A _STUDY OF THE NATURE AND

ORIGIN OF THE MINIALBUMINS

T O B E FOUND IN CADMIUDMN-

POISONED ANIMALS.

Thesis presented for the degree of
Doctor of Philosophy of the
University of Cape Town

ELIZABETH MARY SUTHERLAND, B.Sc. (Hons) (Rand)

October, 1967



The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



ACKNOWLEDGEMENTS,

The candidate gratefully wishes to express indebted-

ness to the following persons:-

Professor J.E. Kench without whose invaluable supervision,
guidance and continuous encouragement this investiga-

tion could not have been carried out.

Dr. G.M. Potgieter and Dr., M,C., Berman for helpful discus-

sion and advice with technical problems,

Professor A, Kipps who kindly made awvailable facilities for
our animals in the animal house and for generous help

from the Virus Research Unit, of which he is Director.

Dr. A. Polson who performed the ultracentrifugal analyses

and molecular weight determinations.

Professor J,H., Louwr for providing the facilities of the
Department of Cardiac Surgical Research, and Dr. M,
Barnard who performed the surgical procedures,

Dr. A, Timme of the Department of Pathology for his interest
in the histological changes in the tissues of owr poisoned
animals,



Dr. G, Hardie kindly made the statistical analyses of the

data on amino acid composition of the various albumins,

Miss E.F. Hall and Mr, ReA. Carreyett for operation of the

Beckman Spinco amino acid analyser,

Mr. A, Kooij and the staff of the animal house for mainte=-

nance of the experimental animals,

Mrs, P, de Gouveia for typing the manuscript.

The work was carried out during the tenure of a C,S.I.R.
Scientific Assistantship in the C.S.I.R./U.C.T. Protein Research
Unit, Department of Chemical Pathology, University of Cape Town,

under the directorship of Professor J.E. Kench,



I1,
I2,
I 3
I
I 5.
I 6,
7.
IS,

II 1.

TABLE OF CONTENTS

PART I

INTRODUCTION AND HISTORICAL REVIEW

Properties of cadmium and its salts
Cadmium poisoning in industry
Tissue injury in cadmium poisoning
The effect of cadmium on metabolism
The effect of cadmium on enzymes
Proteinuria in cadmium poisoning
Objectives of the present study

Contributions of this investigation

PART II

EXPERIMENTAL _AND RESULTS

Experimental animals

(i) Maintenance
(ii) Collection of specimens
(1ii) Intoxication of the animals

Page

10
15
15

18

18
19
21



II 2.

II 3.

II .4

IT 5.

IT 7.

11 8.

General biochemical investigations

(1) On serum
(ii) On urine

Determination of cadmiumn

(1) In urine
(ii) On albumin
(iii) In the tissues

Preparation of albumins

(1) Trichloracetic acid-ethanol method

(ii) Hydrochloric acid-ethanol method
(iii) Zone electrophoresis on inert cellulose
(iv) Polyethylene glycol method

(v) Purity of the prepared albumins

Experiments with visking cellophane tubing

Separation of albumins of differing molecular
weight

(ii

Packing of Sephadex colums
(1ii

Estimation of molecular weight by gel
filtration

The direct effects of cadmium

(i) On blood
(ii) On serum
(4ii) On serum albumin

The origin of minialbumin

(i) Peritoneal dialysis of monkeys
(i) The production of serum minialbumin
(i1i) Appearance of minialbumin in the urine
(iv) Correlation between urinary cadmium and
minialbumin

(i§ Use of cross-linked dextran gel (Sephadex)

Page

2k

24
30

34
36
37
41
i1
L3

L5
L7

51
52

53
56
56
57

62
63
6L



II 9.

II 10,

II 11,

II 12,

Studies to ascertain whether minialbumin was an
artefact

t

(1i1)

Preliminary study of the effect of cadmium on globulins

The effect of anticoagulant
Possibility of degradation on Sephadex
columns

Tests for production of minialbumin by
proteolysis of normal serum albumin

Acute cadmium poisoning in rats

(53]
(iiig
(iv

Characterisation of the albumins of cadmium poisoning

(1
(it
(iii
(iv

(v)

(vii)

(viii
(ix

Investigation of the serum
Investigation of albumins in tissues
Investigation of the urine
Characterisation of rat minialbumin

Electrophoresis on cellulose acetate
Aggregation-disaggregation phenomena
Amino acid analyses

Analyses for tryptophan

gag By alkaline hydrolysis

b) By para dimethyl-amino
benzaldehyde colour method

(¢) Tests for velidity of the
enalysis

(d) The tryptophan content of

albumins

Systematic search for a missing peptide
Immmnological studies

(a) Preparation of antisera
gb Immunoelectrophoresis

¢) Ouchterlony technique
Ultracentrifugal studies

(a) Determination of sedimentation
coefficients

(b) Determination of diffusion
coefficients

(¢) Molecular weight determination

High voltage paper electrophoresis
Polyacrylamide gel electrophoresis
Starch gel electrophoresis

Tryptic digestion and peptide mapping,

Page

66

66
67

69

5

75
76

78
83

83
8l
88
99

99
102
107

112

114
119

119
122
125
126

128

131

132
135
139
142



PART III

DISCUSSION

PART IV

SUMMARY AND CONCLUSIONS

PART V

BIELIOGRAPHY

PART VI

Page

145

173

178

198



PART I

INTRODUCTION AND HISTORIGAL

REVIEW



Cadmium, one of the trace metels, has, in the last two
to three decades, become increasingly important in both in-
dustrisl and bioclogicel fields,

The recognition of cadmium as a serious health hazardll)
has led to a closer examination of its properties and bio-

chemical effects,

11, The Properties of Cadmium

Cadmium, an element of atomic number 48, atomic weight
112,41 and valency 2, is a soft white lustrous metal belonging

to the second sub-group of the Periodic Table,

It has a boiling point of 768°C, melting point of 321°C,
is remerkably volatile for a heavy metel, and exists natural-
1y as a mixture of eight isotopes, constituting 2 x 10”97 of
the earth's crust., Extraction of cadmium is by distillation

fram zinc ores,

The electron configuration of cadmium is 4419552, and it
forms simple bipositive cations only, There are no ligand
field stabilization effects in cadmium ions, and the stereo-
chemistry is, therefore, determined solely by size end
electrostatic and covelent bonding forces, Cadmium chloride

shows octahedrel co-ordination,

The metal is used in electroplating, in bearing metals,
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in fusible alloys and as a neutron absorber in nuclear reactors.

Cadmium forms numerous isamorphous salts, pure preparations
of the sulphate and chloride being readily availesble commercisl-
ly. The cadmium halides appear to be weak electrolytes and
form complex ions in concentration solutions. The oxy salts
are formed on burning and are soluble in water, Cadmium sul-
phide can be produced by action of hydrogen sulphide on the
chloride in agueous solution, and forms the yellow-red pigments

used in the paint J’.mdu:stz:y(z’3 ).

I 2, Cadmium Poisoning in Industry

Cadmium was first recognised as a toxic metal in the
alkaline battery factories in Sweden (Friberg, 1950)(1*), when
workers suffered from ill health and even died from exposure
to cadmium oxide dust, Cadmium oxide fume evolved in factories
making copper-cadmium alloys and cadmium sulphide in the paint
industry are equally potent, Ingestion of cadmium caused Symp=

toms of food=-poisoning such as vemiting and diarrhoea( > ).

Bonnell, Kazantzis and King (1959)(6) observed that the
first signs of cadmium poisoning can occur after a long latent
period, and that once started, the disease progresses in the

absence or presence of cadmium,

Clinically, the symptoms of chronic poisoning from inhale-

tion of cadmium oxide fume were generally manifested as tiredness,



nerviness, shortness of breath, palpitations, coughing, im-
paired olfactory sense and dyspnoea. Blood pressures were,
for the most part, normal and radiologicel pictures showed
nothing umisual{*3),  Many of the affected men had lung em-
physema and examination of the urine showed the presence of
proteinuria in 65% of the workers, This proteinuria - not
the type usually found in comnection with rensl disease -
can be regarded as a diagnostic feature and will be discussed
again in detail,

Examination of the blood showed lowish values for haemo-
globin and red corpuscle count, while the erythrocyte sedimen-
tation rate was raised, Minor displacements between the
protein fractions, with an increase in the concentration of
¥ globulins (Olhagen, 1924-5(7) » Kekwick, 1955(8)) » were found

on electrophoresis of serum proteins,

Changes in liver function tests occurred occasionally

which could account for the raised ¥ globulin concentrations,

A number of investigators have remarked on evidence of
renal damage, both glomerulsr and tubular, although reports
are often conflicting as regards severity of the renal lesions,
Inulin clearance was diminished and the concentrating capacity
was low™,  Clarkson and Kench (1956)(%) showed that the
total concentration of amino acids in the urine was raised,

There was a remarkeble increase in the excretion of serine



lm

and threonine, and it was suggested that a common pathway for
the reabsorption of these two amino acids was easily blocked
by cadmium, This amino aciduria was generally accompanied
by glycosuria and in some cases traces of reducing sugars
were found in the urine (Smith, Wells and Kench, 1961)(10).
Apparently cadmium ions were removed by glomerular filtration,
since excretion of the metal increased proportionally with
creatinine clearance (Smith and Kench, 1957)(11),  This mode
of renal clearance would allow the cadmium ions to become
attached to the tubular epithelial cells and thereby impair
reabsorption of glucose, amino acids and even proteins from

the glomerular filtrate,

More recent work by Bonnell (1965) (5) , Holden (1965) (12)
and Potts (1965) (13) on cadmium-poisoned factory workers is

in agreement with all these earlier findings,

I3 [Tissue Injury in Cadmium Poisoning
Histologically, signs of cadmium poisoning are clearly
evident, In poisoned workmen in industry, the respiratory
tract was perhaps most affected - this generally being the
most dangerous route of entry., Usually, widespread emphy-
sema with a fibrous exudate, signs of acute bronchitis and
the presence of bullae were characteristic in the lung tisssxue(l“5 212,13 ).

Bronchi underwent inflammatory changes with infiltration of



lymphocytes and plasma cells(“") .

Also notable was the effect on the kidney, an organ
noted for its natural ability to accumilate and store cad-
mium (Gunn and Gould, 1957¢%) and Bonnell, Ross and King,
1960(1€)),  This appeared to be in keeping with the dis
covery and work on metallothionein by Margoshes and Vallee
(1957) ') ana Kagt and vailee (1961)(1819),  gnig protein,
which can readily be prepared from kidney tissue, has a

molecular weight of 10,000 and contains 5.9 cadmium,

In the kidneys of chronically poisoned men there was
an initial blurring of the cortical pattern, followed by
dilation and atrophy of the tubules, and finally contrac-
tions and crowding of the glomeruli®*1®),  Renal calculi
have also been found(h). However, in some cases, often
after death due to emphysems, no signs of kidney necrosis

were evident,

Renal damage in rabbits and rats(16) after experimental
poisoning apparently followed a similar pattern to that in
man (Kench, Wells and Smith, 1962(21) and Axelsson and
Piscator, 1966(22)). Definite degenerative changes have
been seen in the kidneys of chronically poisoned monkeys
(Timme, 1966)(20). The cells of the proximal convoluted
tubules were often pale, swollen and vacuolated and some

showed frank necrosis, Hyaline droplet degeneration was
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seen in a few tubules,

Livers of cadmium-poisoned men were congested, with areas
of focal necrosis(“‘L’ 20,23) with some lipochrome deposition and

(23),

fatty degeneration one case had a calcifying leiomyoma in

the oesocphagus wall(‘l 4) o

There was occasionally hypertrophy and fatty degeneration
of the myocardium, diffuse suppurative prostatitis and glandu-

lar atrophy of the corpus mucosa( 23).

Skeletal changes, osteoporosis and pseudo fractures have
also been described as a result of cadmium poisoning( 21*).
Friberg, 1950(1") noted the presence of minor accretions only
on the vertebrae, Yellowing of the teeth at the alveolar
margin was often noticed( 25,26) in men exposed for longer

than two years,

Baum and Worthen (1 967)(27) have reported the presence
of amyloidosis in poisoned rabbits. It occurred only in
animals exposed for a long time and was mainly renal, but
with infiltration into the spleen and liver. This has never
been noticed in men or monkeys and mey be due to a species

difference,

Experimental poisoning in rats has shown that severe
testiculer damage with regressive changes of spermatogenic

epithelium are caused by cadmium, No morphologicel lesions



in the ovaries of female rats have been observed( 28). The
metal has even been incriminated as an aetiological factor
in human toxaemia of pregnancy, but there is little available

evidence to support this suggestion( 5 O).

Same workers have tentatively suggested cadmium as a
carcinogenic agent because of the high incidence of malignant
disease in cadmium workers(12’13). Kazantzis, Flynn and
Spowage and Trott (1963)(29) have produced tumours in rats

following injections of cadmium compounds,

I 4s The effect of cadmium on metsbolism

Cedmium has widespread effects in experimental poisoning.

Lewford (1961)¢1) found that rats suffered rapid and
severe ansemia with a rise in serum transferrin, Hypoalbu-
minaemia, hyperglobulinaemia, and the presence of an extra
serum protein component were evident, This could be the
result of aberrant biosynthesis of proteins under the in-

fluence of cadmium,

Rats fed with cadmium became hypertensive( 52,33,34) .
This was associated with neurological and vestibular dise
turbances, bleaching of the incisor teeth, cardiac hyper-

trophy and considerably shortened life,

The interrelationship between the effect of mercury



and cadmium on aortic vasoconstriction indicate that cadmium
is an adrenergic 'blocker( 35 ). Intra=-arterial cadmium also

had acute pressor ef‘fects( 36).

Gabbiani (1966)(3 7 demonstrated a severe and rapid
effect of cadmium on sensory genglia in rats, hamsters and
guinea pigse It has also been shown that cadmium has an
(38)

effect on nervous conduction

Cattle were adversely affected by dietary intake of cad-
mium, Growth rate, food consumption, water intake, general
appearance and testicle development decreased progressively
with intake of cadmium, Removal of cadmium from the diet
reversed these effects to some extent(”).

Cadmnium has also been reported to enhance renal proximal

tubular reabsorption of sodium(w).

I 5. The effect of cadmium on enzymes

Cadmium is known to both stimulate and inhibit various

enzyme actions,

Oxidative phosphorylation was uncoupled at extremely low
concentrations of cadmium, This effect could be reversed by
addition of dithiols (e.g. dimercaptopropional) and ethylene

digmine tetra acetic acid, but not by monothiols such as glu-

ta.’chione(l*‘l ’1"'2). Succinic dehydrogenase was most sens:i’cive(l"3 ,h1+)’



but other dithiol systems such as « ketoglutarate and lipo-
amide dehydrogenases were also affected, Hexolkdnase, puri-
fied phosphatase and cytochrome oxidase were relatively
uninhibited, Cadmium also uncoupled the phosphate esteri-
fication associated with the oxidation of citrate, The
cadmium was firmly bound to the mitochondris and was thought
to act by displacing other cations essential for phosphoryla-
tion, or by blocking the active site. The action was thought
to be through a disulphide group, probably with the formation
of mercaptides, Cadmium in metallothionein(18) is known to
be associated with large amounts of sulphur - from cysteine
residues - in the protein, and reversal of inhibition by
sulphur compounds seems to indicate participation of -SH groups

in the reaction,

Na*, K'-stimulated activity of adenine triphosphatase
wes inhibited to a fair degree by cadmium and this action is

also thought to be through sulphydryl groups(l"B).

Several peptidases were affected by cadmium. Prolidase,
which hydrolyses peptides containing proline and hydroxyproline,
was strongly in}ri.bited(l'"s) and could be differentiated from pro-
linase which was activated by cadmium ions(lﬂ), Aminotripepti-
dase(w), carnosinase, leucine eminopeptidase, and glycylpepti-
dase from pig liver were all inhibited by cadmium, whereas
Berman and Kench (1967)(‘*9) have demonstrated slight activation
of leucine amino peptidase from rat liver supernatant by cadmium

ions,



Cadmium ions had a marked inhibitory effect on the esterase
sctivity in developing bones snd teetht™) but they stimulated
the activity of yeast arginase( 5 1), tryptophan pyrrolase, phos=
phopyruvate hydratase, pyruvate decarboxylase and oxaloacetic
decarboxyla.se( 52). Most of these enzymes were also activated
by a number of other divalent ions such as Mn'H', Zn++, Mg++;

Co++, Ca*™ and Fett,

It has been suggested that cadmium may be an antimetabolite
for zinc because of similar reassporuses(5 5 ). The enzyme, zinc
carboxypeptidase A, exhibited both esterase and peptidase acti-~
vity. This dual specificity was sensitive to minor alterations
in the structure of the enzyme and if the zinc was replaced by
either cadmium or mercury, the esterase activity was enhanced
while the peptidase activity was lost(5 L"). Kagi and Vallee
(1961)(52) .have shown competition between zinc and cadmium for

binding sites on metallothionein.

However, in spite of the very widespread action of cadmium

in living organisms there is apparently no homeostatic cc:ntrol(5 5,56) .

I 6. Proteinuria in Cadmium Poisoning

The proteinuria of chronic poisoning was unlike that of
normal renal tubular disease in that both the distribution of
proteins and the overall molecular weight of urinary proteins

were different,



When traces of protein were found in the urine of cadmium
poisoned men, only =5 and B globulins could be identified,
Later albumin appeared, and the electrophoretic pattern in
severe cases was similar to that of serum though ) and «5
globulins were not distinguishable., There were also far
greater amounts of globulin than albumin (Smith, Wells and
Kench, 1961){1%),  on ultracentrifugation, these urinary
proteins sedimented as a single component of molecular weight
20,000 to 30,000 (Kekwick, 1955 (8) and Pedersen - findings
published in Friberg's monograph(z")). These facts seemed
to indicate that the proteinuria of cadmium poisoning was a

specific lesion,

Other workers have maintained that the proteinuria was
no different from that occurring in any renal tubular dys=-
function and suggested that the damage caused by cadmium
was mainly tubular (Creeth, Kekwick, Flym, Harris and
Robson, 1963(5 7)). Undoubtedly renal tubular damage does
occur in chronic cadmium poisoning, This is evident from
the amino aciduria and glycosuria demonstrated by Clarkson
and Kench (1956)(9) as well as from renal function tests
carried out on poisoned men by Friberg(l") and renal lesion

described by Bonnell, Ross and King (1960)(16) and Axelsson
and Piscator (1966)(22).

That the proteinuria resulted from a direct action of



cadmium on the kidney tubules is unlikely as histologically
the renal lesions did not appear severe enough( 20, 21).
There was also no evidence of catalasuria or alkaline
phosphaturia - the most sensitive signs of severe rensl
damage (Dounce, Roberts and Wills, 19&9)(58). In addition
to this the excretion of cadmium was glanemlar(“) and the
proteimuria may well have arisen from changes in this part

of the kidney,

Both Rowe (1957)(59) and Smith et al (1961)(10) have
found the albumin excreted by nephrotic and nephritic patients
to have a sedimentation constant similar to normal serum albu-
min (i.es 2 4,0L4) as opposed to the sedimentation value of
2.2 - 2,8 described by Creeth et al (1963)(57) for the pro-

teins excreted during tubular malfunction,

Smith and Wells (1960)¢®?) have described proteinuria
in three workmen suffering from metallic mercury poisoning -
an unusual occurrence = in which the excreted albumin was

indistinguishable from serum albumin,

The albumin excreted by normal persons has been shown by
Webb, Rose and Sehon (1958a)(61) to be indistinguishable from
nomal serum albumin while Merler, Remington, Finland and
Gitlin (1962)(62) have evidence for the presence of albumin

with a sedimentation constant of 2,6 £ 0,2 which is equivalent



to a molecular weight of about 30,000, However, this was

only excreted in very small quantities.,

An investigation of the proteinuria displayed by workers
was carried out by Smith, Kench and Lane (1955)(63) and veri-
fied and extended Friberg!' s( 4) findings, They demonstrated
that the incidence of proteinuria in cadmium workers was much
higher than in any other group, and that the excreted protein
varied independently of urinary cadmium, 1.0 to 3.2 g./l.
of protein was excreted daily by the poisoned men while normal
adults excrete an average of 133 mg./day (Webb et al, 1958b(6l")).

Proteinuria,as a result of cadmium poisoning, was not
unique to men, Rebbits and dogs exhibited a similar pattern.
(Kench, Wells and smith, 1962(2")), However, unlike the men,
albumin of normal size (Szow = 4.07) was excreted together with
the low molecular weight fraction (Szow = 1499)e Studies on
the total urinary albumins showed similar amino acid composi-
tion and antigenic behaviour to normal serum albumin while
radioactive isotope studies indicated a more rapid metabolism
for the low molecular weight urinary albumin than for nommal

serum proteins,

The advent of dextran gel filtration methods facilitated
the separation of the normal and low molecular albumins,
Once separated this low molecular albumin, termed minialbumin

because of its similarity to normal albumin, could be further



characterized. It was isolated from the urine of monkeys,
dogs and rabbits experimentally poisoned with cadmium (Gein
and Kench, 1965(65 ) and Gain, 1966(66)) and found to behave
like a normal serum albumin with respect to electrophoretic
mobility (on paper and etholanized cellulose colums) and
titration curves, The amino acid composition of the mini-
albumin had a deficit in its content of lysine and cysteine
but was otherwise very similar to normal serum albumin,
Antigenically this urinary low molecular albumin, found by
ultracentrifugal studies to be 20,000 in molecular weight,
was identical with serum albumin, Incorporation of radio-
ective amino acids indicated that minialbumin had a higher
metabolic turnover than its normsl serum counterpart, and
that injected minialbumin was rapidly removed from the cir-
cuWlation by excretion through the kidneys, Infusions of
haemoglobin increased the excretion of minialbumin in g

poisoned monkey, but the reasons for this are not yet clear,

The origin of this low molecular albumin was apparently
not renal in nature as intravenous injections of cadmium
chloride increased the amount of minialbumin recovered from
the peritoneal dislysates of a nephrectemized monkey, It
was, therefore, suggested that the minialbumin, because of
its rapid synthesis and excretion, was produced in the liver
and its urinary clearance enhanced by secondary renal tubular

damage (Gein and Kench, 1965(65) and Gain, 1966(66)).
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I 7. Objectives of the present study

The present study was undertaken in order, if possible,
to ascertain the nature and origin of this minielbumin which
occurs in cedmium poisoning, The source of the minialbumin
end the mechanism by which it arises are important to an
understending of the proteinurie of cadmium poisoning, but
in addition we hoped might provide information on the mets-
bolism of serum albumin in normal animals, The quantities
of low molecular weight albumin to be found in both the serum
and urine of monkeys after the initial and each successive
dose of cadmium should provide some indication as to the
tissues of origin of the protein, Should low molecular
albumin be found circulating it would be necessary to establish
whether this was in fact similer to the urinary minialbumin,
To this end, we embarked upon studies involving electrophore-
tic mobility, exact amino acid composition, molecular weight
and aentigenic behaviour of all the albumins that could be

isolated from cadmium-poisoned monkeys,

I 8 Contributions of this investigation

4s a result of this investigation the following facts

have been established:

(i) Cadmium~poiscned monkeys produced a circulsting

minialbumin, which occurred in a variety of



(i1)

(ii1)

(iv)

(v)

molecular size ranging from 5,000 to aggre-

gates of 170,000,

Circulating minialbumin was identical with
urinary minielbumin in amino acid camposition,
molecular weight, electrophoretic and antigenic

behaviour,

Timing studies indicated that the minialbumin
did not arise by direct action of cadmium on
the kidney, and was probably excreted only after

renal tubular damage had occurred,

The phenomenon of a partially reversible aggre-
gation and disaggregation of the low molecular
albunins at neutrsl pH values » by non~covalent
and sulphydryl bonding has been established,
Polymerization of albumins is known to occur at
low pH but has not hitherto been reported in
normal pH ranges. A higher proportion of
aggregated albumin was found in the serum than
in the urine, and made a substantisl contribue
tion to serum albumin of normal molecular weight
in cadmium-poisoned animals,

Minialbumin was a complete antigen even though

it lacked tryptophan and some lysine and cysteine,



(vi)

Some of the investigations described here have been pub-

lished:

i.e, the antigenic sites in normal albumin
have been retained intact in the smaller

molecule,

On the available evidence,the most rational
explanation of the action of cadmium appears
to be that it suspends proteolysis during the
catabolism of albumin by inhibiting further
breskdown of the fragments, Cadmium is known
to inhibit the activity of endopeptidase and
carboxypeptidase as well as some of the di and
tripeptidases, Such an action would result
in a mixture of polypeptides, which apparently
have a marked propensity to aggregate together,
It is suggested that a similar process could
lead to microheterogeneity in the albumin mole-
cule, around a structure based on a single

genetic code,

the reprints form the addendum to the thesis,
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II 1. EXPERIMENTAL ANIMALS

e e e ety

II 1. (i) Experimental animals and their maintensnce

(a) Monkeys: The species of monkey studieg was Cerco-
pithicus aethiops (Fig. 1A). Animals were captured in their
wild state and allowed to settle down for 2 to 3 months in
their new environment before being poisoned. Only healthy
young males showing stationary weight and presumably, therefore,

in nitrogen balance were employed for the investigation,

The experimental animals were kept singly in metabolic
cages, of measurement 20" x 24" x 20", made of galvanized iron
rodse The cages were fitted with an internal sliding door to
facilitate handling, so that the monkey could be held still at
one ends The side wall of the cage at this end had apertures
through which the tail and hind limb could be extended (Fig. 1B).

