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Abstract

The object was to characterise components in the

serum of salmonids that might be involved in the

transport of exogenous and endogenous lipophilic

compounds.

The approach was to use 8-anilino-l-naphthalene

sulphonate (ANS) and bromocresol green (BCG) as test

ligands, and to isolate by standard methods of protein

chemistry the compounds in serum to which they bound. The

main findings were:-

(1) Rainbow trout serum proteins were separated into 7

main bands by electrophoresis on agarose. There were two

bands with similar mobilities to human albumin and which

together accounted for approximately 60% of the staining.

(2) In trout serum there is a component of mol. wt.

130kDa which binds ANS and two of mol. wt. 70kDa which

bind BCG. In human serum both ANS and BCG bind to albumin

(mol. wt. 7 OkDa).

(3) The 130kDa component was purified from trout serum

by affinity-chromatography on Cibacron Blue F3GA followed

by molecular exclusion on Superose 12. On SDS/glycerol

polyacrylamide gel electrophoresis it dissociated into

subunits, one of which (mol. wt. 32-35kDa) reacted with a

monoclonal antibody against human apoAl. It contained

cholesterol, triglyceride and protein in proportions

characteristic of HDL. It is thought to be an HDL.

(4) The 70kDa components had similar mobilities to
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human albumin on agarose electrophoresis. Their amino

acid compositions were similar to each others but

differed from that of human albumin in having 10 cysteine

residues, not 35. Like human albumin they bind bilirubin,

palmitate and cationic dyes, react with anti(human

albumin) and are soluble in 50% ammonium sulphate. They

are thought to be rainbow trout "albumin".

(5) There was marked differences in the serum

electrophoretograms of male and female pre-spawning

salmon. A single component of mol. wt. 70kDa was

predominant in males but less than 1% of the protein in

females. It reacted with anti(human albumin) and bound

bilirubin and palmitate. It is thought to be the salmon

"albumin".

(6) In females ANS bound to serum components of mol.

wt. 780kDa and 570kD«. Two components which bind ANS were

isolated on Cibacron Blue F3GA. One had a subunit which

reacted with anti(human apo A1).

(7 ) Salmonids have serum components which resemble

human albumin and human HDL. They could play an important

role in transport.
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Chapter 1

Preamb1e and Introduction



1.0 Preamble

The study described in this thesis is an

investigation of serum transport components in salmonid

fish. It is a prerequisite to the study of hepatic uptake

and biliary excretion of drugs and waste products by

salmonids.

The study was undertaken because very little is known

about the clearance of potentially toxic compounds from

the blood of fish although the mechanism has been

characterised for humans.

Salmonids were chosen to be studied for four reasons.

Firstly, fish-farming has concentrated on exploiting

predominantly salmon and trout for the consumer market

and over the past decade there has been a boom in the

fish-farming industry in Scotland. Secondly, it is common

practice to add antibiotics to the fish-feed in an

attempt to prevent disease and enhance growth. From the

point of view of the fish themselves and of the humans

subsequently eating them it is of interest to determine

the fate of such drugs. Thirdly the topic is important

because many of the world's fishing regions are becoming

increasingly polluted. Fourthly it is of interest from a

purely biological point of view, as opposed to a

commercial one. Adult salmon from the sea feed avidly

whereas these which have returned to fresh water to spawn

undergo a prolonged fast and their guts atrophy. It is

not known how toxic compounds are excreted under such
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circumstances, when bile flow is presumably reduced.

