peask for pure bilirubin, |

The two bands of colour in the eluate were evaporated
to dryness and then the dried material was dissolved in water
ané the diazo test of Evelyn and Malloy (1937) was applied.
The amount of material present was too small to determine
whether the reaction was positive or not. A positive diazo
test was obtained on the material from the slow moving,
larger band of pigment only after 50% by volume of ethyl
alcohol had been added,

Experiment 2

This experiment was designed to show the effect of
adding pure bilirubin to normal, non-icteric human serum.

A pure solution of bilirubin in chloroform containing
0.28 mg. bilirubin was evaporated to dryness. This was
dissolved in 2 drops of 2% Na,CO; and then added to 1.5 ml.
normal serum. The final pH was 8.8. This preparation was
then precipitated in the usual way with ammonium sulphate
and alcohol. After centrifugation, the supernatant fluid
was taken up in 2 ml, of top polar phase and applied to the
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column,

Two bands of pigments immediately began to separate
out on the column. The results of reading the optical den-
sities at mu 543 are shown in Fig. 4. Once again the results
show that although only bilirubin and normal serum have been
added to the column, nevertheless two bands of pigment were
eluted, and the fast moving band was shown to contain pigment
which, on drying, could couple directly in aqueocus solution.
The slow band contained pigment which, on drying, could not
be dissolved in water and which gave azobilirubin only after
the addition of 50% by volume of alcohol.

The absorption spectra showed the slow band to have
a maximum absorption about 4500 A while the fast band showed
a sharp peak at 2850 A.

The relative quantities of fast and slow moving
pigments did not appear to be appreciably altered by the
addition of serum to the solution of pure bilirubin.

Experiment

The previous experiment was repeated but with the
alteration of the final pH of the solution of serum from pH
8.8 to pH 7.0.

A bilirubin in chloroform solution containing 0.28
mg. bilirubin was evaporated to dryness. The dry material
was taken up in two drops of 2% Nach3 and then 1.5 ml. of

normal, non-icteric serum was added. The solution was then
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8 .0 8 20 2%

Figure 4

Addition of Pure Bilirubin to a Normal Non-icterie
Blood Serum



22,
buffered to pH 7.0 with 0.2 M phosphate buffer of pH 6.0,
Ammonium sulphate and alecchol were used for precipitation
of the proteins, MAfter centrifuging, the supernatant fluid
was dried off under reduced pressure at room temperature and
the residue taken up in 2 ml. of top polar phase.

In this experiment three distinct bands of‘pigment
appeared on the column. The most polar and rapidly moving
band was eluted at about 12 ml. and a less polar one at 15
ml, and the least polar one at 20 ml, The middle band of
pigment is likely the Pigment I described by Billing (195%).
The small peak of colour was too faint to study the absorp-
tion spectra or to determine its reaction to the diazo re-

agent.

Experiment k4

In an effort to try to obtain a larger middle band
of colour which would be concentrated enough to study in the
spectrophotometer, Experiment 3 was repeated. The amount of
bilirubin used was doubled, and 0.5 mg. of bilirubin were
applied to the column. The same method of preparation using
sodium carbonate and normal serum was used, The pH was ad-
justed to 7.0 with phosphate buffer.

The middle band of colour which was to be studied
failed to appear at all, as is shown in Fig. 5. The larger
amount of bilirubin used caused the two major bands of pig-

ment to trail one into the other, and obscure the presence