The cages were raised and stood in stainless steel trays,

The animals were fed between 12 and 3 peme daily, with

a mixed diet consisting of carrots, pumpkin, sweet potatoes,
cabbage, oranges and dried msize and nuts, The monkeys were
not given extra water, the fruit in the diet providing suffi-

cient fluid for their needs (Geain, 1966(66%

(b) Rabbits: Rabbits were used for the production

of antiserum, They were a fram a locally bred (mixed) variety,

Male animals weighing three to four kg. were selected and maintained
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in metabolic cages of dimensions 20" x 16" x 16", They were
fed daily between 12 p.m. and 3 p.m. on cabbage, carrots and
rebbit biscuits containing a mixed enriched protein concentrate,

Fresh drinking water was provided daily.

(¢) Rats. These animals were used only in short-
term experiments and were a locally bred albino variety, They
were housed in metabolic cages measuring 12" x 10" x 8", Rat
biscuits, consisting of a mixed protein concentrate, and fresh
drinking water, renewed twice daily, was the only nourishment
provided, The animals were not starved prior to the experi-

ments,

II 1. (ii) Collection of specimens
(a) Blood

(1) Monkeys - Blood was withdrawn into
a syringe, in the absence of anti-
coagulant, from the saphenous vein
of the lower hind limb,

(ii) Rabbits were bled from the marginal
ear vein by nicking it and allowing
the blood to drip into a container.

(1ii) Rats - As it was very difficult to



obtain a large enough sample by
puncture of the caudal veins (the
recognised method), rats were kil-
led by stunning and blood taken
immediately from the aorta and

hepatic portal vein,

A1l blood samples were allowed to clot at room temperature

before separation of the serum by centrifugation.

(b) Urine
(i) Monkeys =~ Urine was collected in
the stainless steel trays in which
the cages stood, and kept free from
stools and food debris by a i" wire
mesh and muslin covering which form-
ed a floor to the cage,

(ii) Rats were supported on perforated
porcelain discs inside glass con-
tainers for the duration of the
experiments, In this way urine

could easily be collected.

411 urines were filtered through Whatman No. 1 filter paper
in the presence of kieselguhr, and then dialysed for 36 = 48 hrs.

against running tap water, and then for 12 - 16 hrs, against



distilled water, before proteins contained therein were preci-

pitated,

II 1, (4ii) Intoxication of the animals

(a) Monkeys: Cadmium, as the chloride (ca.012.2% H20)
was administered intravenously in dosages of not more than 2,0 mg,
cadmium per kilogram body weight per week(21). As the animals
weighed on the average 6 = 7 kg., this was normslly given as two
pulse doses of 6 mg, cadmium twice weekly, The solution could
not be injected directly as its low pH (4 to 5) caused haemolysis,
thrombosis and tissue necrosis, The procedure was as follows.
Six ml. of blood was withdrawn from the saphenous vein of the
lower hind limb into an heparinized all-glass Leurlock syringe.
The needle, type 21G and 1-11", was left in the vein and a two-
way Leur stopcock attached, while the blood was mixed immediately
with approximately 0.5 ml, heparin (5000 I.U./ml.) in a smell
beaker, Three ml, of a cadmium chloride solution containing
2 mg, cadmium per ml,, and a calculated amount of sodium chloride
to meke the chloride level physiological, was added dropwise to
this with continuous mixing to prevent precipitation of the blood
proteins, The mixture was then drawn up into the syringe which
was fitted to the tap, and the cadmium slowly injected over a
period of 1 to 2 min, Bleeding was stopped by application of

Hibitane antiseptic cream (ICI) and adhesive plaster, If the



animels did not themselves remove the bandages, they were taken

off the following day, Hind limbs were used alternatively,

All the instruments and solutions required for this pro=-
cedure were autoclaved before use at a pressure of 15 1b./sq.
inch for 15 min, A fresh solution of cadmium was prepared

every 4 weeks,

Overdosage led to nausea and lethargy in the monkeys,
It was found that animals were far more tolerant to cadmium
in the early stages of poisoning, Severely poisoned animsals
showed agglutination and darkening of the blood, and in such
cases dosages very often had to be reduced to two thirds or

half the usual amount,

As the poisoning progressed, the animals tended to become
very aggressive, Loss of pigment on the face was also noted

in chronically poisoned animals,

(b) Rats: Owing to the difficulty of withdrawing
and re-injecting blood from the caudal veins of the rat, cad-

mium was administered intraperitoneally rather than intravenously,

Dosages of 1 mg, cadmium per kilogram body weight, as advo-
cated and used by Lawford (1961)¢1) were tried, but found to
be rather too small for acute poisoning experiments, It was
found by trial that the dosage could be increased wp to 15 mg,

cadmium per kilogram body weight without killing the animals,

22



However, the rats were very lethargic after such doses.

The cadmium was administered as a 1%(w/v) solution of cad-
mium chloride (Cd.012.2—;- H20) in 0.85%(w/v) sodium chloride,
The rats were lightly anaesthetized with ether and the cadmium
given intraperitoneally over one to two min,, using a disposable
syringe and 21G needle, Control animals were given an equiva~-

lent volume of physiological saline in the same way e



IT 2, GENERAL BIOCHEMICAL INVESTIGATIONS

Blood and urine samples were collected from normal and
experimental monkeys at regular intervals for routine analysis.,
This provided a check on the metabolic state of the animals
and could be an index to the onset of any metabolic distur-

bances occurring in the poisoned animals,

As rabbits were used for antiserum production only, and
experiments on rats were short-temm, routine investigation on

these animals was deemed unnecessary,

II 2. (i) General investigations on sera included the following

and the results are summarized in Table 1.

(a) The albumin-globulin ratio: This was measured

by the biuret method on the total protein and
the albumin fraction following precipitation
with sodium sulphite according to the method of
Wolfson, Cohn, Calvary and Ichiba (1948)(67).
There was a tendency for the concentrations of
albunin and globulin to decrease on prolonged

poisoning (Table 1),

(b) Na’ and K*: These were measured by the methods
of Spencer (1 950)(68) and Brealey and Ross (1951)(69)

using a Baird flame photometer (Atomic Model KY-1),



TAELE 1.
L

General biochemical imrestigations on serum

of normal and of cadmium-poisoned monkeys

Nozrmal

poisoning,
(b)

Mean of determinations on three monkey
with cadmium,

Test Units Poisoned Poisoned
monkey | monkey (a) | monkey (b)

Albumin g./100 g, 349 3¢9 3e7
Globulin g./100 g, 2.7 3.0 204
Na* meq./1. 146 153 160
K meq./1. 4.8 5.2 5¢9
c1” meq./1. 96 107 110
Urea mg./100 ml, 10 20 33
Total Bilirubin | mg,/100 ml.| < 0.5 v 0.5 V0.5
Conjugated

Bilirubin mg,./400 ml, 0.0 0.0 0.0
S.G.0.T. Karmen units| 30 28 83
Cholesterol mg./100 ml, 120 112 115
Alkaline

phosphatase units 5 6 5
Amylase units 510 230 158
Thymol turbidity| units 0 1 0
Zinc turbidity units 3 I 2
Glucose mg./100 ml, 109 92 89
(2) Mean of determinations on three monkeys in early stages of

s chronically poisoned
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(9)

()

()

(b)

Cl : Glasstone's (1955)(70) method was employed and
adapted to measure the fall in electrical conductivi-
ty of the solution containing the chloride ions on

addition of silver nitrate,

Urea: determined colorimetrically with diacetyl mono-
xime reagent in a Technicon auto-analyser according to
the method of Skeggs (1957)(71) modified by Marsh,

Fingerhut and Kirsch (1957) (72) .

Bilirubin: The methods of Michaelsson ( 1961)(75) and
Nosslin (1960)(71") were used, and the bilirubin deter-

mined as total and conjugated,

Serum glutamic oxaloacetic transaminsse QS.G.O.T.Q:

This was determined spectrophotometrically by follow-
ing the decrease in optical density - a result of
the oxidation of reduced nicotinamide adenine dinucleo=-
tide - according to the procedure described by Karmen

(1955)(75) and Henry et al (1960)(76).

Cholesterol: colour development with the Liebermann—
Buchard reaction, according to the method of Pearson,

Stern and McGarack (195})(77) , Wwas used.

Alkaline phosphatase: The method, measurement of the

enzyme action on the substrate phenyldisodium ortho-
phosphate, was adopted for use on the auto-analyser by
Marsh (1959)(7®) from a modification of the King-

Armstrong procedure( 79) .
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(1) Amylase: The activity wes determined as a func-
tion of the colour intensity of the starch-iodine
complex formed by residual substrate after the
action of the enzyme, The procedure was as des-

cribed by Pimstone (1964)(80).

Amylase activity in the serum and urine of
a monkey was determined during a course of injec-
tions of cadmium. The results in Table 1A show
a significant rise in serum amylase activity after
administration of 12 - 18 mg., cadmium over a period
of 18 days. Levels in the urine incressed con-

currently,

TABLE 1A,

Amylase activity in the serum and urine of a

newly poisoned monkey T

Amylase activity
Amount Cd | Days after | (modified Somogyi units)
gliven injection
Serum Urine
6 mg, 0 370 -
1 400 69
4 310 -
3 mg. 0 320 -
1 LO0 -
2 L60 90
2 572 720
6 mg, 1 870 620
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(3

(k)

(1)

(m)

Thymol turbidity: According to Maclagan's (19144)(81)
methOdo

Zinc turbidity: By the method of Kunkel (1947)(82).

Glucose: This was determined on whole blood by a
modification of the Hoffman (1937)(83 ) procedure,
using a Technicon auto-analyser,

Electmphoresis(&’ 85 ): This was performed with a

Beckman Model LB analytrol with a microzone electro-
phoresis cell and membranes( 86). Cellulose acetate
was used as the supporting medium, and the method
was standardized as regards potential gradient,
buffer flow, sample size, humidity, buffer level

and duration of separation,

The microzone cell consisted of a vessel divie
ded into two buffer campartments by a bridge onto
which the supporting membrane was fittede The
ends of the membrane extended freely into the buf-
fer solution, A cell cover was applied directly

over the suspended membrane,

The membrane was a homogeneous, inert, cellu-
lose acetate material, 130 microns thick and with
a uniform pore size of less than 2 microns in dig=-

meter, Membranes were impregnated with buffer



before the samples were spotted with an epplicator

which was stendardized to give repeatable deliveries.

The electrodes contained a pH 8.6 barbital buf-
fer of ionic strength 0,075 and the run was continued
at 250 V for 20 min, The membrane was then immersed
in the fixative-dye (containing 0,27 (w/v) Ponceau-S,
3.0% (w/v) TCA and 3.0% (w/v) salicylsulphonic acid)
for 7 - 10 min, It was then rinsed in % (v/v) ace-
tic acid and cleared in an acetic acid-alcohol mixture

before drying.

The membranes, in a protective envelope, were
then passed through a scanning attachment at 520 miL,
and the patterns quantitatively assessed in terms of
colour intensity, using saw tooth counts under the

protein pesks as an index,

Sera fram normal and poisoned monkeys were elec-
trophoresed under these conditions and compared, As
can be seen from the typical patterns in Figs 2, and
the velues in Teble 2, there was a decresse in the
amount of albumin and of ¥ globulins while the other

frections remain unchanged,
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TAELE 2,
RN

Concentration of serum protein constituents
in normal and poisoned monkeys.

ge per 100 ml,
Fraction

Normal Poisoned

Total protein 8.2 7ok

Albumin 3.0 2.9

Globulin oy Ou? 0.5

“2 0.6 0.7

24C 2,0

Y 1¢9 163

II 2, (ii) Urinary investigations

Specimens of urine were filtered till clear before
carrying out investigations on them, especial care being taken
in this precautionary measure in the case of the tests for
proteinuria., Results are presented in Table 3, for the fol-

lowing constituents,

(a) Proteinuria: This was checked daily by three



(b)

(e)

(a)

different methods viz, heat coaguletion,
treatment with an equal volume of 10% (w/v)
trichloroacetic acid; and treatment with

an equal volume of 0.2%(w/v) salicyl sulphonic
acide Opalescence and precipitation were

indicative of the presence of protein,

Totel Protein: Once the animals became Pro-

teinuric, the total protein excreted daily
was determined by the Fines method( 87) s which
involves a biuret reaction on the TCA-precipi-

tated proteins,

Ketonuria: Acetone and acetoacetic acic were

detected by Rothera's (1908)(88) test, when
if present they give a purple colour in the
presence of ammonium sulphate, sodium nitro-
prusside and ammonium hydroxide., Acetoacetic
acid was further tested for by Gerhardi's rea-

gent( 89)

s which is a less sensitive procedure
than Rothera's test and becomes positive (violet
coloured product) only with severer grades of

ketonuria,

Urea: Is measured in terms of nitrogen which

is liberated on addition of hypobromide and

sodium hydroxide to the urine,



(e) Titrateble acidity: Measured on freshly
collected urine by the method of Henderson

and Palmer (191#)(90) using neutral red as

an indicator,.

(f) Glucose: tested for qualitatively by glu-

)(91,92)

cose oxidase (testape and quantite-

tively with Benedict's reagent(g3 ).

(g) Bilirubin: Fouchet's reagent( 9%) gives a
blue-green colour (biliverdin) on oxidation
of bilirubin, adsorbed to the precipitate of
barium sulphate and phosphate formed on addi-

tion of barium chloride solution to the urine,

(h) Urobilin: Detected by the method of Decomps( 95)
as a green fluorescent zinc complex on addi-
tion of saturated alcoholic zinc acetate

(Schlesinger's reagent).

(1) Specific Gravity: Determined by weighing an
appropriate volume of urine and comparing its

weight with that of an equal volume of water,

(3) Ne' and X*: Measured on the Baird flame photo-

meter employing lithium at the internal standard(68’ 69).

(k) C17: Measured as for serum.



TAELE 3.

General biochemical investigations on urine of

normal monkeys and on monkeys poisoned bz cedmium

Test Units Normal | Poisoned Poisoned
monkey | monkey (a) | monkey (b)
Proteinuria:
heat coagulation + Or = - - +
TCcA + Or - - - e
salicyl sulphonic + or - - - +++
aCido
Total Protein 8/100 ml, | 0,003 04004 0.063
Ketonuria:
Rothera's test + Or = - - -
Gerhardt's test + Or = - - -
Urinary urea mg./24 hr.| 1010 1372 1460
Titratable acidity meqge NalOH| 0,0 0.0 0.0
Glucose:
glucose oxidase + Or = - - -
(testape) _
Benedicts g./100 mls | {0,1 {01 { Ou1
Bilirubin + Oor = - - -
Urobilin + Or - - - -
Specific gravity 1.016 1.027 1.031
Na* meqe/1. 22 2l 20
Kt meq./1. 106 115 9
c1” meq./1. 27 52 49
(2) Mean of determinations on three monkeys in the early stages
of poisoning,
(b) Mean of determinations on three monkeys chronically poisoned

with cadmium,



II 3. DETERMINATION OF CAIMIUM

It seemed important to establish the quantity of cade
mium excreted by poisoned animels, how much was attached to

the albumins and the amount present in the tissues,

The method employed for cedmium determination was that
of Smith, Kench and Lane (1955)(63). It was essentially
designed for urinary estimations but wes adepted for use with

tissues( 96) .

Fifty ml., of urine was transferred quantitatively to
100 ml. Pyrex erlemmeyer flask, and evaporated gently to
dryness on a sand bath, After cooling 5 ml. of concentrated
nitric acid was added and the flask wermed until no more brown
fumes were given off, Five ml, of concentrated sulphuric
acid were then added and the flask heated strongly until the
nitric acid had evaporated, The cooled digest was treated
with 0.5 ml. hydrogen peroxide (100 vols.) and gently warmed.
This was repeated until the digest remained clear after strong
heating, The digest was then cooled to room temperature, di-
luted to 10 ml, with distilled water and treated with 1 g of
sodium citrate (to prevent precipitation of calcium phosphate)
before being rendered alkaline by addition of concentrated
ammonia (S.G. 0.88)s  The cooled neutralized digest was then
quantitatively transferred with the aid of two five-ml. por-

tions of 1.0% (v/¥) nitric acid to a separating funnel, and



5 ml. of a 1.%%(w/v) ammonia solution, 10 ml., chloroform

and 10 drops ammonical dithizone (prepared by dissolving

I 0.1 e dipherwltfliocarbazone in 10 ml. chloroform, ex-
tracting with 20 ml. of 1.5% (w/v) ammonia solution and
discerding the chloroform layer) were added, After shaking
well, more dithizone was added until the chloroform layer

was dark blue, This coloured extract was run into a second
funnel containing 25 ml, of 1% (v/v) nitric acide Further
similar extractions were made., The pooled chloroform ex-
tracts were then shaken with the acid and the chloroform
layer discarded, Five ml. of chloroform was then gently

run through (without sheking) to remove traces of dithizonate.®
Next the aqueous layer was made alkaline by the addition of

5 mle LO% (w/v) sodium hydroxide, 0,057 (w/¥) potassium cya=-
nide and 2 ml. of 25% (w/v) sodium-potassium-tartrate, and

10 ml, chloroform and 5 drops of the dithizone added, After
continuous shaking for one min,, the phases were allowed to
settle, If the aqueous layer was colourless or pale yellow,
more dithizone was added, The chloroform layer was run off
into a third funnel containing 25 ml, of 1% (v/v) nitric acid.

Three to 4 more 10 ml, portions of chloroform were used to

* This operation was performed out of bright sunlight,since
in the light there is a great danger fram oxidation of chloro-
form by nitric acid with formation of toxic quantities of

phosgene(97),



extract the contents of the second funnel, The third funnel
was shaken gently and the chloroform layer discarded, Traces
of d@ithizone were again removed by running through 5 ml. of
chloroform, Five ml. of 40% (w/v) sodium hydroxide - 1%(w/v)
potassium cyanide, 5 ml. of chloroform and 3 drops of dithie
zone were added and the fumnel well-shaken for 1 min, The
pink chloroform layer containing the cadmium was run into a
celibrated tube and the extraction repeated with s further

5 ml, of chloroform, The volume in the tube was brought

to 10 ml. and the tube stoppered and allowed to stand (the
cedmium complex is photostable) before measurement at 506 my -

the point of maximum absorption,

Standard curves were drawn from determinations on
standard amounts of cadmium ranging from 0 - 100 pg of cadmium,
Such a curve is shown in Fig, 3. The concentration of cadmium
in the urine and tissues was then estimated by refesrence to

these standard graphs,

II 3. (i) Excretion of cadmium

The urinary determinations were carried out
exactly as described above, However, as severely poisoned
animals excreted large amounts of cadmium, it was possible

to obtain easily determinable values from 20 ml, of urine,
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and this procedure was therefore adopted, Table k4 shows
the amounts of cadmium excreted daily by chronically poison=-
ed animels, There is a wide variation dependent on the
degree of poisoning of the animal and the time lapse between

injection of the cadmium and collection of the specimen,

TABLE&.

Excretion of cadmium by poisoned monkeys

Monkey pg Ca* excreted daily
M 50, 62, 117, 94, 108
P 40, 45, 65, 72, L0
L 135, 297, 180, 88, 211

* The values are a mean of duplicate deter-
minations on the same sample,

IT 3. (ii) Attachment of cadmium to serum albumin

The amount of cadmium attached to the serum albu-
min of chronically poisoned animals was determined by dissolve-
ing a known weight of the protein in distilled water and there-
after treating it in the same fashion as for the urines,
Samples of albumin from a normal monkey were treated simulta-

neously, Table 5 shows the results,



TABLE 5.

Determination of the amount of cadmium attached to serum

albumin of normal and cadmium-poisoned monkeys

Semple of 25 mge. * ng, Cadmium

Serum albumin of
normsl monkey, 2.12

Serum albumin of
poisoned monkey. 6.37

* Values are a mean of three determinations,
There is, therefore, a nett difference of
Le25 uge of cadmium per 25 mg, of protein,

For practical purposes the amount of cadmium attached

to the protein was taken to be 0,2 pg. per mg.

IT 3, (iii) Distribution of cadmium in the tissues.

Cadmium in the tissues was expressed in terms
of wet weights Varying amounts of tissue were processed,
depending on the size of the organ, The tissue, after weigh-
ing, was cut into minute pieces and quantitatively transferred
to a digestion flask with distilled water. On complete eva-

poration of the water, the tissues were digested in nitric



and sulphuric acid in the usual way. Thereafter, the deter-

mination was exactly as described for urine.

Table 6 shows the values obtained for the monkey and
those found in man’®®) and ratbits(?!), The date show a
similar pattern in all cases; in the cadmium worker and in
rebbits, however, there was a greater divergence between
the concentrations of cadmium present in the liver and kid-
neys (richest sources of cadmium) and in the remaining tis-

sues than was observed in a chronpa.lly-poisoned monkey,



TABLE 6,

Distribution of cadmium in tissues

kge cadmium/g, of tissue (wet weight)

Fssue Worker( 96) Nomal( %) Rab'bit(21 ) Monkey *
Adrensls 24 0.42 Loi -
Artery (aorta) - - 1.9 29.3
Brain 3¢5 0.12 0.2 8.2
Bone marrow 41 0. 31 - -
Colon 20,0 0.29 2.4 10.6
Epididymus and 540 0.63 1.0 10.9

vas deferens

Gall-bladder 21.0 0,62 21.7 29,2
Bile 24,0 - - -

Hesrt 11.0 - Le7 124
Kidney cortex 150,0 140 38.0
Kidney medulla | 130.0 12.5 0.3 20.0
Liver 160,0 2,0 84,0 3847
Lung 13.0 0,62 7.6 1642
Mesenteric fat 11,5 - - 13,2
Skeletal muscle e 0.09 0.07 18.6
Pancreas 84,0 - 9.0 24,0
Prostate 37.0 0,17 - -

Skin 440 0.16 - 348
Spleen 55,0 0.35 362 12.5
Stomach 5240 0.30 47 15.0
Testis 38.0 0.16 1.5 2.8
Tongue 11,0 0621 - 22,2
Urinary bladder 30.0 031 6.7 22,0
Vena cava - 1.2 - 29,0

* Present investigation,
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IT 4o FREPARATION OF ALBUMINS

Several methods were tried and compared to ensure

that the prepared proteins were not artefacts of the ex-

perimental procedure,

IT 4o (i) The trichloroacetic acid method of Vallance-

Owen, Dennes and Campbell (1 9§§)(98)

This was a modified form of the procedure set
out by Debro, Tarner and Korner (1957)(99) and involved
initial precipitation of the total protein in the specimen
with an equal volume of 10% (w/v) aqueous trichlorocacetic
acid (TCA). The precipitate was then washed twice with
5 (w/v) aqueous TCA and the supernatants discarded in each
cases A 9% (v/v) ethanol : 1% (w/v) TCA solution (3 times
the volume of the original sample) was used to dissolve the
alb\min(100). The denatured globulins were easily removed
by centrifugation, The supernatant was subsequently dia-
lysed against several changes of distilled water wntil com-
pPletely free of ethanol and then lyophilized, On prolonged
dialysis a precipitate,which formed initially, redissolved,

The whole procedure was carried out in the cold, On the

average recoveries of 55-65% were obtained,

It was found that replacement of the ethanol with ace-

tone gave better preparations in many instances » especially



where lipsemic sera were involved, As the pH of the TCA-
ethanol or TCA-acetone mixture was extremely low (:-t 240 =
3.5) and in the range where albumin molecules are known to

dimerize( 101 )

it was advantageous to start the dialysis
with 0,066 M potassium phosphate buffer, pH 7.0 and then

revert to distilled water,

Visldng cellophane tubing had to be boiled for 30 - 40
min, in distilled water prior to use in order to remove ex-
traneous substances and reduce the pore size, thus prevent-
ing the loss of low molecular weight protein, The tubing
was found to contain a contaminating substance, This will

be discussed at a later stage of the thesis,

IT 4. (ii) The hydrochloric acid = ethanol method of
Fernandez, Sobel and Goldenberg (1366)(102)

This procedure was originally designed for the
quentitative estimation of the concentrations of albumin and
globulin in sera, but as the albumin remained undenatured,
the method served as an excellent one for its preparation,
The procedure was completed within 2 - 3 hre, gave a 80 -
90% recovery and had the adventage of being performed at

room temperature,

Oe5 mle of serum was diluted to 2.5 ml, with physiological



43

saline (0,85% w/v) in a 50 ml, centrifuge tube, 22,5 ml.
of an HCl-ethanol mixture (1 ml, conc, HCl plus 600 ml,
absolute ethanol) was added dropwise from a burette with
constant shaking, The mixture was left to stand for 30
min, at room temperature to allow complete precipitation
of the globulins which were subsequently centrifuged off
and discarded, The supernatant, containing the albumin,
was treated with 2,5 to 3,0 ml, of 0.2 M sodium acetate in
absolute ethanol, and left at room temperature for 10 - 20
min, before the precipitate was centrifuged down. This
albumin precipitate was then washed with Bloor's reagent
(3 volumes ethanol plus 1 volume ether) to remove traces
of lipid, and finally dissolved in buffer for immediate

use or in distilled water and lyophilized,

This method was preferred as it eliminated the need
for Visking tubing but was not suitsble for specimens of
urine or peritoneal dialysates where large volumes were
involved, The presence of excessive amounts of heparin
in the plasma also invalidated the fractionation as it

caused precipitation of all the proteins in the first step,

a technical drawback, not nommally encountered,

II 4. (iii) Zone electrophoresis

Zone electrophoresis originally described by



Tiselius and Flodin (1 953)(103), was also employed for the
preparation of albumin as this method did not involve the

use of organic liquids or extremes of pH,

An inert supporting medium, in this case ethanolized
cellulose, was used in column form end after application
of the sample a potential difference was applied, The
different proteins were separated according to their elec-
tric charge, and were then eluted from the column and col-

lected.