The emphasis of this Introduction is on serum

transport components in humans and, where information is

available, in salmonid fish. The life cycles of farmed

rainbow trout and wild salmon are discussed. This is

followed by a general description of serum components, in

particular of lipoproteins and serum albumin. Finally,

after a comparison of hepatic clearance in humans and

fish and a summary, the organisation of the remainder of

the thesis is given.
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1.01 Fish farming

The rearing of fish for human consumption has been

practised since the early ages and it was common for

monks to raise carp in monastery pools. The farming of

salmon and trout on a large scale for the European

consumer market first began in the 1960s. In the early

stages the industry was besaught with practical problems

which led to its collapse in the 1970s. Since the

beginning of the 1980s sales of salmon and trout have

increased markedly and in 1985 alone more than 7 000

tonnes of salmon, with a value of around £30M, were

produced in the United Kingdom. This rose to 10 337

tonnes in 1986, and a sales projection predicts that

sales will more than double to 35 000 tonnes in 1990 (The

Scotsman 28/07/87). The success of the fish industry can

be attributed to widespread advertising which promotes

fish as a low fat, high protein, economical foodstuff and

has encouraged the modern housewife to purchase fish for

health and culinary reasons. Also, many of the problems

which originally plagued the industry have subsequently

been ironed out.

The Highlands and Islands of Scotland are

particularly suited to fish farming because their

sheltered waters are of milder temperature due to the

Gulf Stream. Such temperatures are ideal for the

maintenance of salmon, trout and certain species of

shellfish. The Highlands and Islands Development Board
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(HIDB) recognise the importance of the fish farming

industry in sustaining rural communities where few other

employment opportunities exist, and since 1965 have

invested £20M into aquaculture. An example of a rural

community which has benefitted from the fish farming

industry is Scourie, a crofting village in Sutherland

with a population of less than 200. Joseph Johnston and

Son, a fishing firm which originated at Montrose in 1836,

diversified into fish farming here in 1975. The farm,

which now harvests 800 tonnes of salmon per year,

provides employment for 36 inhabitants. Although 36 jobs

may be of little significance in a larger city it is

important in sustaining such a rural community.

The popularity and success of fish farms in Norway

and Scotland has lead to the setting up of similar

establishments by competing countries such as Canada and

Iceland which also have waters with suitable

temperatures. Scotland has met the competition by

concentrating on the quality of her fish. In 1986, at a

cost of £183k and with the backing of the Scottish Salmon

Growers' Association (SSGA) and the HIDB, the "Food from

Britain Quality Mark" scheme was introduced. The SSGA and

the HIDB also backed sixteen companies in the formation

of the Scottish Salmon Smokers Association which promotes

the sales of smoked salmon both in Scotland and abroad.

This association now accounts for 85% of Scotland's

smoked salmon and exports to the United States of America

(USA), Canada, France and Italy.
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Five conglomerates dominate the Scottish fish farming

industry^ amongst them being:- Marine Harvest (a

subsidiary of Unilever), McConnell Salmon (part of the

Booker McConnell organisation), Joseph Johnston and Son.

Together the five companies account for two thirds of

Scottish fish sales and they have the expertise and

resources to operate at the increased capacity which has

been predicted for the next decade.-

The fish-farming boom has meant that much research

has been focused on the physiological aspects of the

salmonid life cycle with the aim of producing the most

economically desirable fish for the comsumer market. An

example of the current research is the masculinisation of

homogametic female trout fry (XX) by feeding them male

sex hormones. These fish develop male secondary

characters and their milt is used to fertilise eggs. Thus

an all female stock will be produced since the

spermatozoa contain no Y chromosome (Bye & Lincoln,

1986). It is desirable to eradicate males because a

substantial proportion of them become sexually mature

before they reach marketable size and they have poor

growth and food conversion efficiencies. In contrast,

females do not mature until they are more than two years

old.

Research has also been focused on controlling the

spread of disease throughout the population by

introducing vaccination. At the Institute of Aquaculture

(based at Stirling University) research into the
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development of new vaccines is carried out. The necessity

for the development of fish vaccines is in response to

the rapid spread of disease through populations of farmed

fish which occurs because fish are kept in densely

stocked cages. It is now common practice to include a

battery of wide spectrum antibiotics such as streptomycin

in the fish pellets in an attempt to combat this problem

somewhat.