Ethanolized cellulose was prepared by the method of
Campbell and Stone (1 957)(104). Approximetely 300 g, of
pure absorbant cotton wool was torn into smell pieces and
refluxed with 4875 ml, ethanol and 375 ml, acetyl chloride,
After about 16 hr, the cotton wool suddenly disintegrated
to give a white powdery mass, The mixture was then refluxed
for a further L4 hr, The ethanolized cellulose so obtained
was washed several times in ethanol and then in distilled
water before being dried in an oven at 80° to a fine white

powder,

A column 26 x 2 cm. was used and 2 ml., dialysed serum
applied. The sample was run in to a depth of 2 - 3 cm,
before current was epplied. The running conditions simue
leted those of Flodin and Porath (195)-0(105) and Porath

(1956){19) i1 which a boratemphosphate buffer, (0,115 M



Nath_O7 and 0,0155 M NaHZPOA_), PH 8.6 and ionic strength
0,05 was used for both suspension of the column and in the
electrode chambers, The electrodes were a silver/silver
chloride combinetion prepered by running a current of 40 -
5AMA through coils of silver wire connected to an anodal
pole, and placed in a 2M potassium chloricde, 0.1M hydro-
chloric acid mixture, A platinum electrode was used for
the cathode, A potential difference of 160V was applied
to the cellulose column for approximately 4O hr. (Fig., 5).
The proteins were eluted at 12 ml,/br, with the same buffer,
and the eluate monitored through an ultraviolet absorptio=
meter (LKB Uvicord) set at 262 mp (Fig., 6A). Albumin
being the most electro-negative protein in serum - with
the possible exception of the prealbumin orosomucoid -
migrated farthest in the electricel field and was, there~
fore, the first protein to be eluted, The peaks were
dialysed and lyophilized,

IT 4 (iv) Polyethylene glycol method

Another method used to check the albumin samples
prepared by the TCA=ethanol or HCl-ethanol procedures was that
described by Potgieter and Hines (1963)(107) and Potgieter
(1964) {108),
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Serum was diluted to a protein concentration of 2%
(w/v) with O.2M phosphate buffer, pH 7.0, and the Y globulins
and some « and B globulins removed by precipitation with an
equal volume of 28% (w/v in the above buffer) polyethylene
glycol (P.E.G.)s The supernatant was adjusted to pH 5,9
with O.5N acetic acid, thus precipitating the remaining o
and B globulins, PEG was then added to the supernatant to
give a final concentration of 20% (w/v) and 0.5N acetic acid
added until the pH reached 5,0, This caused precipitation
of the remaining proteins (albumin and «, globulins), which,
after removal of the supernatant, were dissolved in the
starting buffer, and chromatographed on carboxymethyl cellu-
lose*, On gradient elution, the albumin could be separated
from the contaminating proteins, The starting buffer was
0.0 sodium acetate, pH 4.25, while the limiting buffer was
0.12M sodium acetate, pH 5,25, A 150 ml, mixing chember
was employeds The column wes run at 15 ml, per hour, and
the eluate monitored through an LKB Uvicord with attached

recorder. The albumin peek (Fig. 6B) was dialysed against

* The C,M. cellulose wes prepared for use by standing it
for 30 min, in 0,5N NaOH, washing with water to rH 8,0
and then allowing it to stand in O.5N HCl, After wash-
ing with water (to pH 4+0) and several volumes of start-
ing buffer, the column was packed and allowed to equili-

brate with the starting buffer overnight,
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distilled water in the cold room (1°).

II 4o (v) Purity of the albumin preparations was checked
before any further studies were cerried out, This was done
by the following two methods (these will be described in de-

tail in a later section),

(2) Electrophoresis on cellulose acetate at pH
8.6(109). Preperations showing only a
single band as in Fig. 7A were considered

pure,

(b) Immunoelectrophoresis on agar gel at pH 8eky
using a polyvalent antiserwn'''®), Fig. 7B
shows the single precipitin arc of purified

elbumin,

Michael (1962)(1“) described the antigenic and physico-
chemical properties of albumin prepared by organic solvents
and found them to be unchangeds On this basis, the special-
ized studies carried out on the albumins prepared as described

above and the conclusions drawn were considered to be legitimate,






II 5. EXPERIMENTS WITH VISKING TUBING

During the early course of the study of the purified
albunins on dextran gels (cf. Fig. 16) a contaminating sube
stance, having a molecular weight ranging widely about 5,000
was frequently found, This material which was biuret posi-
tive and absorptive at 280 mp (Fig. 84) wes finally traced

to the Visking cellophane dialysis tubing,

It wes important to remove this material from preparas-
tions as it could interfere with the studies on minialbumin,
It was easily extractable on boiling with 1% (w/¥) sodium
carbonate (Fig. 8B) which is nommally used to remove fatty
acidss Soaking the tubing in bile salts s which emulsify
fats and lipis, had the seme effect. 1% (w/v) solutions
of sodium deoxycholate and sodium taurocholate were used
(Fig. 8C and 8D respectively), Ethanol and acetone, em-
ployed in the preparation of albumin, and ether were, there-
fore, tested and were also effective in removing some of
this material, as seen in Fig, 9. Ethanol was not as good
a solvent for the contaminent as acetone and, thereafter,

was preferred for albumin preparstion,

In all cases equal weights of tubing and eqgual volumes
of diffusate were compared, The internal and external
surfaces were compared and it was shown that more of this

material could be removed fram the external surface,
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Just as the removal of this contaminant was important
to our work, so was the effect it had on the pore size of
the tubing if we were not to lose minialbumin through dia-
lysis. Lysozyme, which between pH 5.0 and 9.0 occurs al-
most exclusively as a dimer of M.W. 29,000 z 100(112), was
used to check the pore size. A lysozyme solution in 0.1M
phosphate buffer, pH 6,24 was placed inside the treated
visking tubings and dialysed against the same buffer over—
night at 0°C,  Aliquots of the diffusate were then tested
for activity by following the rate of lysis of Micrococcus
lysodickticus spectrophotometrically, The assay method
used was that of Shugar (1952)(113),  Fig. 104 shows
typical example of an assay on the diffusate surrounding
treated tubing, which indicated an increased pore size,
Untreated, unboiled tubing, and tubing boiled for 45 min,
in distilled water did not allow the passage of lysozyme
into the surrounding medium (Fig, 10B and C respectively),

However, tubing boiled in water after treatment, with Na, CO

273
or bile salts was still porous to the lysozyme dimer,

This led to the conclusion that the msterials removed by

the various treatments described above were actually part

of the structure of the sac, This observation was sub-
stantiated by fluorescent studies on the sac, and the sol-
vents, before and after treatment, There was a gradual

decrease in fluorescence of the sac s On successive extrac-

tions, while the extracts retained g fairly consistent
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fluworescent value,

In the light of these findings dialysis tubing was
avoided as much as possible, Where there was no alter-
native only tubing that had been boiled in distilled water

for 30 - 40 min, was employed,
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II 6. SEPARATION OF ALBUMINS OF DIFFERING MOLECULAR

WEIGHT

With the advent of dextran gels, albumins of differing
molecular size, which had previously only been detectable by

(10,21)
»

ultracentrifugation could readily be separated from

one another,

II 6. (i) The cross-linked dextran gels behave as a molecu-
lar sieve, their porosity (a function of the degree of crosse
linkage) determining the degree of separation of different
sized molecules, Larger molecules that cannot enter the gel
bores, pass through the dextran bed more rapidly than their
smaller counterparts which are trapped and thus retarded,
This technique of gel filtration was first introduced in
Uppsala, Sweden, by Porath and Floain''™) in 1959, when
they used this dextran, termed Sephadex, to separate ammonium
sulphate from serum albumin,

A wide range of Sephadex is available and is graded ac=-
cording to its degree of cross-linkages, Sephadex G75,
with an approximate exclusion limit of 50,000 M.W., was the
most suitable for our purposes., Normal serum albumin of
MeWe 66,000 would be excluded, while albumin of & lower
molecular weight would be retained and separated from it,

Haemoglobin (M.We 67,000) is well separated from myoglobin
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(MoW, 17,000) on such a column (Berman and Kench, 1963(115)).

IT 6, (ii) Packing of the column

It was essential that the gel was uniformly
packed as the separation volume was small when compared with
the bed volume, Packing was effected in the following man=-
ner, Sephadex G75 (bead form) was allowed to swell for 2
hr, in a large volume of distilled water, The water was then
decented and replaced by 0,066M potassium phosphate buffer,

P 7.0 containing 0.2M sodium chloride. The gel was washed
several times in large volumes of this buffer, A glass col-
um, fitted with a sintered glass disc at the base, and free
from all traces of dust or grease s was then almost filled with
a weak slurry of the gel, A funnel was attached to the top
of the colum and also filled with the gel suspension, which
was then continuously agitated with a mechanical stirrer
(Fige 11)s  After approximately 1" to 12" of gel had settled
on the bottom, the outlet was opened and the column allowed
to drip at a slow rate (not more than 40 ml,/br,) until com-
pletely packed, Several bed volumes of buffer were pumped
through the column to equilibrate it before use, It was
found that columns drawn sharply to a narrow outlet tube gave

best results as there was little or no mixing of the eluate,
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Further details of column dimensions and running procedures
will be described under individual separations, Once it
became apparent that the salt concentration in the Sephadex
column played a major role in the "aggregation phenomenon
of minialbumin" (described in detail in a later section) it
wes kept constant at 0,24 NaCl, For the same reason, ures
was incorporated into the column buffers during the latter

period of the study,

II 6, (iii) Estimation of the molecular weights of the

albumins by gel filtration,

The molecular size of proteins can be estimated
from the rate at which they are able to pass through the dex-
tran gels This principle was first demonstrated by Flodin
(1962)118) and 1ater by Whitaker (1963)"7) 4o showed that
there is a linear correlation between the logarithm of the
molecular weight of a protein and the ratio of its elution
volume (Ve = the volume at which the particular protein is
eluted) to the void volume (Vo = the elution volume of &
solute knovm to be completely excluded from the gel grains),

ioe. log M.W. o« VO/VeQ

This formula appeared to apply irrespective of the con-

centration of the protein or columm size, and need only be



disregarded when there is complex formation between the

actual gel and the protein,

It was, therefore, possible to 'mark' a column of
Sephadex with substances of known molecular weight, and
from this approximete the size of unknown molecules,

This was necessary where the albumin of cadmium=-poisoned
enimals was concerned, as molecules of different size were
found, It was carried out essentially according to the

method of Andrews (196&-)(118).

A column of Sephadex G75, 42,0 x 1.8 Cilsy prepared
and packed as described earlier, was used, The buffer
system was 0,066 potassium phosphate, pH 7.0 containing
Oe M sodium chloride, and the markers employed were nor-
mel human serum albumin (Mol, wt, 66,000), lysozyme dimer
(Mol, wt. 29,000), cytochrame c (Mol, wt. 13,000) and

coproporphyrin (iol. wt, 500 - 600),

The freeze-dried samples, dissolved in a small volume
of the colum buffer, were loaded by careful layering onto
the just damp surface of the colum, and allowed to run in,
The column surface was then washed twice with 140 ml, of
buffer, before a head of bressure was applied and pumping
begun, Buffer was pumped through at an even rate of 13¢5
ml, per hr, and the effluent was monitored through an ultra-

violet absorptiometer set at 262 mu (LKB Uvicord) and



automatically recorded, Fractions were collected, and the
volume at which the marker first made its appearance care-
fully noted. Each marker was run separately, Figure 12
shows the graph obtained when the logarithm of the molecular

weight was plotted against the elution volume,

Albumins, isolated from the sera and urine of cadmium-
poisoned animals, were separated under similar conditions,
and their molecular weights estimated from the above graph,
The large molecules were found to be no different from human
albumin in size, while the small molecules = minialbumin -
occurred in a range of molecular weights varying from about
5,000 to 20,000. Sera showed a predominance of g 10,000
size molecule, while the 20,000 M.W. fragment occurred al-

most exclusively in the urine,

Figure 13 illustrates the separation of the serum albu~-
mins prepared by the different methods described and Figure

14 shows a similar pattern for urinary albumins,
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II 7. IHE DIRECT EFFECT OF CAIMIUM ON BLOOD, SERUM

AND SERUM ALBUMIN OF THE MONKEY

Considering the toxicity of cadmium and its acidity
in solution, it was not inconceivable that such a metal could
have a direct hydrolysing effect on proteins. However, the

following experiments proved this was not the case,

II 7. (i) Direct effect of cadmium on blood

Six ml. of blood were withdrawn from the saphenous
vein of a normal unpoisoned monkey and mixed with 0.5 ml, of
heparin, Three ml, of cadmium chloride solution, containing
2 mg, cadmium/ml, were added dropwise with constant mixing
(i.e. the same concentrations as for the injection). The
mixture was thenincubated in a water bath at 37° with gentle
agitation for 60 min, Thereafter, the cells were removed by
centrifugation and the plasma albumin prepared by the TCA-
acetone method of Vallance-Owen (1 958)(98). This albumin
was run through a Sephadex G75 column as described earlier.
The trace obtained is shown in Figure 15A. It is evident

that no minialbumin was present,

II 7. (ii) Direct effect of cadmium on serum

Blood was withdrawn from a normal wnpoisoned



monkey in the usual manner and immediately centrifuged to
remove the cells, Three ml, of the serum so obtained was
sterilized by passage through a millipore filter (as described
for the preparation of antisera) and transferred into each
of 2 sterile containers, To one was added 7.5 pg. cadmium
in physiological saline (the approximate concentration of
cadmium in the serum following a normal dose) and an equal
volume of physiological saline was added to the other which
served as a control, The samples were incubated in a water
bath at 37° for 48 hr, with constant gentle agitation.
Thereafter, albumin was prepared from both by the TCi-acetone
method( %) and monitored through the Sephadex G75 colum

The records (Fige. 15 B and C) show a complete absence of

minialbumin,

IT 7. (ii1) Direct effect of cadmium on serum albumin

This was done in exactly the same way as for
the whole serum, using an albumin solution of 40 mg,/ml,
(i.e., the concentration of slbumin in serum), Again no

traces of minialbumin could be detected (Fig., 15D).
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IT 8, THE ORIGIN OF MINIALBUMIN

II1 8, (i) Peritoneal dialysis of the monkeys

Previous work (Gain and Kench, 1965¢119) ana
Gain, 1966(66)) in this laboratory indicated that the mini-
albumin of cadmium poisoning arose in the liver, This
was demonstrated by a rise in the amounts of circulating
minialbumin following booster doses of cadmium in an ani=-
mal which had undergone bilateral nephrectomy., Experiments,
designed to show the presence of minialbumin in the circula-
tory system of an animal with intact liver and kidneys before
its gppearance in the urine, were deemed necessary to substan-

tiate this evidence,

Peritoneal dialysis afforded an excellent means of
detecting the circulating albumins and was conducted in the
following way. Indwelling teflon catheters were surgically
inserted into the peritoneal cavity of the monkeys while
under pentothal anaesthesia (2 ml. of 2,5% agueous sodium
pentothal given intravenously). The dialysis fluid used
was sterile, non-pyrogenic lactate Ringer's solution con-
taining 130 meq. Na'/l., 4.0 meqs K*/1., 2.7 meg. Ca't/1.,
109 meqs C17/1., 28 meq. lactate/l., 1 mg. bisulphide/1,
and 15 (w/v) glucose, The fluid was run in and out of
the peritoneal space under gravitational influence, In

most cases the dialysis was continued for 30 to 45 min,



periods, and was performed under strictly sterile conditions,

Dialysates were immediately centrifuged in the cold to
remove cells, and aliquots teken for the determination of
electrolyte concentration, It was found that sodium and
chloride values were reduced (50 - 120 meq./l., and 30 - 80
meq./1l. respectively) while that of potassium was elevated
( 7 -10 meq./1,). The pH of the outflowing fluid, collected
anaerobically in sealed capillary tubes, was measured immediate-
1y and after exposure to the atmosphere, The Astrup(120) tech-
nique was used, and the average value for the initial meassure-
ment was pH 6,98, This dropped to an average value of 6,87
after standing exposed to the air for approximately 10 min,

The fall of pH due to glycolysis was not such as to vitiate

our further studies of the albumins present,

Preparation of albumin from the dialysate was essentially
by the method of Vallance-Owen et al (1958)(98) « However,
because of the large volumes, the initial precipitation was
with 50% (w/v) aqueous TCA to give a final concentration of
5 (w/v) TCA.  Thereafter, the procedure was unchanged,

The isolated albumins were then monitored through a Sephadex

G75 column,

Animals were dialysed after the initial and each succes-
sive dose of cadmium to check for the presence of circulating

minialbumin, At the same time urine was tested daily for



protein, It was consistently found in several different
monkeys that circulating minialbumin sppeared after the
enimals had received 25 ~ 30 mg. cadmium (i.e, 10 - 12 mg,
weekly for 2 to 3 weeks) while minialbuminuria only became
apparent 6 to 7 weeks after initiation (i.e. after 60 - 90
mg. of cadmium had been injected). This sequence of events
is assured, however, only if the poisoning regime is steadi-

1y maintained,

The dialysates of normal unpoisoned animals contained
albumin of molecular weight 66,000 only, whilst in those
of cadmium-poisoned animals albumins of molecular weight

10,000 to 20,000 were also present (Fig, 16).

In an attempt to determine the pesk of minialbumin
production following a cadmium dose s> an all day dialysis
was programmed, Six mg, of cadmium was given intravenously
prior to catheterization and dialysis was started 30 min,
af'ter the injection. 500 ml, volumes of fluid were used
and these were exchanged at half-hourly intervals for the
first two hr, and at hourly intervals for the following
four hr, The animal was kept under very light anaesthesia
and maintained on a 5i(w/v) glucose drip throughout the

course of the experiment.

Albumins were prepared from the dialysates(98) and run

through Sephadex columns to separete them, Figure 17 shows
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the peak of minialbumin production to be 1% to 2 hr, after
the cadmium injection, After 6 - 7 hr. this level of cir-

culating minielbumin had dropped to practicelly nothing,

It was considered necessary to ascertain whether or
not cadmium had a direct effect on the peritoneum. Animals
were, therefore, dialysed prior to and following on a cadmium
dose, Monkey K received 6 doses of 6 mg, cadmium each at
3 = 4 day intervals and was then sllowed to rest for 7 days

before the start of this experiment,

The animal was initially dialysed with 500 ml, of fluid
for a 30 min. interval, FPFifteen min, after the commence-
ment of the dialysis, a 5 ml. sample of blood was withdrawn
from the left leg vein. On completion of the dialysis a 6 mg.
dose of cadmium was administered intravenously into the right
leg of the animal, Forty~five min, later the second dialysis
wes commenced and again a blood sample was taken from the left

leg after 15 min,

The samples collected were immediately treated by the
TCA~ethanol method!%®) and the slbumins monitored through
Sephadex G75. It cen be seen (Fig. 184 and C) that there
was a small quantity of circulating minialbumin present fol-
lowing a long resting period which suggested that the cad-
miuwn has a 'real' rather than temporary direct effect, The
booster dose increased the amount of this minialbumin seversl

fold (Fig., 18B and D).
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Once the animals beceme proteinuric this technigue was
abandoned as then most of the minielbumin disgppeared from
the circulation, being presumably lost by renal clearance,
However, a small amount of minialbumin is apparently always
present in the circulating blood of poisoned animalse, The
work described in this section has already been published

(Kench and Sutherlend, 1 966( 121 )) .

II 8, (ii) The production of serum minialbumin

The production of serum minialbumin in a monkey,

newly poisoned with cadmium but not proteinuric, was also
followed by withdrawal of blood from the saphenous vein of
the lower limb at intervals varying from § to 5 hr, after
a dose of 6 mg, of cadmium, Four ml., blood samples were
taken and allowed to clot, Albumin was prepared from the

serun by the HCl-ethanol method(mz)

and an equal quantity
of protein from each sample cycled through a Sephadex G75
column (42 x 1.8 cm.), in 0,06 phosphate buffer, pH 7.0
and O.2M NaCl, The quantity of protein under the curves
was estimated spectrophotometrically by the Warburg and
Christien method!1?2) | and minialbumin expressed as percen-

tage of the total albumin, The graph in Fig, 19 shows an

initial sharp rise to a steady plateau followed by a gradual

decline,

=62
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If a chronicelly poisoned animal was used, the fall in
circulating minialbumin was much sharper and occurred sooner

(Fig. 19).

II 8, (iii) Appearsnce of minialbumin in the urine

Minialbumin was first detected in the urine 3 -
L weeks following its appearance in the circulatory system
as described earlier, However, it appeared concurrently
with albumin of normal size which wes not the case with
cadmium~poisoned men(1o) e At the onset of detectable
proteinuria there waes a far greater amount of the smaller
protein (Fig, 204), while chronically poisoned animals ex-
hibited a larger percentage of normal size albumin (Fig. 20B).
The quantity of albumin in the urine on 5 successive days fol-
lowing a pulse dose of cadmium fell steadily, but not so

rapidly as in the serum, Figure 21 shows the effect,

Proteinuria could be abolished during its very early
stages by stopping the cadmium injections, However, once
the animal became chronically poisoned, small amounts of
minjalbumin were excreted even in the absence of regular

doseges of cadmium,

In all cases urinary albumin was isolated as described

earlier in the text,



APPEARANCE OF MINIALBUMIN

IN THE URINE.

85>

©
o .
-

*/s TRANSMISSION 262mu
o
[34)

850

2 s A

25 55 85
EFFLUENT VOLUME IN ML.

A. ONSET OF PROTEINURIA.
B. CHRONICALLY POISONED ANIMAL.

SEPHADEX G 75 IN 0:066M PHOSPHATE pH 70 + O5M NaCl.

COLUMN = 26 x 2:0 CMS. FLOW RATE =15ML. PER HOUR.

15




*/s TRANSMISSION 262mp

FIG. 21

FALL OFF IN THE EXCRETION

OF URINARY MINIALBUMIN,.

09

70
Sop
'y
70pP
SOp
70 »
Sof A
2 4
70,
SO
i A 1 L ]
5 45 65 85 105

EFFLUENT VOLUME [N ML.

A-E=1-5 DAYS FOLLOWING A CADMIUM DOSE.