As little is known about the physiology of fish it is

difficult to solve many of the problems associated with

salmon. For example, scientists are baffled by an anaemia

called "Pigmented Salmon Syndrome" which is unique to the

lower stretches of the River Don (Aberdeenshire) and is

characterised by elevated levels of bilirubin in the

blood and pigmented tissue (Mitchell et al., 1987).

Another mystery is Pancreas Disease (PD) which is one of

the most important diseases economically in Scottish

salmon farming (McVicar & Munro, 1987). It is

characterised by necrosis of the exocrine pancreas and

thought to involve a virus although no candidate has so

far been isolated.

A problem which has recently received much attention

and which concerns both farmed and wild populations of

salmonids is pollution. Most of our Scottish waters are

polluted to some extent but it would appear that, below a

lethal concentration of xenobiotics (which probably

depends on the substance) fish are able to survive.

Indeed, the presence of salmonids in a river is often
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taken by the general public to indicate its purity, the

Forth in Scotland and Thames in England being good

examples. The mechanism by which salmonids transport

xenobiotics to the liver for excretion is the general

area investigated in this study.

In summary it can be said that the fish farming

industry has recently become of economic importance,

particularly in Scotland. However its rapid expansion has

brought with it several problems, which have not been

able to be solved because our knowledge of the basic

biology of the fish is very limited.

1.02 The farming of rainbow trout

Since much of the research described in this thesis

was done on rainbow trout from fish farms, it is

important to understand something about the background of

the experimental fish.

During the first year of this project starved rainbow

trout (Salmo gairdneri) were obtained on a regular basis

from Beecraigs Trout Farm. However, due to circumstances

beyond control it was necessary to change the source to

the NERC Aquatic Unit, University of Stirling, Bridge of

Allan. Trout are reared here in the same manner as at

Beecraigs and, in the context of the experiments carried

out in this study, fish from the latter source did not

differ significantly from those obtained from Beecraigs.

At Beecraigs Trout Farm the emphasis is on the
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rearing of rainbow trout in particular because they grow

rapidly and usually reach marketable size in eighteen

months. Brown trout (Salmo trutta) are also produced and

used to stock local lochs for anglers.

Some of the largest fish are not sold but retained as

the next season's breeding stock. Once they are mature,

usually during the Autumn or Spring, the fish are

"stripped". This involves squeezing the ripe eggs from

the female by applying gentle pressure along the belly

from the pectoral fins to the vent. Milt, containing

sperm, is taken from the male by the same method.

Eggs from approximately six females (12-18 000 eggs)

are mixed gently with milt from selected males. After

running off excess milt the fertilised so-called "green

eggs" are placed on trays of running water for a few

weeks until the embryo can be seen as two dark spots

through the egg membrane (eyed-stage). Depending on the

water temperature, eggs laid in mid-November usually

reach the eyed-stage by the beginning of the next year.

The alevins hatch in February or March and are left

undisturbed for six to eight weeks during which time they

feed on their large yolk sac.

When the yolk supply has been depleted the fry are

transferred to fibre-glass tanks where they are fed a

diet of processed fish food from automatic dispensers.

During the next four months the fry grow up to two inches

in length.

Once large enough, the fry are transferred to outside
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growing ponds and their diet is altered slightly. The

diet is again modified when the fish reach about six

inches in length at which stage they are being fed

several times daily.

Larger fish tend to attack and devour smaller fish

and so it is very important that the fish are segregated

according to size. This also ensures that food is evenly

distributed and prevents the larger fish from eating too

much, leaving the smaller fish undernourished.

The farmed fish used in this study may not be

representative of a wild population because the have been

kept as an isolated population and bred artificially. In

some respects this may be advantageous, for example, if

one were interested in the genetics of the fish. One

might expect that the diet of farmed fish would be

controlled and that this would be of advantage to

research; however, there is anecdotal evidence that the

"standard" pelleted diet is actually principally composed

of the cheapest foodstuff available at a particular time

of year. From an experimental point of view this makes it

difficult to interpret some of the large-scale

experiments on fish. The segregation of large and small

fish means that the weakest fish (in the context of

natural selection) which would not survive in the wild

will reach sexual maturity and, if used as the brood

stock for the next generation, may pass on gene

mutations.
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1.03 The life cycle of the salmon

The serum components of a wild population of Atlantic

salmon (Salmo salar) were investigated in this study. The

life cycle of the wild salmon is very different to that

of the farmed trout and will therefore be described.