SEPHADEX G 75 IN 0:066M PHOSPHATE pH 70+ 0:2M Nacl.
COLUMN = 42x18 CMS, FLOW RATE = 15ML. PER HOUR,




II 8, (iv) Correlation between excretion of minialbumin

aend excretion of cedmium

Smith, Kench and Lane'%?) found that the cadmium
and total excreted protein in the urine of industrial workers
exposed to cadmium varied independently. The urinary excre-
tion of cadmium was proportional to creatinine excretion,
which implied glomerular filtration as mechanism for elimina-
tion of the metal (Smith and Kench, 1957(11)). More recently,
Axelsson and Piscator (1966)(33) claim to have shown that the
excretion of cadmium in the urine of rebbits was significantly

correlated with the function of the proximsl tubules,

In order to discover whether there was any correlation
between the excretion of cadmium and albumin in chronicelly
poisoned monkeys, the quantities of cadmium and minislbumin
excreted daily, following a pulse dose of 6 mg., cadmium, were

megsured and compared,

Cedmiun was determined by the method of Smith et al (1955)¢63)
as described, and the albumins were prepared by the Vallance-
Owen et al (1958)(98) method, Identicel conditions for the
isolation of the albumin were used for each sample and simi-
lar total percentage recoveries were assumed, The minialbumin
was separated from that of normal size on columns of dextran

gel,



Figure 4 shows the fall off in cadmium excretion to

be hyperbolic, while that in minialbumin excretion is linear.
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II 9. STUDIES TO ASCERTAIN WHETHER MINIALBUMIN WAS

AN _ARTEFACT

II 9, (i) Effects of anticosgulent on minialbumin production

2
Heparin, a highly sulphated nnJ.c::c:polysa.c«:'.lrza:c';i.ciie(1 3),
similar to chondroitin sulphate, and used as the anticoagulant
in the administration of the cadmium, could conceivably pley a

role in minialbumin production and had, therefore, to be tested,

Its "in vitro" effect was checked by incubating isolated
serum albumin, obtained from a normal monkey, with a volume of
heparin equivalent to the amount normally injected, This was
done under sterile conditions at 370 for 16 hr, This albumin,

cycled through a Sephadex G75 column, showed no small molecules.,

An "in vivo" effect was eliminated by injecting heparin
alone and by using different anticoagulants, Heparin (0,5 ml.
5,000 I,U./ml.) on its own did not induce a rise in the circu-
lating minialbumin, The alternative anticoagulants, sodium
citrate and ethylene diamine~tetracetic acid (EDr4) gave results
indiceting that heparin was not responsible for production of
miniglbumin, 0,5 mls of & 3.8% (w/v) solution of the monobasic
sodium citrate salt was used, while 0.9 mg. EDTA wes added per
ml, of serum - this being the amount calculated for total che-

lation of the calcium, lead and cadmium ions present,

During this study it was noticed that EDTA spparently gave
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rise to relatively larger quantities of minialbumin, This

phenomenon was further investigated and will be discussed

under 'Aggregation! studies,

II 9. (ii) The possibility of degradation on Sephadex

columns

It was necessary to be sure that the smaller
albumin was not being produced by fragmentation on the ac-
tual Sephadex column, Successive recycling of normal monkey
albumin on the same column was the most effective test,

This was initially done by collecting the protein peak, dia=~
lysing it against distilled water, freeze-drying it, and
then ruming it again through the column, This procedure
was repeated 3 to 4 times on the same protein sample, It
was partially through this that the contamination from the
Visking tubing - as described earlier - was discovered,
Subsequently, salts were removed by fractionation on a
Sephadex G10 column (42 x 1.8 em,) , packed and equilibrated

(in distilled water) as described in the earlier section,

The presence of salts in the effluent was tested for as

follows:

(a) Chloride. The agueous solution was acidi-
fied with dilute nitric acid, The formation

of a white precipitate on the addition of
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silver nitrate to this is indicative of

2
the presence of chlc’:c'id.e(1 )+).

(b) Phosphate. This formed a yellow granu-
lar precipitate on slight heating in the
presence of an excess of ammonium molyb-
date and nitric acid(125 ). These tests

were not carried out quantitatively,

Figure 22 shows the separation of protein from inorganic
ions on a Sephadex G10 colunn, The Sephadex fractionation
was effective and successfully eliminated any contact with
dialysis tubing, When it was done, no small molecular weight
substances were found (Fig. 23), showing that minialbumin was

not a column effect,

Colums run at 0° and 20° gave identical patterns indi-

cating that temperature did not play any peart,

Minialbumin was likewise treated as described above,
Again desalting was performed on a G10 colum, The records
in Fige 24 show that some normal size albumin appeared with
each successive run., In each case only the small-sized ale
bumin was recycled, This phenomenon inexplicable at the
time the experiment was conducted, can now be accounted for
in terms of aggregation of the minialbumin and will be dis-

cussed later in the thesis,
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FIG. 24
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II 9. (iii) Tests for production of minialbumin by proteo-

lysis of normel serun albumin

The possibility that hydrolytic processes,occur-
ring during the isolation and purification of the albumin
samples, were responsible for the presence of the small mole-
cular weight moiety could not be overlooked, At the pH used
in these experiments, trypsin was the most likely enzyme to
be active, Hence, the use of trypsin inhibitor to check

thise.

Samples of serum, obtained from both a normal monkey and
a poisoned monkey were divided into two, In each case, one
of the two was treated with trypsin inhibitor (obtained from
Soybeans, Seravac Laboratories, Cape Town) in concentrations

of 3 pg./ml. serum( 126) .

Albumins were then prepared by the
HCl-cthanol method1%2) and oycled through Sephadex G75.
Figure 25 shows the records, It is evident that there was
no difference between them, and that minialbumin was not the

result of tryptic breakdown.

As a further method of checking, Z amino caproic acid,
which has been shown to be a suitable stabilizer against
spontaneous proteolysis(127) was used, Its effect(128’129)
in concentrations of not less than 0,084 was to inhibit non-
competitively the proteolytic action shown by plasmin or

trypsine It also exhibits no toxic or noxious effects.



Addition of ¢ amino caproic acid had no measurable effect on

the formation of minialbumin,

On the basis of these results it was very unlikely that
minialbumin arose by proteolytic breakdown during isolation
of the albumin fraction,
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IT 10, PRELIMINARY STUDY OF THE EFFECT OF CAIMIUM

ON GLOBULINS

Electrophoretic studies on the serum proteins of
cadmium-poisoned monkeys, as compared with normal monkeys
(as described earlier in the test) showed a decreased Y
globulin concentration, Preliminary studies were made

on this effect,

IT 10. (i) Serum, Y globulins were separated from the
sera of normal and cadmium~poisoned animals by the rivanol

method(1 30 ) .

This procedure involved selective precipi-
tation of the serum proteins with agueous rivanol (2 ethoxy
2,9 diamino acridine lactate) and subsequent removal of the
rivanol with activated charcoal, The method, modified by
Kistler, Nitschmann, Wyttenbach, Studer, Niederost and
uanerhofer (1960)(131) | yas carried out according to the

following steps:

(a) The pH of the serum was adjusted to
94 with 041N NaOH.,

(b) 3.5 ml, of a 0.4% (w/¥) agueous rivonal
solution was added dropwise, with con-

stent mixing, for every 1 ml, of serum,

(c) The pH was adjusted again to 9.4 with

0.1N NaOH.
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(d) The mixture was allowed to stand for 1
hr, during which time precipitation

occurred,

(e) The clear supernatant, containing the
Y globulins, was removed by decantation
after centrifugation, Activated char-
coal was added to the supernatant, with
constant stirring until the rivanol was
campletely adsorbed. (An excess of
charcoal will greatly reduce the yield
of ¥ globulin),

(£) The charcoal was subsequently removed by
filtration, using Whatman No, 1 paper,
and well washed with 0.%% (w/v) saline,
This washed off only the adsorbed pro=-
tein, The filtrates were combined and

lyophilized,

The purity of the product was checked by electrophoresis
on cellulose acetate(109), which showed the ¥ globulin frac-
tion to be contaminated with transferrin, This, being of
large enough molecular weight (90,000) not to interfere with

the present studies, was not removed.



This method, certainly not the best for the preparation
of ¥ globulin, was chosen because of its simplicity and the
rapidity with which it could be completed. Other more pre-
cise procedures involved ion exchange chromatography and the

use of dialysis tubing,

The isolated Y globulins were cycled through Sephadex
G75 columns, containing 0,2 sodium chloride and 2% (w/v)
urea, to check for the presence of molecules of 20,000 Mol,
wt, and less. There was some small molecular weight mate-
rial present, but it was common to both the normal and
poisoned monkeys, Further studies on this small molecular

weight fraction were not undertaken.

II 10, (ii) Urine, ¥ globulins were also isolated from
the urine of chronically poisoned, proteinuric animals,

This was done by initial precipitation with ammonium sulphate
to 50% saturation at 0°, The precipitate was dialysed free
of salt with successive changes of cold distilled water and
then freeze-dried, Subsequent purification was on diethyl=-
aminoethyl cellulose (IE 32 microgramular form) with elution

chromatography using a salt gradient.

The cellulose was prepared by washing successively in
0.5N hydrochloric acid in 96% (v/v) aqueous ethanol, with

water to pH 4, in 0. sodium hydroxide, and in water to



rH 8,0, The cellulose was then washed in several volumes
of starting buffer before being packed into a column using
the funnel method. The colum was equilibrated and the

sample was dialysed against the starting buffer overnight,

A starting buffer of 0,01N tris-HCl, pH 8.0, and a
limiting buffer of 0.30N tris-HCL, pH 8.00172) with a linear
graedient and a total volume of 11, over 16 hr., were employed.
The effluent was passed through a Beckmen Spectrochrom ang-
lyser model 135, and the optical density at 260, 280 and
410 my automatically recorded., The peeks identified as
Y globulin on cellulose acetate electrophoresis were com-
bined and rechromatographed on Sephadex gel G75. There
was apparently a range of molecular sizes present, and the

results were decidedly inconclusive.



II 11, ACUTE CAIMIUM POISONING IN RATS

Short term experiments to examine the in vivo effects
of cadmium on albumin metabolism were carried out, by acutely
poisoning rats(121). The method of administrastion of the

cadmiun has already been described,

Rats were killed at O, 4O, 90, 180 and 1440 min, inter-
vals after a single intraperitoneal injection, Control ani-
mals, injected with saline, were killed at 60 min, Killing
was performed by holding a heavy rod agasinst the neck of the
animals, and then strongly jerking the animal upwards by the
tail, thus breaking the neck. Blood was withdrawn immediately
from the aorta and hepatic portal vein with a syringe; and the
liver and kidneys dissected as quickly as possible and placed
in cold physiological saline (0.8%% w/v)e The effects of cad~

mium on the serum and tissues are discussed below.

IT 1. (i) Serum,

After clotting, serum was isolated by centrifuga-
tion and albumin prepared from it by both the TCA-ethanol( 98)
and the HCl-ethanoll'%%) metnods. The purified albumins mere
pessed through Sephadex G75 , and Fig, 26 shows the records
obtained, A peak of minialbumin appeared an hour and a half

after the cadmium dose, This seemed to indicate that cadmium
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sanehow interfered with the synthetic process, or with the
newly formed and liberated albumin, After 24 hr, there
was a complete absence of minialbumin suggesting that the
effect of cadmium in acute poisoning was in fact short-

lived,

The whole sera, obtained at the various time intervals,
were electrophoresed on the Analytrol( 86) machine as descri-

bed under general biochemical investigations,

The scans of the electrophoretic patterns are shown in
Pige 27, A distinct pre-albumin fraction was evident at
90 min,, but had markedly fallen 180 min, after the injec-
tion, As this pre-albumin appeared and disappeared con-
currently with the minialbumin, it was decided to determine
whether or not they were the same protein, However, the
difficulty of isolating enough of this material led to in-
conclusive results on this issue, It was also notable that
the electrophoretic spread of animals poisoned with cadmium

was markedly less than the normal.

II 11 . (ii) TissueSo

Tissues were washed initially several times
in cold physiologicsal saline and then fractionated essen-

tially by the method of Wust and Novelli (1964)(133). As
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active microsomes were not required, a 0,066 M phosphate
buffer at pH 7.0 and containing 0,2M sodium chloride was
the chosen medium, The tissues, cut into small pieces,
were suspended in the above buffer, and homogenized in a
Potter Elveyn glass homogenizer, Centrifugation at 10,000
g. for 20 min, removed the cell debris, while continuing
for 90 min, at 105,000 g, removed membranes, mitochondria

and ribosomes,

The clear supernatant - the soluble fraction of the
cell - was treated by the TGA-etha_nol( 98) and HC1 ethanol

methods( 1 02)

for the preparation of albumin, The isolated
proteins were fractionated on Sephadex gel G75 in the normal
fashion, Figs. 28 and 29 show the record for liver and

kidney albumins respectively,

It was of especial interest to note the presence of
minialbumin in the tissues of normal animals, Injection
of cadmium caused an increase in this minialbumin, most
marked at 90 min,, and a slight proportional decrease in
the albumin of normal size, The effect in the kidney ap-

peared to outlast that in the liver,

IT 11, (4ii) Urine.

The only specimen of urine large enough for
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enalysis was that obtained for the series of rats killed at
24 hre The urine collected was filtered and then tested
for proteinuria with TCA, salicyl sulphonic acid, and by
boiling as described earlier., These were all found to be
negative, indicating that a single dose of cadmium did not
have such immediate direct effects on tissues as to give

rise to proteinuria,

II 11. (iv) Characterization of rat minialbumin

(2) Antigenic studies: Both the immunoelectro-
phoretic and double diffusion techniques performed exactly
as described (II 12, (vi)) were used, The minialbumins of
serum, liver and kidney had similar mobility and antigenicity
to nomul rat serum albumin on electrophoresis and immmo-
diffusion with a polyvalent antiserun(11®) (pig. 304). On
Ouchterlony(134) plates the minialbumins displayed a reaction
of identity with normal serum albumin (Fig. 30B). Only
multivalent antiserum was used and this was prepared and test-

ed for titre as described (under II 12.{(vi)).

(b) Amino acid analysis: The techniques involved

were those described (II 12.,(iii))s  The overall composition
of normal rat serum albumin was found to correspond closely
with values obtained by other workers(135’136’137) as is shown

in Table 7.






TABLE 8

Amino acid composition of rat serum albumin

Amino acid Residues/mole serum albumin

A B C D

Lysine 50 5 49 52
Histidine 14 14 14 15
Arginine 23 22 22 22
Aspartic acid 50 50 52 52
Threonine b1 32 30 29
Serine 23 2L 20 22
Glutamic acid 77 83 86 82
Proline 29 30 by 28
Glycine 17 18 17 17
Alanine 58 63 61 60
% Cystine 30 37 32 29
Valine 33 32 34 3k
fethionine 6 6 6 6
Iso~leucine 13 14 14 14
Leucine 53 55 59 55
Tyrosine 22 19 21 19
Phenylalanine 23 2l 26 25

Peters (1962)(135)

Jungblut and Turba (1963) (136)
Sargent and Campbell (1965) (137)
Present work

U Q o &




Only serum and liver albumins were analysed, and the
amino acid composition of these albumins isshown in Table
8+ The residues are expressed in g. amino acid/100 g.
protein, to allow for any variations in the molecular size
of the minialbumins., The values given are a mean of three
or four determinations, Kidney albumins were not investi-

gated as insufficient meterial was available,

As was found with the monkey albumins, the mini counter-
parts were deficient in lysine and cystine content, In addi-
tion, there was apparently less proline in the minislbumins of
rat serum and liver and an increased amount of methionine,

The histograms in Figs, 31 and 32 show these differences more

clearly,

(¢) ZIhe tryptophan content of the rat albumins: This

was determined by the pIMAB colour method (II 12, (iv)).
Table 9 shows that, as with the monkey minialbumin, the mini-
albumin found in rats was devoid of tryptophan, Normal size
albumin was shown to contain only one residue of tryptophan
in its amino acid chain, This was in accord with the find-

ings of Peters (1962)(155).
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TABLE 8,

Amino acid composition of rat serum and liver albumins

Amino acid residues/100 g. protein

NENSA |CARNSA |CARMSA | CARNLA | CARMIA
Lysine 11,07 10,02 10.19 11617 9.52
Histidine 3433 3420 3419 3439 2.59
Ammonia 1458 1.62 2,22 213 243
Arginine 5.81 6.18 5.26 5.98 4o 45
Aspartic acid 8.10 8453 9¢39 8e41 10,33
Threonine 422 Lel3 450 4.1 4485
Serine 2,67 2,87 363k 3,00 3.76
Glutamic acid | 14.89 15.62 1451 1o 5t 14,95
Proline 3472 3.81 0.35 L04 1439
Glycine 1.37 1e4t3 2,52 1460 3457
Alenine 592 | 6.19 | 5.85 | 5.8 | 5.86
% Cystine 3.28 2,55 0.76 1.66 0.78
Valine L7 483 Lo 455 517
Methionine 0.98 0.99 382 0.75 1,98
Iso-leucine 2,16 2.23 2,82 2.21 3.22
Leucine 8465 8.97 847 8,60 8.16
Tyrosine 4,28 432 37k 3.81 Lo 0l
Phenylalanine 5¢13 5¢32 5,02 Le96 L75

NRNSA = Normal rat normal serum albumin
CdRNSA = Cadmium rat normal size serum albumin
CARMSA = Cadmium rat mini serum slbumin
CARNLA = Cadmium rat nommal size liver albumin
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FIG. 31

AMINO ACID COMPOSITION OF

RAT SERUM ALBUMINS.
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FIG. 32

AMINQ ACID COMPOSITION OF
RAT LIVER ALBUMINS.
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TABLE 9,

Iryptophan content of albumins of rat serum, liver

and kidney

Sample

Residues tryptophen
per mole albumin

Normal rat serum
normal albumin

Cadmium rat sexrum
nomal size albumin

Cadmium ret serum
minialbumin

Cadmium rat liver
normal albumin

Cadmium ret liver
minialbumin

Cadmium rat kidney
normal albumin

Cadmium rat kidney
minialbumin

0.61

0.93

0.00

0.72

0,00

0.67

0.00

8l
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IT 12, CHARACTERIZATION OF THE ALBUMINS OF CAIMIUM

POISONING

II 12, (i) Cellulose acetate electrophoresis

The introduction of cellulose acetate as a sup=-
porting medium for electrophoresis was of great value as it
afforded superior separation and resolution of protein mixe-
tures than did the older paper method., Kohn (1957)(138)
first described the principle and advocated the use of cellu-
lose acetate because it is microporous, homogeneous and
chemically relatively pure as well as showing minimal absorp=-
tion effects and thus eliminating 'tailing's It has further
advantages in that separation is rapid and only very small

quantities of protein are required,

The actusl procedure followed was that outlined by
Kohn (1960)(109). Oxoid electrophoresis strips, 18 x 5 cm.,
were impregnated with the tank buffer, which was a sodium
barbitone-barbitone mixture of ionic strength 0,01 and at
PH 8,6. The sample was spotted, with the aid of an appli-
cator, to the just moist strip (which had been gently blot-
ted with filter) 11 cm. from one end. The strips were
then placed in the tank making sure of a good contact with
the wicks (Whatmen No. 1 filter peper) (Fig, 33). Electro-
phoresis in a horizontal plane, was continued at a potential

difference of 25 V/strip for 90 min. On completion of the
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run the strips were removed and the protein band simultaneous-
1y fixed and stained with a 0.975% (w/v) agueous lissamine
green (G.T, Gurr) solution containing 1,5% (w/v) salicylsul-
phonic acid as the protein precipitating agent. Staining
was complete within 10 - 15 min, and the backgrounds were
then cleared with aqueous 1% (v/v) acetic acid., At all
stages, the strips were handled with forceps to prevent
finger-marking. Strips were then allowed to dry on the

bench, and pressed between filter paper pads till flat.

It was necessary to dilute whole serum to one-quarter
of its concentration (1 vol. serum + 3 vol, buffer), while
purified samples were generally run as 1% (w/v) protein
solutions, TFig. 34 shows the results obtained with the
various fractions, and the purity of the isolated albumins
is established by the complete absence of any other serum
or urinary components, This particular method was used

as a test for purity of the albumins to be studied further.

II 12, (ii) Studies on the aggregation-disageregation

phenomenon of minialbumin

During the course of the work, it was observed
that variation in the ionic strength of the buffer employed

in the gel columns gave rise to varying amounts of minialbumin
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from the same sample, TFurther experiments led to the
conclusion that in low salt concentrations, minialbumin
readily aggregates to form molecules of various sizes up

to 70,000 molecular weight and larger(121).

At first, sodium chloride in concentrations of O, M
or more was used in all the buffer gystems, as this appeared
to prevent aggregation of the minialbumin to a considerable
extent, Such an effect suggested that hydrogen ion bonding
or non-covalent bonding (of some type) was partially re-
sponsible for the aggregation., Minialbumin, dialysed free
of all traces of salt, lyophilized and passed through a
dextran gel colum containing no salt, emerged almost en-
tirely as the large size molecule (Figs. 35 and 364),.
If this peak of aggregated minialbumin was then passed
through the same column, now equilibrated with 0,2M NaCl,
same, but not all, reappeared in the small molecular weight

form (i. e. 5,000 = 10,000) (Figs. 35 and 36B).

It was also noticed that urinary minialbumin was less
susceptible to aggregation than was serum minialbumin,
This immediately suggested that urea, which reaches a con-
centration of about 2% (w/v) in the urine, was helping to
prevent aggregation. Hence, 2% (w/v) urea was introduced
into the Sephadex column buffers and was found to be effec-

tive to some extent., Minislbumin, which remained aggregated
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in the presence of 0,4l éalt, was next cycled through a
column containing both salt and urea, Figs. 35 and 36C
show the appearance of some more of the smaller molecules,
Urea was apparently more effective in this experiment in

dissociating the aggregated molecules than 0,24 . alcone,

As it was clear that salt and urea could not accom~
plish complete dissociation of the aggregated minialbumin,
it was thought that sulphydryl interactions must be partially
responsible, As minialbumin contains only 12 - 15 sulphydryl
groups, the linking together of small units by disulphide

bridges could only account for a small part of the aggregation,

The sulphydryl groups of the minislbumin, undissociated
in the presence of salt and urea, were therefore reduced and
alkylated, This was done essentially by the method of Fahey
(1963)(139) which is a modification of Porter's technique(“"o).
The protein was dissolved in O,%M, pH 8.2 tris-HC1l buffer in
a concentration of 5 mg./ml., and treated with 0.0% (redis-
tilled) P mercapto-ethanol for 1 hr. at room temperature with
continuous shaking, Reduction was stopped by addition of an
equal volume of 0,05M iodacetamide in the seme buffer., After
an hour at 0° the mixture was dialysed against several changes
of cold distilled water until free of the reducing and alkylat-
ing agents, The protein was then lyophilized and passed

through a Sephadex column containing both selt and urea. It



can be seen (Figs., 35 and 36D) that only a trace of aggre-

gated material remains after such treatment.

These findings seemed to indicate that both electro-
static forces and sulphydryl bonds are involved in the
production of aggregates, It is also possible that cad-
miun ions, known to attach readily to albumin, may link
the small molecules together, We obtained some evidence
for this from experiments done with ethylenediaminetetracetic

acid (EDT4),

Serun obtained from monkeys 1 - 2 hr, after a dose of
6 mg, cadmium, was divided into two parts, one of which was
immediately treated with solid EDTA to give a final concen-
tration of 0.02{, This concentration was calculated to be
more than sufficient to chelate all the calcium, lead and
cadmium ions present, Albumin was then prepared from both
the treated and untreated sera using the TCA-ethanol(98) and
HCl-ethanol(mz) methods. The purified albumins were then
cycled through a Sephadex column in the normal fashion,
Fige 37 A - D shows a comparison of the treated and untreated
saimples by both methods of preparation., 4s larger quantities
of minialbumin appeared in the presence of EDTA, it seemed
that it prevented some linking together of small molecules
by divalent ions, Incubation of normal serum albumin with
EDTA did not result in the formation of small molecular weight

albumin,
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II 12, (iii) Amino acid analysis of albumins

The overall amino acid composition was considered
a waluable way of characterizing the minialbumin with respect
to the normal size albumin, and was therefore determined(121).
Acid hydrolysis was chosen as the most suitsble means of libe-

rating the free amino acids, and the method generally followed

was that of Hirs, Moore and Stein (1954)(“*1).

Heavy=-walled pyrex glass tubes, 12 x 150 mm,, were cleaned
by washing in concentrated hydrochloric acid and distilled
water, and then rinsed in 1N HC1l before being oven dried.
Five mg, of the salt-free, lyophilized protein was weighed into
the tube and dissolved in 1 ml, 6N HCl, three times glass-distil-
led at constant boiling temperature, The neck of the tube was
first constricted, and then after frequent alternate evacuations
and flushings with nitrogen to remove all traces of air, the
tube was sealed under vacuum, Hydrolysis was conducted in an

0il bath at 110° £ 1° for 22 hr.

It was imperative that the temperature be kept constant
during hydrolysis if the results were to be extrapolated to
zero time for correction for the labile amino acids, It has
been found that serine and threonine decompose at varying rates
during acid hydrolysis while the presence of sulphate ions leads
to the formation of sulphoserine which emerges in the same posi-

tion as cysteic acid., If any air was left in the tubes, oxidation



could occur with the formation of cysteic acid, methionine

sulphoxide and chloro tyrosine( 142) o

Work in this laboratory on nommal human albumin has
shown that 22 and 72 hr, hydrolysates gave results which
could be extrapolated to zero time (Potgieter and Hall,
1966(“'“3 )). As there was insufficient material available
for numerous trials at both these time intervals, a 22 hr,
hydrolysis period was selected as giving the best overall

hydrolysis and recovery,

Once hydrolysis was complete, the seals were broken
and the contents of the tubes transferred guantitatively
to a small flask with 2 to 3 portions of distilled water.
After lyophilization, the residues were redissolved in so-
dium citrate buffer and analysed on a Beckman kodel 120B
automatic amino acid analyser according to the method of
Spackman, Stein and Moore (1958)(“'#). This involved
elution chromatography from buffered columns of ion exchange
resin followed by colorimetric determination of the separated

amino acids by the ninhydrin reaction.

The machine operated along the following l:’Lneez(“"5 ).
One pump drove buffer through the ion exchange colum, while
a second pump delivered ninhydrin reagent into the effluent
from the column, The mixture then flowed slowly through a

90 ft. Teflon coil which was immersed in a boiling water bath.



During this heating period the amino acids combined with

the ninhydrin (Fig. 38) to form blue coloured products for
e« amino acids and yellowish colours for proline and hydroxy=-
proline, The resulting solution passed through a colori=-
meter containing 3 separate photometer units, each of which
consisted of a light source, lens, interference filter and
photovoltaic cells The extinctions at 570 mp and 440 mp
were recorded automatically on a chart, which revolved at

6 in,/hr,, by a dot pen adjusted to print at 2 second inter-
vals, The entire procedure was carried out on a continuous-
ly flowing stream, The operating temperature was 52° and
the flow rates of buffers and ninhydrin were 4O and 20 ml,

per hr,, respectively,

The composition, degree of cross linkage, particle size
and packing of the resin; the pH, ionic strength and flow
rate of the buffer and the temperature of operation could
all affect the resolution(“'l"ﬂ%) o It was, therefore,
necessary to take these factors into account when selecting
a resin, For use in the 120B Model, Beckman provided a
sulphonated styrene - 8% divinyl benzene copolymer in 3
different grades for the 3 different columns s €ach of uni-

form particle size, Uniform particle size was obtained by

fractionation with the hydraulic system of Hamilton (1958)(147),

Resin 150A of particle size 31 - 41 microns was used for the
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neutral and acidic amino acids, while type 154, 19 - 25

micron particles, was employed for the basic column,

columns were packed in sections from a 2 : 1 buffer :

slurry from which fines had previously been removed,

The

resin

It

was necessary to regenerate the column with 0.2N NeOH (con-

tzining BRIJ) and equilibrate with the appropriate buffer

before use,

Sodium citrate buffers were used and contained penta-

chlorophencl as an antibacterial agent,

was that shown in Table 10,

TABLE 10,

Their composition

Camposition of buffers for amino acid analysis

Acidic and | Acidic and
Purpose of buffer Sample neutral neutral Basic
pH dilutor amino acids | amineo acids |amino acids
starting change over
2,2 2 0,03 [3.28 £ 0,01 |4.25 % 0,02 [5.28 ¥ 0,02
Sodium concentration 0,20 N 020 N Ce20 N 0.35 N
Sodium citrate 2H,0 19.6 g 7843 g. 78L.3 g. 1372.6 g,
Concentrated HC1 16,5 ml, 493 ml, 335 ml, 260 ml,
Thiodiglycol 20 ml, 200 ml, 200 ml, -
Brij-35 solution 2 ml, 80 mil. 80 ml, 80 ml.
Pentachlorophenol Oe1 ml, 4 ml, 4 ml, 4 ml,
Final volume 1 1. 40 1. 40 1, L0 1,
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The ninhydrin reagent was a 2% (w/v) solution dissolved
in a mixture comprising 7% (v/v) peroxide-free methyl cello-
solve and 25 (v/v) 4N sodium acetate buffer, pH 5.51. The
ninhydrin was dissolved by magnetic stirring and under nitro-
gen, Stannous chloride, a reducing agent, was then added to

give a final concentration of 0,04% (w/V).

Using the conditions just described, good resolution and
reproducible results were obtained, The percentage recovery
fram the colum was 103t as checked by additions of standard
quentities of nor-leucine, Fig. 39 shows a typical elution

pattern of the amino acids found in albumin,

Both normel-size albumin and minialbumin from the serum
and urine of poisoned animaels were analysed and compared with
the serum albumin of a normal unpoisoned monkey, The results
are given in Tebles 411 and 12 and are presented as g, of amino
acid per 100 g. of protein, rather than as residues/mole because
of the inherent difficulty of selecting a single molecular
weight for the minialbumin which exists in a range of sizes,

The results are a mean of 5 to 6 separate determinations, and

(148)

standard deviations are given

It cen be seen that amino acid composition was almost
identical for the various albumins. Statistical analysis,

using the t-test showed the following:-

(a) The difference between lysine of normel serum
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albumin and mini serum albumin was signifi-

ceante p = 0,05,

The difference between 4 cystine of normal
serum albumin and mini serum albumin was

very highly significant, p = 0,001,

The difference between iscleucine of normal
serum albumin and mini serum albumin was

very highly significant, p = 0,001,

There was no significant difference between
normal serum albumin end the serum albumin
of normsal size from poisoned monkeys for the

three amino acids mentioned above.

No values have been obtained for the dif-
ferences between urinary albumin of normal
size and mini urinary albumin, Determination
of the amino acid composition of the latter
was performed by Gain (1966)(6) and insuffi-
cient data was available for statistical ana=-

lysis,

However, significent differences between %
cystine and isoleucine in normmal serum albumin

and urinary albumin of normal size from poisoned



monkeys do occur, the values being p = 0,001

and p = 0,05 respectively,

The differences are more clearly shown in the histograms

(Figs. 40 and 41).

Of interest too, was the close similarity between the
composition of these monkey serum albumins and that of man,

dog, ox and rat, The values are given in Table 13.

In the course of this study it was found that cadmium
ions affected the reaction of ninhydrin with free amino acids
to a noteworthy extent., This was shown by a comparison of
the sbsorption spectra in the presence and absence of cadmium,
A typical example is presented in Fig. 42, Because of this
it was necessary to test the effect of cadmium ions on an amino
acid analysis, It was done by adding to normal unhydrolysed
serum albumin the amount of cadmium usually found attached in
a chronically poisoned animal (i.e. 1 pg. cadmium/5 mg. serum
albumin), and then carrying out the standerd analytical proce-
dure, The amino acid composition of the normal albumin in
the presence and absence of cadmium is set out in Table 1ke
It is evident that though cadmium caused changes in the actual
ninhydrin reaction, it did not affect the overall hydrolysis

and analysis,



TABLE 11,
L

Amino acid composition of serum glbumins of

normal and cadmium-poisoned monkeys

. ‘ g./100 g. protein
e acid NMNSA CAMNSA CAMSA
Iysine 11.25 £ 0,03 | 11.37 % 0.06 9.99 ¥ 0,39
Histidine 3.46 £ 0,14 3.16 £ 0,21 3,09 % 0.35
Ammonia 1.07 £ 0,06 1.42 ¥ 0,26 2.27 X 0.72
Arginine 468 1 0,12 475 % 0,18 | 1,58 % 0,37
Aspartic acid | 9.05 % 0,08 8.85 £ 0,47 | 8.77% 0.67
Threonine 3,42 £ 0,22 3.23 £ 0,07 3.62 L 0,28
Serine 3.00 ¥ 0,14 2.83 £ 0,04 3.55 % 0.53
Glutamic acid | 16,22 % 0,15 | 15.56 ¥ 0,52 | 15.15 % 0.98
Proline 3.457 % 0,34 3.45 £ 0,10 3.72 £ 0.77
Glycine 1,22 ¥ 0,11 1.23 £ 0,28 1,69 £ 0,35
Alenine 7.21 20,07 | 7,03 % 0,23 6.73 £ 0.86
% Cystine 432 20,55 | u10% 0,65 | 2,37% 0,92
Valine 6.2 £ 0,06 6.16 £ 0,37 5.79 £ 0,12
Methionine 1,56 £ 0,08 1,55 £ 0,10 1,32 L 0,57
Iso-leucine 0.43 ¥ 0,08 0.52 £ 0,10 1.11 L 0,23
Leucine 10469 £ 0,10 | 10.33 % 0.35 8.61 % 0.83
Tyrosine 4,23 L 0,16 L0k % 0,15 k16 ¥ 0,26
Phenylalanine 6.55 £ 0,12 6.80 £ 0.85 6.27 £ 0.76

NNSA =
CAMNSA
CaMisA

Normal monkey normal serum albumin
Cadmiun monkey normal size serum albumin
Cadmium monkey mini serum albumin
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TABLE 12,
L)

Amino acid composition of urinary albumins of

normal and cadmium-poisoned monkeys,

g+/100 g. protein
Ao acid NMNSA CAMNUA CAMMUA*
Lysine 11.25 £ 0,03 | 10.82 % 0,82 10.1
Histidine 346 % 0,11 3.22 £ 0,03 3.0
Ammonig, 1,07 ¥ 0,06 1.61 £ 0,56 141
Arginine 4.68 £ 0,12 5.25 £ 0,83 5.6
Aspartic acid 9,05 ¥ 0,08 9.37 % 0,62 10.7
Threonine 3.42 % 0,22 411 ¥ 0.86 e
Serine 3,00 £ 0,11 3454 £ 0,02 3.0
Glutamic acid | 16.22 £ 0,15 | 16,13 % 0.23 16,0
Proline 3047 2 0.3k | 3,00 £ 0.7 Le8
Glycine 1,22 £ 0,11 1,68 £ 0,02 1.7
Alenine 7.21 % 0,07 7.61 £ 0,03 8.7
£ Cystine 432 % 0,5 2,48 £ 0,84 3.9
Valine 6.24 £ 0,06 6.66 % 0,03 7.5
Methionine 1.56 ¥ 0,08 1,04 2 0,54 141
Iso-leucine 0043 £ 0,08 1014 £ 0,49 1.6
Leucine 10,69 £ 0.10 | 10.75 £ 0.15 1044
Tyrosine 423 L 0,16 415 L 0,42 be3
Phenylalanine 6.55 £ 0,12 7.51 £ 0,95 6.7
Totals 9.1 100,07 | 1ou.8
NMNSA = Normal monkey normal serum albumin

CAMNUA = Cadmium monkey normal sige urinary albumin
CAMUA = Cadmium monkey mini urinary albunin
* Gain (1966)(66).
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TABLE 13.

Compaxison of the amino acid composition of

serum albumin of various animals

g./100 g. protein

Amino acid Ma.n( 149) Monkey* Ox(1 20) Dog(1 ) Rat(1 35
Lysine 10.78 11,25 11.25 11.30 9.77
Histidine 3.09 3ek4b 3454 2450 2,87
Ammonia - 1.07 - - -
Arginine 5,51 4,68 5429 543k 5¢442
Aspartic acid 8.99 9.05 9ol 8.95 8. 71
Threonine Lo24 3042 L4495 3455 4,85
Serine 3,06 3,00 3¢50 3436 3.12
Glutamic acid | 15,27 16,22 154,48 16417 15,32
Proline L4 30 3eli7 4,01 Le51 L33
Glycine 1,22 1422 1.38 1,99 1.49
Alanine 656 7.21 499 6,50 6.30
7 Cystine b Tk 432 5,02 5¢12 1,89
Valine 651 6e20 5401 6.11 4495
Methionine 1,12 1,56 0. 71 0.78 1,16
Iso-leucine 1.47 0.43 2425 0.99 2.28
Leucine 10,27 10.69 10.59 10,96 9e2l
Tyrosine 4420 L4 23 4y 56 5. 26 5¢40
Phenylalanine 6.95 6.55 5.87 6.68 5.18

* Present study

Totals 92.59 97.717 | 97.36 100,60 95460




TLELE 14,
L

The amino acid composition of normal serum albumin

in the presence or absence of cadmium

Residues amino acid/mole albumin
Amino acid
NMINSA NVNSA + added cadmium
Lysine * 538 ** 58
Histidine 16 17
Ammonia - -
Arginine 20 20
Aspartic acid 52 49
Threonine 22 23
Serine 23 23
Glutemic acid 83 82
Proline 24 25
Glycine 14 16
Alanine 67 68
% Cystine 28 28
Valine L2 L2
Methionine 8 8
Iso-leucine 3 3
Leucine 62 62
Tyrosine 17 418
Phenylalanine 30 29
Iotals

NMNSA = Noxmel monkey normal serum albumin

* Values given are a mean of six separate determinations

** Values given are a mean of three separate determinations
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IT 12, (iv) The determination of tryptophan

As normal albumin consists of a single chain
containing approximately 575 amino acid residues(15 2) and
only one or two residues of tryptophan, a comparative study
of the tryptophan content of the different albumin species
was carried out in order to seek further clarification of

the relationship between them,

(a) Alkeline hydrolysis with barium hydroxide

The method followed was essentially that of
Noltmarn, Mehowald and Kuby (1962)(153).  The sample of
protein (5 = 10 mg. ) was weighed into pyrex test-tubes
(12 x 150 mm. rimless) which had been cleaned in concentra-
ted hydrochloric acid and distilled water and oven-dried.,
Approximately 1 ml, of distilled water was then added and
the protein dissolved. Solid barium hydroxide (Ba(OH) 2.8H20)
and distilled water were then added to give final concentra-
tions of 1N to 4N Ba(OH)2.8H20 in a final calculated volume
of 0,2 ml,/mg, protein, The concentration of Ba(OH) 5o 8H,0
was found to be critical and this later aspect of the experi-
ment is discussed in detail., The tubes were then alternately
evacuated and flushed with nitrogen until all traces of air

had been removed, They were subsequently sealed under vacuum,

=00
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HBydrolysis was conducted under oil at 110° £ 1° for a

70 hr, period as a(ilvcca‘t:ed“55 ).

On completion of hydro-
lysis the seal was broken and the contents of the tube
quantitatively transferred to a centrifuge tube with the
aid of several small aliguots of near-boiling distilled
water, A stream of carbon dioxide, liberated from dry
ice, was directed on to the surface of the sample whilst
shaking continuously for 10 min, The precipitate of B:aCO3
so obtained was centrifuged off and washed three times with
distilled water, The first supernatant and the washings
were filtered through a medium sintre and then lyophilized,
The dried amino acids were dissolved in 5 ml, of 0.,2M sodium
citrate buffer, pH 2,2, and analysed on a Beckman Spinco
Model 120B emino acid analyser, according to the method of
Spackman et al(“’l*) (Fige 43)e It was necessary to carry
out acid hydrolysis of the same samples to estimate the quan~

tity of leucine,

Tryptophan and leucine were the only amino acids s present
in the proteins, which were not degraded under the conditions
of alkaline hydrolysis as just described. Leucine, unlike
tryptophan, was also stable during acid hydrolysis, and could,
therefore, serve as a reference standard by which tryptophan
could be related to the other amino acids, all of which were

measurable following acid hydrolysis, The height-width
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constants for leucine were determined after both acid and
alkaline hydrolysis, and by use of these constants, the
guantities of all the amino acids in the alkaline hydroly-
sate could be calculated, From these data, the content
of tryptophan as a percentage of total protein was easily

derived,

(i) Determination of the optimum barium hydroxide con-

centration,.

Owing to the variability and lack of reproducibility
of some results, it was decided to investigate the effect of

the barium hydroxide concentration.

Samples of normal monkey serum albumin were utilized,
To half of these, 1 pg. cadmiuwn/5 mg, protein was added (i.e.
the amount of cadmium found attached to circulating albumin
in a chronically poisoned monkey)., Ba(OH)Z.EHZO wes added
to give final concentrations of 1N, 2N, 3N and 4N in the nor-
mal and cadmium-containing samples respectively, The hydro-
lysis and tryptophan determination were carried out exactly
as described above, Results show that the normal monkey
Sérum glbumin gave maximum and reproducible results with
N Ba(OH),.8H,0, whilst in the presence of cadmium, a higher
concentration of Ba(OH)2.8H20, viz, 2N, was found to be most

suitable, Fig. 44 demonstrates this point.

-101=-
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Gemma globulin, used to check recoveries as later des-
cribed, also showed anomalies with high concentration of
Ba(OH),8H,0s A concentration of N almost completely des-
troyed the tryptophan, 3N and 1N gave fair results, while
2N gave good reproducible yields and was therefore selected

for this work (Fige L44).

Recoveries of leucine were also impaired by high con-

centrations of barium hydroxide,

(b) Colorimetric method using p-dimethylaminobenzaldehyde

During alkaline hydrolysis tryptophan mey be des-
troyed by various other naturally occurring amino acids such
as cysteine, cystine, lysine, serine and thx'eonine(154). It
was, therefore, desirsble to estimate tryptophen in unhydrolysed
protein where the above-mentioned amino acids had no effect.,
Spies and Chambers (1948)(19%), (19,9)(1%%) | hove set down a

method,

Essentially, free or protein-bound tryptophan was combined
with p-dimethylaminobenzaldehyde (pIMAB) in a strongly acid
medium and allowed to incubate in the dark before a blue colour

wes developed by coupled oxidation with sodium nitrite,

It was necessary to establish the optimum conditions under

which the reactions take place to obtain maximum colour yields,
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Free tryptophan on condensation with pIMAB gave a
maximum colour in 12 - 13N H2SOA, while the tryptophan
measured in intact protein gave best results with 19N stOhF15h).
Spies and Chambers(155) also showed that 30 mg. of pIMAB
and 0,1 ml, of 0,045% NaNO,, per test were ideal concentra-

tions,

The time required to complete the initial reaction
in which the pIMAB condensed with tryptophan, showed a
variable optimum depending on the protein in question.
To determine this for albumin, a series of tryptophan
standards containing O - 50 pg., end 10 mg. samples of
normsl monkey serum albumin and cadmium-poisoned monkey
serum albumin of nommal size were incubated for periods
of 3, 6, 9, 12, 18 and 21 hr. before stopping the reaction
by the addition of sodium nitrite. Fige 45 shows the
maximum colour for the albumins to be at 15 hr, This
incubation time was, therefore, used for all subsequent

determinations.

The second reaction, the colour formation with NaN02,
was a far more rapid one and was followed from zero time
to 100 min, Readings were taken at min., intervals for
the first 10 min., at 2.5 min. intervals for the next 20

min,, and thereafter every 5 min, The graph in Fig, L6
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shows that most of the colour was formed in the first 5 min,
A peak value was reached after 25 - 30 min. and the colour
remained constant until 45 min.,, after which time there is

a slight fall,

Both the first and second reactions must be carried

out in the dark. The wavelength chosen, that at which

maximum absorption occurred, was 590 mit, A scan from 700 mp

to the ultraviolet region showed a high plateau from 600 -
580 mp (Fig. 47) and it was decided to choose the midpoint

of this,

The solutions were checked for optical clarity by
centrifuging them at 10,000 rev,/min, for 8 - 10 min., and
then reading the extinction value again, As the colour
was stable between 30 and 45 min.,, any change in extinction
could be attributed to the removal of particles by the cen-
trifugation, Table 15 indicates that losses in colour in-
tensity were negligible, and it was therefore assumed that

the results obtained were 'real!,

=104~
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TABLE _15.

The determination of optical clarity of the

tryptophan test solutions

Extinction | Extinction
Sample bef?re after Diffgrence
centrifuga-| centrifuga=- in
tion tion extinction
Reagent Blank 0.000 0. 000 0.00
Protein Blank 0,006 0,004 0.002
Tryptophan Std. 10 pge 0,033 0.032 0.001
" " 20 pug. 0.07 0.069 0,002
" " 30 pge 0.104 0.105 0.001
" " LO ug. 0.146 0.145 0,001
" " 50 pg. 0.155 0.154 0.001
Normal monkey normal albumin 0,206 0.208 0,002
Cadmium monkey normal albumin 0.045 0.045 0,000
Cadmium monkey minialbumin 0,003 0.003 0.000

=105~
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Temperature evidently had very little influence as re-
actions carried out at 20° and 0° gave similar or identical

results,

Blanks of two types were always run concurrently.
These were a resgent blank containing everything save tryp-
tophan, and a protein blank containing all the reagents but

read at zero time,

The reagents used throughout the procedure were Anaslar
grade and were freshly prepared for each determination,
They were all dried in vacuo over sodium hydroxide pellets

before being used,

The reaction tubes were well washed in tap and distilled
water, and then rinsed with 1N sulphuric acid before being

oven-dried,

The protein semples were all salt free (by extensive
dialysis), lyophilized preparations, and were accurately

weighed on a Sartorius micro-torsion balance.

The individual steps of the method may be summarised

as follows:

(i) Protein or free tryptophan was dissolved

in 19N H and brought to a final volume

250,
of 9 ml,

(i1) 1 ml. of a pIMAB solution containing 30 mg./
ml, 19N H,.SO, was added and the tubes well

274
shaken,



(iii) Tubes were allowed to stand in the dark for

15 hr,

(iv) 0.1 ml. of 0.045% (w/v) aqueous NeNO,, solu~

tion was added and the tubes well shaken.
(v) Tubes were allowed to stand in the dark for
30 min,

(vi) Extinction was read at 590 mj.

Standard curves were obtained by using quantities of
free tryptophan varying from O - 200 ug. per test, and the
above conditions, Fig. 48 is illustrative of such a curve,
Protein samples were handled in an identical fashion and their

tryptophan content estimated by reference to the standard graph.

(¢) Experiments designed to test the validity of the

tryptophan analyses,

(1) Percentage recovery. This was checked by the use

of gamma globulin prepared from normal human serum by preci-
pitation with solid smmonium sulphate brought to 50% satura-

tion, and subsequent chromatography of the dialysed, freeze-

(156)

dried residue on IDEAE-Sephadex A0 The preparation

was Jjudged to be pure by immunoelectrophoresis on agar ge1(110)

using a 'Hylands' polyvalent anti-human serum. Gamma globulin

=107~
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was selected because it is rich in tryptophan and the number
of residues per molecule is well established(15 7). Table 16
shows the results obtained with both methods of analysis and

gives the percentage recoveries and standard deviations,

TABLE 16,
L ]

Determination of percentage recovery of tryptophan

Number residues
Method of snalysis | tryptophan/mole | % Recovery* Standard

¥ globulin deviation
Alksline hydrolysis |33,27,34,28,29 91451 3.1
pIMAB colour method |30,32,30,31 933, 93.97 1.1

* Humen Y globulin has 33 res:'.dues/xmle(15 7

Normal human serum slbumin was also analysed and was found
to contain 1 residue of tryptophan per mole, This is in agree-

ment with the work of several other investiga.tors“ > 8’159).

(ii) Percentage recovery of added tryptophan

This was measured by adding tryptophan to serum

albumin and to the serum before preparation of the albumin,

108~
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To check the recovery in the presence of albumin, tryp-
tophan was added to the protein before the determination, and
the results compared with a standard containing the same quan~
tity of tryptophan and with protein with no added amino acid.

The pDMAB colour method was used.

TABLE 17

Determination of percentage recovery of tryptophan

added to albumin

Total
Tryptophan % Standard
Sample added tryptophan recovery | deviation
recovered
Tryptophan Std. 50 ng. 50 pge 100 -
5 mg., normal monkey Nil 27 PEe - -
albumin 28 HEe
27 ng.
5 mg, normal monkey 50 Lge 62.5 e 81,.2)
albumin 65.1 nge 83.4% 1.90
65.5 HEe 85.0

Table 17 shows that most of the added tryptophan was

recovered,

In order to ascertain whether free tryptophan present in
the serum might become adsorbed on albumin during the prepara-
tive procedure, and thereby vitiate the observations, varying

quantities of tryptophen were added to the serum before albumin
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was prepared from it, Poisoned monkey serum, and the pIMAB
colour method were used, As shown in Table 18, added tryp-
tophan had no significant effect on the quantity of the amino

acid found in the protein.

TAELE 18.
]

Measurement of tryptophan adsorbed by albumnin

during preparation from serum

Tryptophan added Tryptophan found*
(moles/mole albumin)| (residues/mole albumin)

0 0.91
1 0.93
2 091
5 0.95

* Each test was run in duplicate and the results

given are a mean of the two values obtained,

(iii) The direct effect of cadmium on the analysis

for tryptophan

This was studied by addition of cadmium chloride

to the serum of a normal monkey before slbumin preparation,



in the concentration that was found in a monkey immediately
following intravenous injection of 6 mg. of cadmium (i.e.,
2} pug, cadmium per ml, of serum), Measurements were made
by the pIMAB method and the results are presented in Table
19

TABLE oo

The effect of added cadmium on the analysis

for tryptophan.

Residues tryptophan
Sample per mole
Normal monkey serum albumin 1.73, 1.78
Normal monkey serum albumin 1.71, 1,68
with added cadmium

As these values are not significantly different, it is
evident that cadmium ions had no direct effect on the analy-

tical procedure,

(iv) The "in vivo" effect of cadmium on analysis for

tryptophan

This was assessed by measuring the guantity of

tryptophan to be found in the total albumin fraction of sera

~111=



taken from poisoned animals at various times after a booster
dose of 6 mg, cadmium, It is evident from Table 20 that

there was little or no change in tryptophan concentration.

TABLE 20,

The "in vivo" effect of cadmium on analysis

for tryptophan

Experimental Time after Residues tryptophan
animal injection per mole albumin
Monkey M 2 hr, 1,07
Monkey L 2 hr, 1455
Monkey P 2 hr, 1,06
Monkey M L days 0.71
fonkey L 4 days 1,00
Monkey P L days 0.98
Monkey M 7 days 0. 94
Monkey L 7 days 0.97
Monkey P 7 days 1.02

(d) Estimation of the amount of tryptophan to be found

in the various albumins,

Bearing in mind all the aforementioned investige-
tions, purified albumins isolated from sera and urine of
normal and chronicelly poisoned animals were analysed for their
tryptophan content by both methods. The values obtained are

presented in Table 21, and each figure given is a mean of three

-112 -
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to six determinations on each of three normal and three
poisoned monkeys., Recoveries have been corrected for
according to the data in Table 16, In the case of albu=-
mins prepared from cadmium-poisoned monkeys, normal and

mini refer to the molecular size only,

TABLE 21,
SRR

Determination of tryptophan in albumin of normal and

poisoned monkeys,

Residues tryptophan | Residues tryptophan

Type of albumin per mole per mole
(alkaline hydrolysis) [ (IMAB colour method)

Normal monkey serum 2.11 1495
normgl albumin

Poisoned monkey serum 1432 0.99
normal albumin

Poisoned monkey serum 0.00 0,00
minialbumin

Poisoned monkey urinary 1,65 1.69
normal albumin

Poisoned monkey urinary 0.00 0.00
minielbumin

From the results obtained, normal monkey albumin, like

(15 8), and canine plasma albmnin(16o)

bovine serum albumin
appeared to have two residues of tryptophan per molecule of

albumin, In this respect it is unlike human slbumin, shown
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to have only one residue per mole(158’159’161). The mini-
albumins in both serum and urine were totally lacking in

tryptophan,

(An account of this section of the work is in proof,

Kench and Sutherland (1967)(162)).

II 12, (v) Systematic search for a missing peptide

The complete absence of tryptophan, and decreased
amounts of lysine and cysteine in the minialbumins of cadmium-
poisoned animals suggested loss of these amino acids, either
metabolically by an in vivo mechanism under the influence of
cadmium ions , or technically during the preparation of albu-
min,

It was considered possible that the missing eamino acids
might occur together in a single peptide, and this concept
was investigated, It was not possible to look for & peptide
in vivo, but a systematic search for it at the different stages
in the preparstion of albumin by both the TCA-ethanol(98) and

(102)

the HCl-ethanol methods was carried out,

Serum was obtained from a normel and a poisoned monkey,
and albumin prepared in the usual way from both., At each
stage, supernatants or precipitates normelly discarded were

kept and treated as follows:-



The TCA-ethanol methodt2®)

(a) The initial supernatant and 5% TCA washings
were combined and dialysed ageinst distilled
water overnight, Both the dialysis residue
and diffusate were concentrated by lyophiliza =

tion, *

(b) The globulin precipitate was dissolved in a
few ml, distilled water and dialysed against
distilled water overnight. The dialysis resi-

due and diffusate were both lyophilized,

(c) The diffusates used to remove the ethanol and
TCA from the final preparation were combined
and dried,

The HCl-ethanol method(102)

(a) The initisl globulin precipitate was dissolved
in a few ml, of distilled water and dialysed
overnight against distilled water. Both the
dialysis residue and diffusate were kept and

dried.

* Dialysis residue means non-diffusible components remaining
inside the dialysis sac. Diffusate means components which
have diffused through the membrane into the surrounding
medium,

Nomenclature is according to that recommended by the
Biochemical Society (1967)(163).
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(b) The albumin preparation was dialysed over-
night against distilled water which was

then taken to dryness.,

(¢) The final ethanol-scdium acetate supernatant
was brought toc pH 7.5 by addition of 0,1N
sodium hydroxide and then evaporated to dry-
ness in vacuo over sodium hydroxide pellets,
This fraction was also optically scanned to

detect any protein,

All the tubing employed was preboiled in distilled water,
The residues in each case were taken up in a small volume of
veronal buffer, ionic strength 0,01 and pH 8.6 and electro-

phoresed on cellulose acetate,

Figures 49 and 50 show that a number of the fractions
normally discarded still contain some albumin. These were
the initial TCA supernatant, the TCa globulin precipitate and
the HCl globulin precipitate, These fractions containing
albumin were pooled separately for the normal and cadmium=-
poisoned sera, The albumin was then separated from the
other contaminating substances by ion exchange chromatography

on carboxymethyl (M) cellulose as follows:—

The new microgranuler form (CM32) of cellulose was pre-
pared by cycling in O.5N sodium hydroxide, water to pH 8,0,

in 0.AN HCl, and finally in water till neutral. The cellulose
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was then washed with several volumes of starting buffer,

This whole operation was carried out in a Buchner funnel,
Packing of the column was by the funnel method as described

for Sephadex, The column was equilibrated by pumping through
starting buffer overnight, and the samples to be chromatographed
dialysed against the same buffer,

The buffers and gradient used were those advocated by

(108). Elution was started with 0,08( sodium

Potgieter (196L)
acetate - acetic acid at pH 4.25 and completed with 0.12M
sodium ascetate - acetic acid at pH 5.25. The gradient was
linesr and the mixing chamber contained 150 ml., The column
(25 x 1,7 cm.) was run at 15 ml,/hr, The eluate was monitored
through an LKB Uvicord, set at 262 mp, and recorded (Fig. 514

and B), Albumin, which was the first protein to emerge, was

collected, dialysed till free of buffer salts and freeze-dried.

Albumins were then monitored through a Sephadex G75 column
in the usual way to check the size, Figs. 524 and B show the

records for the albumin from normal and poisoned monkeys.

It is evident that any albumin lost from normal serum
during its preparation was of normal size, However, that
lost from the serum of cadmium-poisoned animals was mainly
the small variety. This was not an unexpected finding as
Adiga, Reo, Hussa and Winnick (1966)(16h) have shown that
low concentrations of TCA may lead to loss of peptides and

small proteins such as ACTH due to their solubility. A major
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part of the minialbumin could escspe precipitation by the

concentrations of TCA used in the procedure,

Such albumin might be the ususzl minialbumin, lost
through dialysis or by the lack of precipitation., On the
other hand, if it contained the "missing peptide" it should
contain the two tryptophan residues, Lost albumin after
dialysis in boiled tubing and lyophilization was, therefore,
analysed for tryptophan by the pIMAB method as described

earlier,

Table 22 shows that there was complete absence of tryp-
tophan in this fraction which could, therefore, be assumed
to be minielbumin which was discarded during the usual pre-

parative procedure,

TABLE 22,
L]

Determination of tryptophan in the "lost peptide"

*
Sample Extinction at 580 mp

Tryptophan Stds,

10 pg 0,041
20 pg 0,083
30 pg 0.129
LO ug 0.180
50 pg 0,235
Albumin fraction 0,002

(5.7 mg. protein = 0,03 residues/mole

* Values have been corrected for blank readings,

=148~



II 12, (vi) ZImmunologicel studies

The characterization, by immunoclogical tests,
of the anomalous albumins produced by cadmium poisoning,
was pertinent to this study because of the high degree of

specificity and sensitivity afforded by these methods,

Both immunocelectrophoretic and double diffusion tech=
nigues involving the use of uni and polyvalent antisera were

employed, (Reported(121)).

(a) Preparation of antisera

As antisers suitable for these antigenic studies

were not readily available commercially, they had to be pre=
pared, Both antisera to whole serum and to the isolated

albumins were prepared,

The polyvalent antiserum was made essentially by the
method of Mandy, Rivers and Nisonoff (1961)(165) in which
rebbits were given 1 ml. of a 1% (w/v) protein solution in
physiological saline (0.85% w/v) two to three times weekly
for a period of 5 to 6 weeks, The antigen was introduced
into the marginel ear vein using a 21 gauge needle and dis~
rosable syringe. Inoculations were given alternately into
the left and right ears, After a resting period of one
week, the animals were test bled by withdrawing 5 ml, blood

from the ear vein with a syringe, and then given a further

-119-
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1 ml, of the antigen. Subsequent bleeding (performed by
nicking the ear vein with a razor blade and allowing the
blood to flow into a collecting vessel) and inoculation
was carried out at 1 to 2 weekly intervals, In each in-
stance, blood was allowed to clot before separation and
exsmination of antigenic activity by reaction with 1% (v/v)
whole serum in physiologicel saline (0.8%% w/v). Antisera

of high titre were obtained and pocled.

Antisera to the discrete albumin fractions (normal
size and minialbumin from the serum) was prepared by the
method of Fahey and McLaughlin (1963){1%®),  only pure
albumin fractions, i.e, preparations showing a single pre-
cipitin line against polyvalent antiserum, were used,
Three mg, of the dried protein solution was dissolved in
1 ml. physiological saline (0.85% w/v) and emulsified
with an equal volume of complete Freunds adjuvent., This
was injected intramuscularly into the inner side of the
thigh of a hind limb of the rabbit., Five weeks following
this a further injection using the same amount of protein
but incomplete Freund's adjuvant was given intramuscularly
into the other hind limb, After a 3 to 4 week interval
the animal was test bled from the marginal ear vein.
Subsequent immunization, preceded by bleeding, was by
intramuscular injection of 2.5 mg. protein in adjuvant at

L weekly intervals, The blood collected was allowed to
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clot and the separated serum tested for potency by reaction
with the appropriate albumin and specificity by reaction

with whole serum,

Sterilization of the proteins used for antiserum pro-
duction was effected by passage through a sterile millipore
filter adapter containing a GS filter pad of pore size 0,22 le
The apparatus was autoclaved at 15 lb, pressure for 15 min,

before use,

The titre of the antisera produced was tested by the
method of doubling dilutions(167). 0.1 ml, of doubling
dilutions of the antiserum from 1 - 1/64 were carefully
layered onto 0.1 ml. of the antigen (a 1% (w/v) protein
solution) in Dreyer tubes, A ring of precipitate at the
interface was indicative of activity. When precipitation
was obtained with dilutions up to 1/16 - 1/32, the titre
was considered high enough, Usually the higher concen-
trations of antiserum formed a precipitin ring within an
hour while the more dilute ones were allowed to react over—
night, The polyvalent rabbit antiserum had good titres
against the serum globulins as well as against albumin,
and was therefore suitable for testing the purity of pre-
parations, The univalent antiserum was used in specific
testa and in cross reactions to determine whether or not
identity and complete antigenic activity existed between

the large and small molecules of albumin,



(b) Immunoelectrophoresis

Since Grabar and Williams (1955)(110) introduced
this technique it has been widely aspplied because of its
precision and sensitivity. PFor our purposes, it provided
not only an excellent method for identifying proteins, but
al=o one for determining their degree of purity, since anti-
bodies have been shown to have a very high specificity for

(168),

their homologous antigens

The principle involved an initial electrophoresis in

agar gel, followed by immuno-diffusion which was performed

by applying antiserum in strips parallel to the electrophore-

tic run, and then incubating. Both the antiserum and the
proteins diffused laterally, and where the antibody encoun-
tered its specifically combining antigen in zones of optimal

proportions, mutual precipitation occurred.

The supporting medium of agar was of paramount importance,

Agarose (Seravac Laborstories, S.4.), & neutral galactose
polymer consisting of alternate residues of 3.6 anhydro-IL-
galactose and galactose was found to be a more suitable
product than Ionagar (a mixture of agaropectin and agarose)
discussed and used by Wunderly (1959)(169). This was by
virtue of its lack of charged particles, which lead to poor
resolution owing to endosmotic effects, Due to its low
protein nitrogen content, agarose exhibited much less back=-

ground staining - a further advantage.

-122-
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A 1% (w/v) gel was ideal, and this was prepared in
0.0% tris-{hydroxy-methyl) amino methane-HC1l (tris) buffer
at pH 8.4, containing 500 mg, of sodium azide per litre,
Sodium azide was used as the antiseptic because it does
not ionise to any extent, does not combine with the proteins

(170)

and is efficient The agar was prepared by boiling

with the buffer until completely translucent, Loss of water

by evaporation was made good., The solution was plated onto
levelled glass slides (7.5 x 5 cm. and precleaned in ethanol

and flamed) by means of a plastic syringe to give a gel 1 - 2 mm,
thicks. Gelling occurred glmost immediately and plates were
ready for use within 1 hr., Off-centre wells were punched

out of the gel with the 2id of a flat-tipped pasteur pipette,
and the canals for antiserum were made by punching out small
wells at either end of a slit cut with a sharp scalpel blade,

The wells and the canals were 1 mm. in dismeter and 2,5 - 3 mm,

apart.

A perspex tank with the buffer compartments and electro-
phoretic chamber separated from each other was used, The
actual chamber had a built-in cooling system which minimized
condensation, and an airtight cover which largely reduced
convection currents and maintained a constant degree of

saturation (Fig. 53).

The tank buffer selected was 0.1M tris-HC1l at pH 8.4‘171),

containing 500 mg, of sodium azide per 1, Phosphate and
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barbitone buffers were also tested but gave poorer results
at this pH, Whatman No, 1 filter peper strips were used
as wicks and the plates were alloed to equilibrate in the

tank for a short while before application of the samples.

The samples freed of salt, as this caused shrinking
and swelling of the gel, were run into the wells with a
micro-pasteur pipette. Phenol red (G.T. Gurr) was used
as a marker as it ran slightly ahead of albumin under these
conditions., A potential difference of 300V was applied

and the run was completed in 20 = 30 min,

Antiserum was then introduced into the canals with a
micro-pasteur pipette and the plates incubated in a moist
airtight chamber at 0° for about 16 hr, Unprecipitated
protein and antiserum were then removed by dialysis against
several changes of cold physiological saline, The plates
were now ready for staining, The precipitin arcs were
fixed by standing the plate in an ethanol-acetic acid-
water mixture (70 : 5 : 25, v/v/v) for 30 min., and then
stained in 0,02% (w/v) aqueous nigrosin (G.T. Gurr) for
1 - 2 hr, The background was cleared by washing with 5% (v/v)
acetic acid, Plates were air-dried under cover. It was

unnecessary to dry the plates before staining, as advocated

by some workers,

Fig. 54 shows normal and minialbumin as compared with









whole serum, The single precipitin arcs were indicative
of pure preparations, The specificity of the isolated
albumins is demonstrated in Fig, 55 where antialbumin
antisera have been used, It can be seen that the electro-
phoretic mobility and antigenic reaction of the albumins,
both large and small, from normal and cadmium-poisoned
animals were closely similar, Minialbumin tended to run

a little faster than the normal size albumin,

(¢) Ouchterlony Technigue

(134)

This technique described and later revised
by Ouchterlony was designed to recognise antigenic identity

between proteins, and was therefore very useful to us,

Agarose plates were prepared in a fashion identical with
that described for immunoelectrophoresis, A template, con-
sisting of a central punching tube, surrounded by six symme-
trically spaced tubes of equal diameter was used to cut the

wells,

Antiserum was usually placed in the centre well, while
the proteins to be tested filled the encircling hexagonal
set of wells, Immunodiffusion was allowed to proceed over-
night (or longer if necessary) in a moist airtight chanber
at 00. Thereafter, the washing and staining techniques

were those described under immunoelectrophoresis.

(172)
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It is evident from the absence of spur formation
(Fig. 56) that the different size albumins, irrespective
of their source (viz. serum or urine) are antigenically

identical and indistinguishable,

Fig. 57 shows plates where the antiserum used was
prepared against minialbumin, i.e, it was anti-minislbumin,
Precipitin lines accrued when normal monkey albumin was the
antigen, showing that minialbumin itself can function as a

complete antigen,

II 12, (vii) Ultracentrifugal studies and determination of

molecular weight *

Although approximate values for the molecular
weights of the albumins occurring in cadmium-poisoned animals
could be derived from the gel filtration studies, it was high~

1y desirable to know their precise molecular weights,

* This section of the thesis has been included for the sake
of completeness, We are indebted to Dr. A. Polson for
the specialized information here, and for his kind co-
operation. In this context, we wish to put on record
our appreciation of the earlier determinations made for
us by Dr. R.A. Kekwick,of the Lister Institute, London,

which indirectly contributed much to the present work.
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From a knowledge of the sedimentation and daiffusion
coefficients of the protein in question, the molecular weight

could be derived from the following fomula(173’ 174).

M o= (1 -Vp) W x = £

where M is the molecular weight, Vis the partial specific
volume, and f is the molar frictional coefficient., However,

f can be determined from the diffusion constant (D) because

RT
£ =5

and since the sedimentation constant

o . dxat
-2

w X
the equation can be reduced to the following form

RTS

Sl ()

The symbols have the following designation:

M,;/, D and S as above

R gas constant

T = absolute temperature

() = density of the medium,
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(a) Determination of the sedimentation coefficients

The sedimentation constants were measured with a
Beckman Spinco Model E analytical ultracentrifuge(175’176).
The concentration gradient curve in the cell was directly
observed by a suitable optical system and light of a wave=-
length such that it was absorbed by the sedimenting substance,
A direct method of phoﬁ&graphy involving refraction, and deve-
loped by Philpot (1938)¢177) and andersson (1939)(178), was
used, This gave a diagram relating the refractive index

gradient with height in the colum of solution,

As centrifugation proceeded, the sedimenting boundary
was gradually lowered. The change in refractive index at
the boundary could be observed, and from this the rate of
movement of the boundary downwards was followed, The Schlieren
system of lenses was used and projected the boundary as a peak
because the rate of change of refractive index was greatest at
the centre of the sedimenting boundary, and deviation of light
rays was directly proportional to the change in refractive in-
dex, Hence, by measuring this rate of sedimentation (by fol-
lowing the movement of the peak), and plotting it against time,
& straight line, whose slope was indicative of the sedimentation

velocity, was obtained(179’180).

The calculation of the sedimentation coefficient involved
the sedimentation velocity and data regarding angular spin (w)

end time (t); and could be represented by the following equation.



2,303 4 lo at

t x w

S =

A synthetic boundary cell was used and the albumins
analysed were 0,6/ (w/v) solutions of protein in 0.%% (w/v)
sodium chloride. A speed of 56,100 rev,/min, was employed

and photographs of the peak were taken at intervals of 16 min.

Fig. 58 shows the ultracentrifugal patterns for disaggre-
gated mini, nommal albumin and high molecular weight aggregates
of albumin from a cadmium-poisoned monkey, In Fig, 58A the
bulk of the material (epproximately 60%) had a sedimentation
coefficient of less than 1 Svedberg unit (minialbumin), but
on account of its inhomogeneity, no accurate sedimentation
constant could be calculated, The rest of the protein travel-
led as a peak for which the sedimentation coefficient was cal-
culated as SZO,W = 4e75., Within the limits of error of the
experiment, this coefficient corresponds to that of normal
serup albumin, This same preparation, previously run in
higher salt concentrations appeared to consist only of mole-
cules less than 10,000 in molecular weight. Serun minialbumin
isolated from another monkey, and run in the higher salt concen-
tration (0,21 NaCl) also showed a preponderance of molecules of
Mol, wt. 10,000, but contained larger and smaller molecules as
well, Such results are in keeping with the aggregation pheno-

menon discussed., (Reported(121)).
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The normel size albumin from cadmium poisoned animals
was the only fraction homogenecus on ultracentrifugation
(Fig. 58B). The sedimentation coefficient was calculated
8s Sy = k23 x 10713 (Pig. 59 shows the graph from which

this was determined as an example),

A fraction containing larger aggregates which separated
completely from the noxmel size albumins, was resolved into
3 components which passed through a column of dextran gel
(65 x 3.5 cm. and a flow rate of 15 ml./hr.) on centrifuga-
tion (Fig. 58C). These had the following sedimentation

coefficients:

SZO,W 3447
S2O,w = 1.07
S2O’W = 80 77 (tmce)

The smallest of these had obviously undergone disaggre-
gation after separation on the Sephadex column, as it is

smaller in size than normal albumin, eluted behind it,

(b) Determination of the diffusion coefficients

Diffusion coefficients, dependent on the molecular
size and shape of the substance in question can be measured
satisfactorily by the method of Cohen and Bruins (1925)('81).

This procedure, modified by Laxm  and Polson (1936)(182)
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involved photogrsphy of a vertical uniform transparent sceale.
through the cell, in which protein in solution had been allowed
to diffuse by exposing it to the solvent. The refractive
index gradient at the diffusion boundary produces a distorted
image of the scale by deviation of the light rays. As re-
fractive index was a linear function of the concentration,

the scale line displacement was proportional to the concentra-
tion gradient. From such readings diffusion canstants could

be calculated,

Diffusion constants for the albumins in question were
not actually determined because of the anomalies in molecular
weight of the aggregating fractions. However, the diffusion
constant for normal serum albumin is known, and that of urinary
7

minialbumin has been determined as 10.61 x 10~ cmz/sec.

(Gain and Kench, 1965(65)).

The partial specific volumes have been assumed to be the
same as those of normal albumin because of the similarity in

amino acid composition.

(¢) Determination of molecular weight

From the above parameters the molecular weights of
the albumins found in cadmium-poisoned animesls could be cal-

culated,

Both the serum and urine of such animals contained a



series of albumin molecules ranging in molecular weights
from 5,000 to 170,000, Serum minialbumin comprised main-
ly molecules of Mol, wt. 5,000 and 10,000, while the major

portion of the urinary albumin had a Mol, wt. of 20,000,

The molecules of 140,000 are possible dimers of the
normal size albumin (67,000), while the 170,000 particles

may arise as polymers of the smaller aggregating units,

II 12, (viii) High voltage electrophoresis

In view of the aggregation-disaggregation
phenomena, an attempt was made to separate the small mole-
cules (£ 5,000 M.W,) thought to be the combining units.

As the albumin molecule is a single polypeptide chain with

no repeating unit, fragmentation would be expected to give

rise to a series of differently charged peptides, separable
by high voltage electrophoresis, If minialbumin consisted
of such a mixture of peptides formed by partial proteolysis
of serum albumin, high voltage electrophoresis should be

effective in separating a number of components.

Electrophoresis of the isolated albumins in agar and on

cellulose acetate revealed them as single entities with the

same electrophoretic mobility as normal albumin obtained from

unpoisoned animals,
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A "Pherograph Original Frankfurt" unit was subsequently
used in which the electrophoretic chamber, supplied with a
voltage multiplier, high voltage leads and platinum electrodes,
was kept at constant temperature with thermostatically control-

led cooling coils of tinned copper, arranged in series(183).

The buffers used must possess a certain degree of con-
ductivity and capacity. However, most buffers suitable for
work with active proteins have low capacity. A4 veronal buffer,
containing 12 g. of barbituric acid/l. and initially dissolved
in 23 ml. of hot 2N sodium hydroxide and adjusted to pH 8.6
with 2N NaOH after cooling, was used\'®®), Urea, in a final
concentration of 2M could be incorporated into the buffer with

no apparent upset to the running conditions,

The paper, 40 x 37 cm., was soaked in the buffer and then
placed on filter paper and pressed with a roller in one direc-
tion only, to remove excess moisture, The paper was then
transferred to the tank and rolled onto the dry plate glass
surface - from the inside outwards, thus expelling all air
bubbles, Thicker strips, moist with the same buffer, were
placed across the ends, and the platinum electrodes, encased
in plastic, positioned on these, Contact between the paper

and electrodes was uniform throughout,

It was usual to pencil in a starting line before soaking
the paper. This was positioned according to the pH of the

buffer and the electric charges on the substances to be run.
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Thus at pH 8.6, albumins would be negatively charged and
were therefore spotted closer to the cathode end., The
sample was spplied 1 to 3 times with a very fine tipped
bulb pipette either in spots or strips using a ruler as
a guide, Phenol red, with practically the same mobility
as elbumin, was used as a marker, The electrophoresis
chamber was covered by plate glass to maintain a constant
environment, and the voltage desired was selected., Cur-
rent should not exceed 120 mA at the chosen voltage.
Using the pH 8.6 veronal buffer, electrophoresis wes con-
tinued for 2 hr., at a potential difference of 1200 V and
a current of 20 mA, Higher voltage could not be used
because the buffer volatilized too rapidly and this lead

to overheating,

After electrophoresis, the paper was oven-dried and
then stained with lissamine green (0.97%% (w/v) in 1.%%
(w/v) salicylsulphonic acid) and cleared with 2% (v/v)
acetic acid, Alternatively, amido black (a saturated
solution in 7% (v/v) acetic acid) could be used. Under
the above conditions disappointing results were obtained.
The albumins moved as apparently single, but trailing bands

(Fig. 60).

It was, therefore, decided to run the albumins in a
less volatile buffer at lower pHe The buffer selected

was a pyridine-acetic acid-water (10 : O.k4 : 90, v/v/v)
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mixture at pH 6.5 as described for separation of peptides,
Potential differences of 1,500 V to 3,000 V were employed
for periods ranging from 1 to 2 hr, Duplicate strips
were stained for protein with lissamine green as above,

and for peptides with ninhydrin, These runs were somewhat
more successful, but still did not clearly demarcate a num=-
ber of fragments, However, it was evident that albumin
from cadmium~-poisoned animals contained more than one com-

ponent, Fig. 61 shows a typical pattern,

II 12, (ix) Polyacrylamide electrophoresis

This technique was also tried in a further attempt
to separate the peptides which may constitute the minialbumins
of poisoned animals, as it could be operated in the presence

or absence of urea.

An "Acrylophor" (Pleuger) kit was used., The apparatus
and running principles involved were those described by

186) 187 and Aronson

Bloemendal 1859186)  Bloemendal et al (1962)
and Grénwa1l (1957)(188),  The tank consisted of a cover
plate, connected with a circular platinum electrode, an upper
electrode vessel with o-rings, and a lower circular platinum
electrode attached to the lower electrode vessel (Fig., 62).

A Pleuger type V-80 power pack with constant voltage was

attached with banans plugs.
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The gel was prepared by mixing together equal volumes

of the following four reagents in the order given,

(i) 30 g. acrylemide + 0.8 go N N'methylene-
bisacrylamide in a final volume of 100 ml.

(store in a dark bottle),

(ii) 1.6% (w/v) dimethylaminopropinonitril in

the electrode buffer,
(iii) 0.3% (w/v) potassium ferricyanide.
(iv) 0.48% (w/v) emmonium persulfate,

All the solutions were prepared in doubly distilled
water, and could be kept at 0° for 3 to 4 weeks, However,
they had to be warmed to room temperature for the gel pre-
paration, Gels were allowed to stand at room temperature
for 45 min, while polymerization occurred, after which the
unpolymerized lsyer was discarded and the top of the gel
washed twice with buffer, The empty part of the tubes was
then filled with buffer and the sample (mixed with sucrose)

layered onto the buffer-gel interface with a micro-cap.

The tubes were then inserted into the upper electrode
vessel and placed in the tank. Any air trapped at the base
of the tube was removed with a bent pasteur pipette., The
buffer used in both the upper and lower electrode vessels

was a tris-glycine mixture at pH 8.5 containing 3 g, tris-
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(hydroxymethyl) amino methane and k.4 g. glycine per 100 ml,
doubly distilled water, and diluted 10 times before use, A
few drops of bromophenol blue marker were added to the upper

vessel,

A potential difference of 80V was applied for the first
45 min, This was stepped up to 160V for a subsequent 15 min,
Progress was gauged by the marker, some of which attached it-
self to the albumin, and some ran slightly ahead of it as a

thin blue band of free indicator.

On campletion of a run the buffer was decanted, the tubes
detached from the electrode vessel, and the gels removed by
injection of water from a blunt needle and syringe inserted

between the tube wall and the gel surface,

Staining was continued for at least 30 min, with a
saturated solution of amido black in T (v/v) acetic acid.
Gels were decolourized by washing with 7% (v/v) acetic acid
initially and then transferring them to constricted tubes
and subjecting them to a potential difference of 80V, using
7% (v/v) acetic acid in both electrode vessels, The decolourized
gels can be stored in the acetic acid without loss of colour

for several months,

Where urea was incorporated into the gels, solid urea
was added to the mixed, but unpolymerized gel, to give a

final concentration of 2% (w/v). It apparently had no effect
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on the gelling process,

This technique provided valuable information on the
interrelationships between normal size and minialbumins
from cadmium~poisoned monkeys, Electrophoretic patterns
of whole sera, both with and without urea, appeared to be
identical for both normal and poisoned animals (Fig. 63
and 64), However, isolated large size albumins from cad-
miun monkeys shown to be homogeneous on ultracentrifugation
as already described separated into two or three bands on
electrophoresis in polyacrylamide gel, Minielbumin from
the same animals exhibited four and sometimes five bands,
These were slightly more pronounced in the urea gels (Fig,
63 and 64).  All these albumins, however, gave only a
single precipitin erc as for albumin with a multivalent
antiserum, The results seem indicative of the presence,
within the albumin molecule, of fragments or polymers with
slightly different electricsl charges, These findings
lend to support the hypothesis that minislbumin contains
a number of polypeptides, the overall amino composition
of which, as we have already seen, closely resembles that

of normal serum albumin,
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II 12, (x) Starch ures gel electrophoresis

In 1961, Edelmen and Poulik''®?) euployed a
starch-urea gel for the separation of the chains of Y globu-
lins, In view of the fact that urea had proved to be use=
ful to some extent in the prevention of aggregation of the
minielbumin, it was thought that starch-ures gel electro-
rhoresis might reveal some of the peptides thought to con-

stitute the albumin from cadmium~poisoned monkeys.

62 g, of hydrolysed starch (Connaught Laboratories,
Toronto) and 240 g. of urea were mixed together dry. The
final concentration of urea was &f, Aliquots of this mix-
ture were gradually transferred to a litre beaker conteining
250 ml, of formate buffer, pH 2,9 - 3.C (0,09 formic acid
and 0,01M sodium hydroxide), with continuous stirring, The
mixture was heated in a water bath at 70° until completely
dissolved. It was necessary to stir all the time, The
transparent gel was then poured into a prepared, levelled
tray, and the 1lid, greased with liquid paraffin, gently
lowered till all air bubbles were expelled, The 1id was
weighted down, and the gel left to set for 24 hr. before

being used,

When ready, the 1lid was gently removed by gradual lift-
ing from the edges inwards, and the gel covered with a layer

of parafilm (a plastic waterproof material) to within 4 - 1"



of the slots. Application of the samples was effected
with a micro pasteur pipette and the exposed gel surface

then covered with molten vaseline to form an airtight seals

Electrophoresis was carried out in the vertical plane
using a formate buffer and silver-silver chloride electrodes
prepared as described under zone electrophoresis on cellulose.
The buffer, 0.2M formic acid and 0,084 sodium hydroxide, was
used in both cathode buffer tank chambers, while the anode
was housed in 10% (w/v) sodium chloride, Whatman No. &
filter paper served as wicks and electrophoresis was carried
out for 16 hr, under a potential difference of 5 V/cm. (Fig.

65).

On completion of the run, the vaseline and parafilm were
removed and the gel placed in the cold for 15 min, to facili-
tate slicing, After removal of the end sections, the gel

was cut across the spotting line and transferred to a cutting

plate in two sections where it was sliced into two longitudinal-

ly by means of a wire cutter, One section was stained with a
saturated solution of amido black in a methanol-acetic acid~

1 - » (1 90) 3
water mixture (5 : 5 : 1, v/v/v) for 5 to 6 min, and
then washed in the same solvent for several hr, The stained
gel could be kept in the solvent for long periods without
deterioration, The remsining section was cut into strips,

and the protein eluted,
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Fige 66 shows the electrophoretic patterns of the
various isolated albumins, Aggregated albumin from a
poisoned monkey clearly showed a number of bands, How-
ever, under these conditions normal albumin, homogeneous
on ultracentrifugation and giving only one precipitin arc
against a polyvalent antiserum, also showed more than one
bend, The additional bands mey be polymers\'9"). The
diseggregated 5,000 to 10,000 molecular weight minislbumins
gave only 2 to 3 bands, corresponding in position to some
of the bands derived from larger albumin molecules of the

same animgls,

In case the low pH and high urea concentration present
in the former experiment was causing fregmentation of the
molecules in the gel, it was decided to subject these same
albumin samples to electrophoresis in a gel at a higher pH

and with a lower concentration of urea.

The buffer systems chosen for the starch and for the
electrode chambers were those recommended by Smithies(192)
for use in ordinary starch gel electrophoresis, The gel
buffer was a 0.027M boric acid : 0,01084 sodium hydroxide
mixture at pH 8,6, while the electrode buffer at the same

pH was 0.3 in H,B0, and 0.06M in NeOH.

Fig, 67 shows that under these conditions there was

more then one band of protein in the albumin fractions,
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However, there were fewer than in the original gels indicating
that the high urea and low pH may have hydrolysed the albumin

to some extent,

II 12, (xi) Peptide mapping

A complete knowledge of the amino acid structure
of the serum and urinsry albumins of normal and cadmium=-poisoned
monkeys is a necessary prerequisite to a thorough understanding
of the biochemical lesion caused by cadmium, This would in-
volve finger-printing, peptide mapping and N~ and C-terminal
analysis, Owing to shortage of time and material such a study
could not, at present, be undertaken, However, it was thought
that comparison of the peptides arising by tryptic digestion

could possibly elicit interesting differences,

The procedure essentially followed was that of Poortmans,
ven Fraechem and Segers (1966)(193 ). The protein (usually 10
mg,) wes dissolved in 5 ml. of 0.0%¢ tris-(hydroxy methyl)amino
methane-HC1 buffer, pH 8.0 and reduced with 0.1 equivalents/1,
of mercaptoethanol for 2 hr, at room temperature with intermit-
tent shaking, Alkylation, with 0.2 equivalents/l. of iodaceta~
mide, stopped the reduction., The mixtures were then dialysed
free of excess reducing and alkylating agents and lyophilized,

The dried protein, dissolved in 0,01M tris-EC1l, pH 8,0, wes then
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digested with trypsin (0.5 mg. trypsin 1 : 250 = Difco to

10 mg. protein) for 18 hr, at 37°. The trypsin activity
was then destroyed by addition of 1M HCl to pH 2.2, and

the residues lyophilized. Separation of the peptides was

in two dimensions, The initial step was electrophoresis

in a pyridine-acetic acid-water (10 : O.4 : 90, v/v/v) buf=-
fer, pH 6.5, and was carried out in the high voltage electro-
phoresis unit for 60 min, with a potentisl difference of

50 V/cm, A test electrophoretic strip was always run with
the experimental strip., This was followed by ascending
chromatography in butanol-scetic acid-water (3 : 1 : 1, v/v/v)
for 16 - 18 hr, The paper was oven-dried after each dimen-
sion, ©Peptides were located by spraying with a ninhydrin

(194) and heating with care, Spots were circled

solution
with pencil lines as the colours tended to fade fairly rspidly.,
Fig. 68A and B are typical examples of the maps obtained from

normal sized albumins from normal and caedmium monkeys.,

Fig. 69 shows the patterns for the various albumins
superimposed on one another to facilitate a comparison between
them, It is clear that one of the positively charged frage
ments is missing from the digests obtained from albumins of
cadmium-poisoned animals. This immediately suggested a
check of the quantities of tryptophan in the various peptides

to discover whether or not this was the one supposedly lost
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under the influence of cadmium ions,

To do this, tryptic digests of the serum albumin from
both normal and cadmium-poisoned monkeys were prepared,
Separation of the peptides was done only in the first di-
mension, i.e. electrophoresis, The digest was spotted
across the entire width of the paper and run for 60 min,
at 50 V/em, A narrow strip was cut from the edge of the
dried paper and stained with ninhydrin to determine the
position of the spots, The remainder was then cut into
strips and the peptides eluted by shaking vigorously in
the same buffer, The dissolved peptides were separated
by filtering and the strips washed again, The filtrate
and washings were taken to dryness in vacuo, the residues
dissolved in 19N stoh and treated for tryptophan by the
PIMAB colour method, A blank prepared by elution from
an equal sized strip of background was run concurrently.
Tryptophan was not detected in any of the fractions,

This was probably due to a dearth of materisl or the method

of elution,

The untreated, but pure, isolated albumins from both
normal and poisoned animals were then compared with the
tryptic digests to see if any of the naturally occurring

fragments had counterparts in the digests,

They were electrophoresed under the conditions des-
cribed above and straightaway stained with ninhydrin, As
can be seen from Fig, 70 there was evidence of one similar

moiety.






PART III

DISCUSSION



The experiments described were designed and carried out
in an attempt to clarify both the origin and nature of the
albumin produced in cadmium poisoning, Although a fair
amount of information has been obtained and the balance of
evidence points to interference by cadmium in the catabolism
rather than the synthesis of albumin, it is still not known
exactly at what level, and in what manner cadmium affects

albumin metabolism,

The signs of cadmium poisoning were influenced by the
route of entry of the metal ion. Men who inhaled fume and
dust containing cadmium oxide suffered from respiratory tract
disorders usually culminating in acute emphysema, whilst in-
gestion of cadmium resulted in severe gastro—enteritis(4’23’1b).
These were the local lesions(zj). However, common to all
types of prolonged cadmium poisoning was the presence of
proteinuria; and more specifically the excretion of albumin

t(h’8’10). This was discovered on clo-

of low molecular weigh
ser examination of the proteinuria and we believe this protein
constitutes a characteristic of cadmium poisoning - arising
as a systemic disturbance due to excessive quantities of the
metal in the tissues, There is some controversy concerning
the pattern of proteinuria; other workers in the field con-
sider that the lesion caused by cadmium is not specific and

the sedimentation properties of the urinary proteins of patients

with chronic cadmium poisoning are no different from those of



patients with known tubular dysfunctiont?2*57), on tne
other hand, albumin from the serum and urine of nephrotic
patients has been shown by Rowe(59) to have the same mole-
cular weight as normsal serum albumin, Similarly, we have
found that urinary albumin of patients with nephrotic syn-
drome, chronic nephritis, de Toni-Fanconi's syndrome and
Kinnear-Wilson disease is of normal size (Kench, Gain and

Sutherland, 1965(195)).

The electrophoretic profile of the urinary proteins
of cadmium poisoning was similar to that of serum, but the
relative distribution was different - albumin being a
minor instead of a major component(1o). The distribution
could also be distinguished from that observed in nephritic

and nephrotic patients(21’29).

Besides being instrumental in producing this low mole-
cular albumin, termed minialbumin, cadmium has numerous
other known deleterious effects on the metabolic processes
in living organisms. The general metabolism of the monkeys
poisoned by cadmium in the afore-mentioned experiments, was
not markedly upset in most respects, but some changes were
consistently seen, There was a considerable rise in acti-
vity of serum glutamic oxaloacetate transaminase in chronically
poisoned monkeys which could be due to hepatic necrosis, In
fact, evidence for areas of focal necrosis in the liver has

been obtained from both biopsies and.postmortem(20>.



Injected cadmium was rapidly cleared from the blood
stream and deposited in the tissues or excreted. The
kidney and liver apparently had a predilection for cadmium,
and histologically those organs had undergone most change,
This could account for the above-mentioned biochemical lesions.
There was usually an overall concentration of about 0.5 mg,
cadmium per 100 g, of tissue when minislbumin first appeared
in the urine, In chronically-poisoned animals, the liver
and kidney contained up to eight times this concentration of
cadmium, The remaining tissues of the animal all contained
cadmium but in somewhat smaller amounts, In this context,
the protean and sometimes bizarre clinical effects which have
been ascribed to cadmium - hypertension, eclamptic toxaemia,
anosmia, testicular atrophy - are intriguing, Our experi-
mental studies did not appear to shed any light on these pos-
sible manifestations of cadmium intoxication. One overall
effect however, that has been consistently observed in the
experimental studies on rabbits, dogs and monkeys, worthy of
mention, since it does not appear to happen in man, is a kind
of thalamic syndrome., All these animals when severely poisoned
by cadmium became temperamentally most irritable and aggressive,
Even the rabbits, mild in outlook at the beginning, became furry
furies after prolonged cadmium intoxication, It is well known
that cells of the thalamus constitute an important target for

other heavy metals (e.g. manganese in Morrocan mine workers s
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copper in hepatolenticular degeneration).

In the few animals studied, serum amylase rose markedly
2 - 3 weeks after the initiation of cadmium poisoning, which
suggested that there was some degree of acute pancreatitis,
Later with more prolonged intoxication, activity of the enzyme
in serum and urine fell, This could be ascribed to the loss
of secretory tissue, but it is impossible to make categorical
statements on the few observations which have so far been made,
The observation of a pancreatitic lesion raised the issue as
to whether serum trypsin, which has measurable activity in
man(196), could under the circumstances of cadmium poisoning
bring ebout some degradation of circulating albumin, This
possiblity was later excluded, Tryptic digestion of serum
albumin did not give rise to minialbumin in our experiments,
and the polypeptide fragments derived by Press and.Porter(197)
are quite unlike minislbumin in amino acid composition, immuno-

logical and electrophoretic behaviour,

During the course of prolonged cadmium poisoning -
over 1 - 2 years =~ monkeys gradually lost about 20% of
their original weight which probably was mainly due to advent
of listlessness and loss of appetite, The urinary excretion
of urea actually rose, an observation which would need much
more study before it could be understood, Increased dietary
protein or gluconeogenesis were hardly likely causes, and

invokation of some inhibition of bacterial urease(198) far-



fetched, The finding seemed to exclude significant diminu-

tion of urea clearance in our chronically poisoned monkeys.

Observations on the serum proteins of animals intoxicated
by cadmium have provided variasble data, Kekwick in 1955(8)
noted divergence from normal electrophoretic distribution in
the serum proteins of patients suffering from cadmium poison-
ing, although no characteristic deviation appeared consistent-
ly. Axelsson and Piscator(199) found, in cadmium~-poisoned
rabbits, that there was an initial reduction in albumin content
and an increase in « and B globulins, followed by an increase
in the Y globulins and a striking fall in «5 globulin concen=
tration. This latter was attributed to removal of haptoglobins
as part of a haemolytic process and suggested that in the poisoned
rabbit there might be a connection between deposition of haemo-
siderin in the tubules and kidney damage. No such lesion was
observed in monkeys, and no definite trend was observed in serum

protein patterns of the monkeys in the present study.

Bonnell, Ross and King (1960)(16) found that residual
cadmiun circulating in the blood was attached to the red blood
corpuscles, rather than present in the plasma. However, albu-
min isolated from the sera of chronically poisoned monkeys was
found to contain approximately 1 pg. of cadmium per 5 mg. of
protein, This relationship meant that only 10% of the albumin

molecules have a cadmium atom attached, and suggested that albumin



was not the carrier for cadmium, but rather adsorbed an
overflow, The other serum proteins have not as yet been
investigated for a role in transport of cadmium, It is
our intention to prosecute a systematic search for a pro-
tein with the role of cadmium transport analogous to the
transferrins, As cadmium has the greatest affinity for
free sulphydryl groups, & protein rich in such groups, €.g.
metallothionein described by Kagi and Vallee(18’19) might
function as a carrier, Cadmium would, however, probably

attach to various other groups such as carboxyl as well.

It was unlikely that the cadmium that was excreted
was transported solely on the urinary minialbumin as there
was no stoichiometric relationship between the quantity of
minialbumin in the urine and the amount of cadmium excreted.
This was clear from a comparison of the fall in the amount
of metal and protein excreted following a pulse dose of cad-
mium. The decrease in the output of minialbumin is linear
while that of cadmium had a hyperbolic curve, On the other
hand, cadmium, which by creatinine clearance tests was known
to be eliminated by glomerular filtration(g), must be protein-
bound as at the operative pH (about 7.4) it would be basic,
non-ionised and insoluble, Generally, about one third of
the weekly dose of cadmium was excreted and the remainder

deposited in the tissues.
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Investigation of the albumins found in cadmium-poisoned
animals involved their initisl isclation and purification.
Four different methods of preparation gave similar albumins,
judged to be pure by electrophoretic and immunologicel cri-
teria, The methods with organic solvents were most efficient
and therefore adopted. The hydrochloric acid-ethanol method
was considered most suitazble for serum studies because it
eliminated the use of Visking cellophane tubing; while the
trichlorvacetic acid-ethanol method was deemed best for dia-
lysates and specimens of urine where large volumes were pro-

cessed,

Impurities in the Visking tubing became a major problem
as far as characterization of minialbumin was concerned, because
of the similerity in molecular size, This could be circumvented
by use of certain precautions or an alternative method of albu~
min preparation. The substance from the membrane was thought
to be a peptide as it formed complexes with the copper of
biuret reagent(zoo); exhibited ultra-viclet absorption in the
tyrosine ~ tryptophan range; and fluoresced blue white at
210 my, Immunologically it had no activity, The cellulose
nitrate - which comprised the major portion of the tubing
material - was apparently contaminated with peptides, fatty
acids and other substances which were included during its
manufacture, but which could be extracted from the finished

product by various solvents, This idea was supported by the



fact that removal of the contaminant irreversibly enlarged
the pore size of the tubing. Unextracted but beiled mem~
branes were normally impermeable to lysozyme (Mol, wt. 29,000)
but after treatment with orgenic solvents, cellophane sacs

were freely permesble to the enzyme,

Separation of the albumins of differing moleculer size
was equally important. Dextran gel (Sephadex G75) proved
to be a satisfactory molecular sieve and was also used as
an index of molecular size, The values could not be taken
as being accurate becsuse elution volumes also depend on the
overall shape of the molecule, The normal size albumin was
well separated from the smaller molecules which ranged from
5,000 to 20,000 in molecular weight, depending on the salt

concentration in the medium,

The possibility that minialbumin was an artefact of the
experimental procedures was eliminsted since cadmium did not
give rise to the protein by direct action on the blood, serum
or albumin, The anticoagulant was not responsible for mini-
elbumin production, nor was there any evidence for its forma-
tion by proteolysis of normal albumin during preparation,
Successive recycling of both normel and minialbumin on Sepha-
dex showed that the minialbumin was not formed in the column
as a result of disruption of the normal albumin, This all
pointed to an active 'in vivo' process for minislbumin synthe=-

Sise
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As mentioned earlier, the origin of the minialbumin
cannot yet be categorically located, but evidence points
to the liver rather than the kidney as the most likely
source, The presence of increased quantities of mini-
albumin in the peritoneel dialysates of a nephrectomized
poisoned monkey, following a pulse dose of cadmium (Gain
and Kench, 1965(65)); the appearance of minislbumin in
the circulation before its detection in the urine; and
the accumilation of a high concentration of cadmium in
the liver pointed to this organ as being the one where
cadmium was exerting its biochemical effect, The peak
of minialbumin in the serum occurred after 1% to 2 hr,
This time interval suggested an 'in vivo' process, it
being of the same order of magnitude as that required
for labelled amino acids, administered to rabbits, to
appear in serum proteins in the circulating blood (Hen-
rigues, Henrigues and Neuberger, 1955(201)). The meta=
bolic turnover of minielbumin has been observed by Kench
et al(21) to be rather more rapid than that of normal
albumin; and this would also suggest an active process
in the liver rether than origin by non-specific injury
to the renal tubular epithelium cells. The clearance
of minialbumin from the circulating serum was much more
rapid in chronically poisoned animals than in newly poisoned

ones, which suggested that renal involvement was of a



secondary nature and that impairment of tubular reabsorption
only occurred after a certain amount of cadmium had been de-

posited in the kidney.

The excretion of minialbumin was, therefore, apparently
asgsociated with impaired function of the renal tubular cells
as a secondary phenomenon, Hardwicke(zoz) has shown that
following infusions of albumin, tubular reabsorption of the
serum proteins wes non-selective =~ this could also apply
to the situation in cadmium poisoning., Glomeruli were
relatively undamaged as Rowe(59) has shown that even during
heavy proteinuria, the nephrotic kidney retained most of its
selectivity in molecular filtration, If this were so, cir-
culating minialbumin was probably filtered through the
glomerulus, and then reabsorbed or excreted depending on the
activity of the tubular cells, which in turn, was impaired
according to the degree of intoxication of the animal, In-
fusions of haemoglobin caused a rise in the excretioﬁ of
minialbumin (Gain and Kench, 1965¢°%)) and this may have been
due to overload of the reabsorptive mechanisms in the renal
tubular cells, In the early stages of proteinuria, there
was a relatively high proportion of minialbumin present,
Once proteinuria became gross, normal size albumin and larger
aggregates were predominant, In monkeys and rabbits the
excretion in the urine of normal size albumin and of mini-

albumin proceeded simultaneously, whereas cadmium~poisoned
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workmen initially excreted only the low molecular weight
albumins, With time the men did excrete albumin of nor-
mal molecular weight, and this was attributed to renal
damage. A relatively high proportion of the normal size
glbumin excreted by monkeys has been shown in the present
work, by tryptophan and disaggregation studies, to be an
aggregated form of the minialbumin, and it now appears
likely that some,at least, of what appeared to be normal
serum albumin in the urine of poisoned men and rabbits
was, in fact, aggregated minialbumin, Aggregation could
occur in the glomerular filtrate, in the urine, or during

the preparative procedures,

Experiments with acutely poisoned rats, carried out
in an attempt to clarify the action of cadmium on albumin
metabolism, did not fulfil their expectation, Although
several points, such as amino acid anomalies, antigenic
behaviour, and peak production of minialbumin, emerged
as similar for both rats and monkeys, it was not possible
to evaluate what was occurring, especially in the kidneys
of the rats. It was possible that species differences
were responsible, and it will be necessary to poison rats
chronically and demonstrate the presence of minialbumin
in their urine before any conclusions can be drawn. Male
rats at puberty are known to have a natural proteinuria(zoj),

and for this reason the rat is not a good experimental subject
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for the study of the biochemical effects of cadmium,

Characterization of the low molecular weight fraction
by various methods proved that it comprised a mixture of
polypeptide chains, the sum of which behaved in a manner
very similar to that of normal albumin, The most notable
characteristic of this protean molecule = minialbumin -
was its ability to aggregate and disaggregate, An eguili-
brium between the small and large molecules apparently exists,
and 1t has so far been impossibls to prepare one form totally
free from the other, The equilibrium appeared to lie in the
direction of the aggregated product. This association of the
small molecules has been attributed to non-covalent bonding,
disulphide linkages, and bridging by the divalent cadmium
ions, and was first noticed as a result of varying the salt
concentration during the isolation of the minialbumin, Under
physiological condition of pH and salt concentration the mini-
albumin readily aggregated to form molecules of normal size
or larger. Concentrations of 0.2 and upwards, largely pre-
vented the minialbumin from reaching a size larger than 10,000
to 20,000 in molecular weight, Urea was equally, if not more,
effective in preventing the aggregation and for this reason it
was incorporated into the media during later preparative and
electrophoretic studies, That sulphydryl groups play a role
seemed likely and as there was only one free sulphydryl group

in normal albumin, we surmised that cadmium rerhaps attacked



the collateral disulphide bridges causing disruption of the
molecule and leaving such groups free to reform in the same
or a different manner. Experiments with EDTA indicated
that cadmium was operative in linking molecules together,
This hypothesis will have to be tested further by adding,

to the disaggregated minialbumin, isolated in high salt con-
concentration on dextran gel, stoichiometric amounts of cad-~
mium and seeing whether or not large molecules result, Ag-

gregation of minielbumin could also depend on the concentra-

tion of the protein - increasing concentration of minialbumin

leading to increased proportion of aggregates due to a higher
incidence of likely orientations between molecules, This
could occur readily until the molecule reached a certain

size =~ for example the 20,000 to 30,000 molecular weight
fraction excreted by men and monkeys - and thereafter pro-
ceed more slowly. Measurement of the sedimentation coeffi-
cients of the various albumins established the size range of
the albumin molecules and substantiated the evidence that
molecular size was, to a certain extent, a function of the
salt concentration, It was evident that minialbumin would
reach an equilibrium with its aggregates within the micro
cell of the ultracentrifuge during the course of a run.

The range from 5,000 molecular weight - +the smallest unit -
to 170,000 molecular weight - the largest detected molecule
was wide and this seemed to indicate that there was no limit-

ing mechanism to prevent its further aggregation once the
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molecule had reached the size of its normal counterpart.

Other examples of the influence of ionic concentration
on molecular aggregation are well known., Ku and Romani
(1966)2%) showed that the dissociation of pear ribosomes
into smaller subunits was augmented by lowering the magne-
sium ion concentration, whilst Bresnick, Thompson and Lyman
(1966)(2°%) £ound that in ailute solution the enzyme, deoxy-
thymidine kinase, occurred in an aggregated form, but in the
presence of salt (0.2{ KC1 and sucrose 0,18M) it could be
isolated in the disaggregated form which is approximately
six times smaller, Glycine, in high concentrations prevented
aggregation of Y globulins by protein-protein interactions(126).
Thet dimerization of normal albumin could occur =~ at pH
values between 2,5 and 4,0 -~ has been known for some time(101).
Purthermore, treatment of albumin with organic solvents and
oxidising agents produced disulphide-liked dimers(206’2o7’208),
which could be converted t§ the monomer by use of B mercapto-
ethanol, On the other hand, Gutter, Peterson and Sober (1957)(209)
reported that high concentrations of urea permitted slow, and
initially reversible, polymerization of normal albumin molecules,
Evidence obtained by Hartley, Peterson and Sober (1962)(210)
pointed to at least two types of dimerization, only one of
which required free sulphydryl groups. The very large mole-

cules that we have obtained from cadmium-poisoned animals =

of molecular weight 140,000 to 170,000 by ultracentrifugation -
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are possibly dimers and polymers of smaller units linked
together by cadmium ions, Polymers of normal human and
bovine albumins have been described(207) but occur in les-
ser proportions than we observed in the cadmium-poisoned
animals,  Whatever the mechanism, it seems apparent that
there is a strong tendency for the albumins produced in

cadmium-poisoning to aggregate.

The minialbumin excreted by men did not apprently

exist in the aggregated form - an observation not entire-
ly reconciled by the above statements, but may be due to a
species difference, However, human urinary minialbumin

did aggregate under the appropriate conditions of low salt
concentration, The molecular weights of the urinary pro-
teins from two cadmium workmen (Finch and 7108) when measured
by Dr. Kekwick'?'") in the ultracentrifuge in a phosphate-NaCl
buffer, pH 8.10, and total ionic strength 0.35, were 20,000

to 30,000 (sedimentation coefficients S gofa 1% solution

20,
of protein 1,96 and 1.99 respectively), Similar lyophilized
preparations from the same source when re-examined in 1965 in
a low-salt concentration passed through dextran gel (Sephadex
G75) contained a preponderance of albumin of normal molecular
weight (Kench, Gein and Sutherland, 1965¢19%)), This anoma-
lous finding, at first inexplicable, provided the clue to the

importance of salt concentration and ionic strength in relation

to the molecular size of the albumins we were studying, and
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made us aware of the underlying aggregation-disaggregation
equilibrium as the cause of a number of other unexpected

or inconsistent experimental results, Thus, the observa-
tion that only labelled albumin of normal size was found

in the serum of a normal receptor monkey after injection of
a large dose of' *C-labelled minialbumin (Kench, Gain and
Sutherland(195)), could be explained by aggregation rather
than by the suggestion that it was metabolized into normal
albumin, and in fact, this experimental finding provided
valuable evidence in support of the idea that 'in vivo!
aggregation did occur, The molecules of minialbumin which
remained small were rapidly excreted by the normal monkey,
but a large single intravenous load of minialbumin was given
in this experiment, It is hoped that further studies will
throw light on the exact mechanism and the preferential order,

if any, by which such aggregation occurs,

The amino acid compositions of normal albumin and of
minialbumin were very similar, The only significant dif-
ferences were a deficiency of lysine and cysteine in the
minialbumin, and an increased number of isoleucine residues

10) found

in the albumins of poisoned monkeys, Smith et al(
the urinary albumin of cadmium-poisoned men to be richer in
its content of glycine and serine than normal serum albumin,
but no significant differences have been observed with monkeys

as regards these amino acids., As serum albumin consists of a
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single long chain which contains only one or two tryptophan
residues, depending on the species, and because proteolytic

(197,212,213) produces fragments varying widely

degradation
from the overall molecule in the amino acid composition there
can be no repeating unit in serum albumin, The close simi-
larity of amino acid composition suggested that the only
feasible relationship between minialbumin and normal serum
albumin was that the former was a representative mixture of
peptides formed by breakdown of the latter, with the proviso
that observed differences of amino acid composition would be
accountable in terms of a lost or deleted peptide, Cadmium
in high concentrations apparently interfered with accurate
amino acid determinations, but, in practice, the quantity
attached to the proteins being analysed was small enought

not to impeir the accuracy of the method.

Specific analysis for tryptophan revealed two residues
per mole in normal monkey albumin; and its complete absence
in the minialbumin of both serum and urine, Intermediate
values obtained for the albumin of the conventional size in
the serum and urine of poisoned monkeys substantiated the
thought that part of the so-called normal albumin was actually
aggregated material, Working on this basis, there was evident-
ly a lower proportion of aggregates in the urine, The serum
albumin of large molecular weight (66,000 to 130,000) of

poisoned animals appeared to be a mixture of gpproximately
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equal numbers of normal molecules and of molecules formed
by aggregation of minialbumin, Its counterpart in the urine
contained fewer molecules (I 13%) which were aggregates.
This difference in behaviour seemed inexplicable except in
terms of the presence of urea in the urine and its above-
mentioned ability to cause dissociation.  Somehow, the
tryptophan moiety had been irretrievably lost, possibly as

a peptide containing also the missing lysine and cysteine,
either metabolically under the influence of cadmium ions,

or technically during minialbumin preparation. Such a pep-
tide was most likely to be missing from the central portion
of the albumin chain as Peters and Hawn (1967)(21 &) have
jisolated and examined N and C terminal peptides and found
them both devoid of tryptophan, and the N terminal also con-

tained no cysteine,

An attempt to find such a peptide led to the conclusion
that it was apparently not lost during the preparative pro-
cedures, If the missing amino acids were eliminated meta-
bolically as individuals or as di or tri-peptides they could
disappear into the general metabolic pool, The possibility
remained that the peptide as such was rapidly metabolised but
with a fair chance that it would be excreted very early in an
episode of acute poisoning., It is planned to search for such
a tryptophan-rich peptide in daily collections of urine of

monkeys from the commencement of the poisoning regime,
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TImmunological studies have served to characterise mini-
albumin further and to support the idea that it is indeed a
true albumin. It gave a reaction of complete identity with
normal albumin on Ouchterlon;)r(13 4) plates when polyvalent
and specific anti-albumin antisera were used, Conversely,
normal albumin and minialbumin exhibited activity and com-
plete identity against antiserum specific to minialbumin,

On immunoelectrophoresis, patterns for normal albumin and
minialbumin were identical save that the minialbumin tended
to move at a slightly faster rate, This could be a reflec-
tion of its size rather than of nett electric charge, although
in the low salt media employed for immunological studies we
expected that nearly all the minislbumin would be in the
aggregated form, The albumins examined in these studies
were evidently unconteminated, since on challenge with poly-
valent antiserum only a single precipitin arc developed,
Antigenically, there was, therefore, apparently no difference
between normal albumin and minialbumin, Nevertheless, it
should be noted that within stated time periods for immuniza-
tion of rabbits, titres obtained for antinormal albumin were
greater than for antiminialbumin, This could mean that mini-
albumin was a weaker antigen, or alternatively that some of
the minialbumin may have been excreted in the urine soon after
administration owing to its smaller size, Obviously, the

locale of tryptophan was not involved in the antigenic behaviour



of the molecule as there were no significent differences
detectable between normal albumin containing two residues
and the minialbumin with none. The antigenic sites on

the various peptides comprising minialbumin were apparently
unharmed by cadmium, end their disposition in the normal or
aggregated molecule was not of primary importance, Once a
suitable method can be devised for separating the peptides
of minialbumin, the antisera may be selectively absorbed by
these and in this way we hope to locate the actual antigenic

site within a circumscribed region of the molecule.

The various forms of electrophoresis did not separate
the twelve or so peptides which together were thought to
comprise minislbumin, At this stage it was not certain
whether this could be attributed wholly to poor technique
or whether it was due to several of the fragments having
similar electrophoretic mobilities at the pH values employed,
Normal albumin did not appear as a single homogenous band in
starch or polyacrylamide gels, and the additional bands have
been said to be polymers(191’215). In addition to these
bends displayed by normal albumin, one to three extra ones
were visible on electrophoresis of the albumins of cadmium-
poisoned monkeys. The zones corresponding to normal albumin
were believed to be due to its presence, while it was surmised
that the others were aggregates of minialbumin, Ideally, the

electrophoresed gel should be inserted into an agar block



containing anti-albumin antiserum for immunodiffusion to

take pla.ce(21 6) N

Precipitation at the position of each
zone would have provided a specific test for ensuring that
all were in fact due to albumin, On the other hand, the
individual fragments could be incomplete antigens and give
anomalous results, One of these electrophoretic zones
corresponded to that of one formed on tryptic digestion of
albumin, of whatever type., Amino acid analysis of the
various entities must needs be performed before any conclu-
sions as to their identity can be drawn, Other than this,
there was no evidence that the fragments comprising mini-
albumin were in any way similar to the polypeptides which
(197,21 2).

arose from proteolytic degradation of serum albumin

Tryptic digestion of albumins from normal and from
poisoned monkeys gave rise to a number of peptides., The
peptide patterns from both serum and urinary albumins of
cadmium=poisoned monkeys were very similar to that from nor-
mal serum albumin; a finding unlike that of Merler, Remington,
Finland and Gitlin (1962)(62) who reported that the peptides
derived from normal urinary albumin were not similar to those
from serum albumin, One noteworthy diffeerence between the
tryptic digests of normal albumin and that of cadmium~poisoned
monkeys, however, was observed, namely the absence (or presence
in quantities too small to detect) of one peptide from the mini-

albumin, Analysis of the peptides for tryptophan led to
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~166~

inconclusive results as it was not detected in any of the
spotse This could be because the gquantities of peptides
examined were too smell, or the tryptophan was destroyed
during the course of elution of the peptides, Should the
missing spot, by some chance, be the peptide presumably
deleted by the action of cadmium ions on albumin, it would
have to be analysed for lysine and cysteine as well, and
experiments are continuing along these lines, Trypsin is
known to catalyse the hydrolysis of peptide bonds involving
the carboxyl groups of the basic amino acids(217). The
short-fell in lysine in the minialbumin of poisoned animals
might be due to the fact that the albumin molecule has al-
ready been broken at one or more of the positions where tryp-
sin would normally act and one of the portions set free by
cadmium was similar in electrophoretic mobility to one
liberated by trypsin. It seemed reasonable to expect a
number of differences in the detailed composition of peptide

patterns which should provide valuable information on mini-

elbumin structure.

The question as to the exact mechanism of cadmium ions,
which led to the production of low molecular weight albumins,
still remsins unanswered in the light of the aforementioned
experiments, The findings nevertheless suggest some possi=~
bilities for its action, and open up new lines for experimen-

tal investigation.
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The observation that minialbumin had the oversll amino
acid composition and antigenic behaviour of normel serum
elbumin suggested that it originated by disintegration of
the molecular chain into a number of polypeptide fragments,
This view rested mainly on the detailed experimental obser—
vations we have made on poisoned monkeys, but appeared to
be equally valid for the rat - similar amino acid compo-
sition and sntigenic behaviour and complete lack of trypto-
Phan in the small albumin molecules., The liver was regarded
as an organ where the action could occur as it has been shown

(218,219,

to be the major site for albumin synthesis 220), while

the kidney, though capable of some protein synthesis, apparent-

(10&). This diéd not

ly does not actively synthesize albumin
exclude the possibility that the kidney, under the influence

of cedmium ions, could also produce minialbumin from circulating
normal serum albumin, but the nephrectomised monkey retained its
capacity to form minislbumin in response to cadmium injections
(Gain and Kench, 1965(65)). Cadmium could, theoretically,

act at any of three sites where albumin may occur intracellu-

(221). It could act on albumin, newly formed and releassed

larly
from the microsomes, before it was secreted by the cell into the
circulatory system, Peters (1962)(221), using radioactive
carbon has shown that although the actual synthesis of the
protein is very rapid, there is a delay of 20 min, before the

protein is released from the microsomes, This time interval
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may be the point at which cadmium exerts its.influence.
Albumin, sessile within the cells was a possible target,
In addition, albumin newly returned to the liver, from the
circulatory system, to undergo catabolism might also be
vulnersble, It is presently envisaged that minialbumin
is formed by the 'in vivo' action of some enzyme - acti-
vated by cadmium - which does not behave like trypsin,
chymotrypsin or pepsin, Alternatively, cadmium could
inhibit the action of an enzyme active in catabolism of
albumin or naturally occurring fragments of it, to smaller
peptides or free amino acids, The effect on such enzymes
would result in a mixture such as the minialbumin described,
The protective action of sulphur compounds, such as
cystine or dithiopropanol against intoxication by cadmium(zzz),
implies a participation of sulphydryl and disulphide groups
in the action of cadmium, The metal could chelate with the
sulphur in such groups and this coulé¢ influence neighbouring
bonds and cause disruption of the molecule, with the possible
loss of cysteine, lysine and tryptophan in one or more small

peptides.,

A structural model for albumin consisting of globular
parts linked by sections of flexible peptide chain has been
proposed by Bloomfield (1966)(223). Electrostatic repulsion
between the globular segments keeps them apart, and it is

thought that hydrolytic enzymes preferentially attack the
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(212). If this model is truly

linking amino acid chains
representative, cadmium might facilitate an initial attack
on the exposed peptide chain, followed by breakdown of the

separated globular moieties as occurs with the hydrolytic

enzymes,

If cadmium interfered with synthesis of albumin, it
could do so at some point along messenger RNa, Since
growth of the albumin molecule proceeds from the amino to
the carboxy terminal end only, a block could produce a mini-
albumin electrophoretically homogeneous and with only one
type of carboxy and amino terminel amino acid, Experiments
to determine these end amino acids are to be carried out to
clarify this issue, For the minialbumin, so formed, to have
en amino acid composition closely similar to that of the com=
plete albumin molecule would require thet the latter should
be homogeneous throughout its length, although not necessari=
ly the same primery arrangement of amino acids. In as much
as complete albumin includes only one or two tryptophan resi-
dues, this in conjunction with the data of Foster et al(101)
do not favour this explanation for the origin of minialbumin,
Moreover, localization of the antigenic activity in a relatively
small portion of the molecule is not in keeping with generally
accepted concepts of immunological behaviour, The balance of
evidence points towards some form of catabolic hold-up as the

mechanism for minialbumin formation,
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A number of other possible loci for cadmium action
deserve mention although none of them appears to meet the
situation as adequately as the "impeded catabolism" hypo-
thesis. A random disruption by the metal of the RNA=-coded
synthesis of albumin seems to be excluded by the homogeneity
in molecular size of minialbumin, The idea that the albumin
molecule is formed by the assembly of a number of polypeptides,
separately synthesized in close proximity within a polysome
structure has had the support of a number of investigators.
If this is true, cadmium might cause disruption of the poly-
somes and thus prevent the constituent peptides from joining
together. This model is in keeping with the structure and

behaviour of minialbumin,

The mixture of polypeptides, which minielbumin appears
to be, is able to reassemble 'in vivo' without the need for
a messenger code, Whether this occurs at random, or in a
specific order is so far undecided. Re-orientation of cer-
tain parts of the molecule could result in the exposure of
different active groups and a process such as this could
account for microheterogeneity in serum albumin,based on a
single INA code, Microheterogeneity has been described by

Foster and his colleagues(zzht225:226).

The overasll experimental evidence appears to support
the concept that the primary biochemicel lesion of cadmium

is on the cstabolic pathway of serum albumin, rather than
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an inhibition of synthesis., The action of cadmium may be
within or in conjunction with the lysosomes, known to con-
tain hydrolytic enzymes involved in protein breskdown,
Isolation of this orgenelle and work with it involving

radioactive tracers may resolve the problen,

The possibility that other proteins such as the Y
globulins are likewise affected must also be considered,
Pernis (1966)(227) has suggested that cadmium could inter-
fere with Y globulin synthesis by inhibiting the linking
of the heavy and light chains through disulphide bridges.,
This aspect of cadmium poisoning is complicated by the fact
that globulins of smaller molecular weight than those found
in the serum occur normally in the urine and in those suf=-

(57059). It would, therefore, be

fering from renal disease
necessary to distinguish between these and any small molecules

arising as a result of cadmium intoxication, Berggard (1961)(228)
has demonstrated the presence in serum of a Y globulin of low
molecular weight similar to that previously identified in nor-

mal urine; while the ultracentrifugal studies of Porath and

Ui (196&)(126) have characterized Y globulin sub-fractions in

normal human serum, two of which had a sedimentation co-efficient

of less than 7S (normally the msjor component)., Piscator (1966)(199),
studying cedmium=-poisoned rebbits, has detected in the serum,

several low-molecular weight rroteins, the counterparts of those

occurring in the urine, and suggested that they had been overlooked
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in earlier studies because of their low concentrations,
Lawford (1961)(31) has detected the appearance, after 24

hr., of abnormal protein in the serum of cadmium-poisoned
rats, The protein could also be induced by a number of
other heavy metals such as mercury (more effective than
cadmium), zinc, copper, beryllium and manganese., The
marked increase in viscosity of the blcood of cadmium~poisoned
rabbits, often observed, should be mentioned in this context

(Kench, Wells and Smith, 1962( ‘1)).

The ability of the minialbumin to bind metsl ions and
other smell molecules, as does normal albumin, is also to
be investigated, Evidence of a thyroxine binding pre-zlbumin,
very rich in tryptophen, but with only one binding site, has
emerged(229) and it would be of interest to determine whether
or not minialbumin also had the property of transporting thy-

roxine,

Puture investigations will be directed towar@s an eluci-
dation of the relationship betveen cadmium ions and the inter—
mediary metasbolism of albumin, especially as regards it size,
structure and antigenic behaviour, It is our earnest hope
that this enquiry will also contribute to knowledge and under—
stending of the many factors which normslly control and modify
the metebolism of protein in living systems, in which cadmium

itself may pley an important role,



PART IV

SUMMARY AND CONCLUSIONS
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e Monkeys chronically poisoned by intravenous injection
of cadmium chloride produced a low molecular weight albumin,
termed minislbumin, which at first was found in the blood
but was later excreted in the urine when a proteinuric state

developed,

2s Generel biochemical investigations indicated that meta-
belism was not greatly impaired by cadmium ions, except per-

haps in the liver and pancreas.

3. The excretion of cadmium was dependent on the degree of
peisoning and was not directly correlated with the excretion
of minialbumin, though both decreased with time following cad-

miun administration,

ke Some of the circulating cadmium was attached to albumin,

but it seemed unlikely that this was the carrier molecule,

5¢ The cadmium absorbed by the body was found mainly in the
liver and kidneys, but was also distributed in lower concen-

trations amongst the remaining body tissues,

6. Visking cellophane dialysis tubing was found to contain
an easily extractable, biuret positive, and ultraviolet ab-

sorptive contaminating material, with a molecular weight ranging



widely round 5,000, Removal of this substance irreversibly

enlsrged the pore size,

7. The low molecular weight albumins (5,000 - 20,000 mole-
cular weight) produced by cadmium poisoning were separated
from normal albumin (66,000 molecular weight) on dextran gel

(Sephadex G75) columns,

8. The minialbumin did not arise by breakdown on the gel
columns, by proteolytic degradation, or as a result of a
direct effect of cadmium or anticoagulant on whole blood,

serum or serum albumin,

9. Minielbumin was found in the circulation before the
animals exhibit any proteinuria, and was therefore thought

to arise in extra-renal tissues,

10. The peak in minialbumin production occurred one and a
half to two hours following a dose of cadmium, The fall-
off in circulating minialbumin was gradusl in newly poisoned
animals, but very much more rapid in chronically poisoned

enimals, where it was probably cleared by the kidneys.

11« Excretion of minialbumin began three to five weeks fol-

lowing its initial appearance in the serum, In early
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rroteinuria, mainly low molecular weight albumin was excreted,
whereas in the later stages large quantities of normal albumin

also appeared in the urine,

12, Acute poisoning in rats gave rise to a pre-albumin on
electrophoresis of the serum, Minialbumin appeared in the
serum, and in increased amounts in the liver and kidney about

ninety minutes after injection of cadmium dose.

13« The minialbumins, irrespective of their source, had the
seme electrophoretic mobility as nommal albumin on cellulose

acetate,

14be Minialbumin has been shown to aggregate readily to mole-
cules of normal size, and larger, in the absence of salt,

This phenomenon was partially reversible in the presence of
salt, urea, EDTA and disulphide bridge inhibitors (mercapto
ethanol), which implied that more than one mechanism was ope-
rative in joining the small molecules together. An equilibrium

existed between aggregated and disaggregated molecules,

15. The amino acid composition of minialbumin was very similar
to that of normal albumin, There was, however, a deficit of
lysine and cystine, end an increased proportion of isoleucine

in the minialbumin, Cadmium in high concentrations has been



shown to influence the ninhydrin reaction, but in the concen=-
trations found attached to albumin, amino acid analysis wes

unaffected,

16, Tryptophan anglysis revealed that whereas there were 2
residues of this amino acid in the normal albumin molecule,
it wes completely absent from minialbumin, Normal size
albumins consisting partially of aggregates had intermediate
values, The proportion of aggregates in the urine was lower
than in the serum, The tryptophan-containing moiety was
irreversibly lost, possibly as a peptide with the other mis-

sing amino acids,

17. The peptide thought to contain the deficient amino acids
was apparently deleted metabolically and not during prepara-

tive procedures,

18+ Immunologically, normal and minialbumins reacted similarly

against anti-whole normal serum, antinormal albumin and anti-
minialbumin antisera, showing that minialbumins are complete
antigens. The tryptophan site was obviously not involved

in the antigenic behaviour of albumin,

19, Sedimentation coefficients of minialbumin indicated it
to be in the molecular weight range 5,000 to 20,000, whilst

aggregates of up to 170,000 in molecular weight could occur,



20, Electrophoresis in polyscrylamide and starch gels in the
presence of urea revealed two to three extra bands, probably

due to association of subunits,

21, On tryptic digestion and mepping of the resulting peptides,
there was apparently one lacking from minialbumin, So far,
any possible relationship to the missing tryptophan, lysine

and cysteine, has not been elucidated,

22, Cadmium ions appear to bring about fragmentation of the
albumin molecule either during synthesis or more likely during
catabolism by some intracellular enzymic process, The result-
ing peptides have the ability to reassemble, with the loss of
a small portion or portions, either in the original or in a
different sequence, to form a molecule similar to normal albu-
min in both amino acid composition and antigenic behaviour,

In the light of these findings, cadmium may play an important

role in the control of albumin metabolism,

23, Work is continuing in an attempt to clarify the proposed
relationship between cadmium and albumin metabolism, and special
attention is being paid to the action of cadmium at the cellular

level, particularly the effect on microsomes and lysosomes,
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