Mature adult salmon return at any time of the year

from the sea to the river in which they first hatched.

Fish may return to the river to spawn after one sea

winter (grilse) or more (salmon). Guts from migrating

salmon have been found empty or with slight traces of sea

food in them, supporting the accepted theory that salmon

do not feed during their migration back to the river or

while in fresh water (cited by Jones, 1959). (This does

not explain why, during this period, they will take

anglers flies and lures such as shrimps and minnows.)

Fish in rivers show the physiological wear and tear of a

long fast and spawning activities. They may suffer

"salmon disease" caused by Bacillus salmonis pestis which

enters the flesh through a cut or abrasion and destroys

adjacent tissue. External indications of the disease are

white patches of Saprolegnia ferox, a fungus which grows

on the flesh killed by bacteria.

Young salmon usually hatch approximately 100 days

after the eggs are fertilised. They feed initially on the

yolk sack and in early May move to the surface of the

gravel. At this stage they are known as fingerlings.

Fingerlings develop into parr which are indiscriminately
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carnivorous. In the autumn they feed on leaf-eating

insects which fall into the river as the leaves decay.

They feed most actively in April and May and therefore

growth is most rapid in the early part of the summer. The

number of parr which survive and migrate downstream to

the sea is much less than the number which develop to the

fingerling stage. Many are killed by pollutants to which

they are much less resistant than fully grown salmon.

They cannot withstand high temperatures and will die

between 32 and 34°C. These temperatures may be reached

when large volumes of condenser water from industrial

plants pass into a salmon river or if a drought is

followed by a heatwave. Fish are especially vulnerable at

dawn when the oxygen content of the river is reduced due

to the overnight respiration of green plants.

The length of time the parr spend in a river before

starting their seaward migration varies with the

geographical location of the river. Generally, the

further north the river then the older the fish are

before they migrate (cited by Jones, 1959).

Physiological changes occur in the parr enabling them

to withstand the osmotic changes encountered when they

pass from fresh water to a marine environment. The "parr

marks" become obliterated by a deposition of silvery

guanine on the epidermis. These silvery fish are called

smolts. Smolts move downstream to the sea in shoals of

thousands, feeding avidly as they travel.

The physiological aspects of the seaward migration
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are not fully understood. One would anticipate that

physiological changes would accompany the migration which

would act to maintain the salt and water balance of the

fish. Although many Scottish rivers change abruptly from

fresh to salt water there exists a boundary layer of

intermittent concentration which is caused by tidal

stirring. The smolts could remain here until they become

adapted to the changed osmotic conditions (cited by

Jones , 1959 ) .

Adult fish which have spawned in the river also

return to the sea ("mended kelts"). However, many fish

are so exhausted by the time they begin their journey

back to the sea that they die before reaching their

destination. Migration is downstream, tail first.

The fish which reach the sea quickest soon recover

from the ill effects of spawning and migration. They

resume feeding and some of them will eventually return to

spawn a second time in the same river. The length of time

which adults spend in the sea between spawnings varies

from a few months (eg. a kelt entering the sea in the

spring returns to spawn that autumn) to about 18 months.

The length of absence may be characteristic of the

different rivers although periods of absence may vary on

successive occasions (cited by Jones, 1959). One theory

is that the longer the fish spend in the river, then the

longer it needs to recuperate in the sea afterwards

(cited by Jones, 1959).

The biological effects of the spawning migration on
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the physiology of the fish have been poorly investigated

despite being of great biological and economical

interest. During migration the fish do not feed and,

indeed, complete degeneration of the gastrointestinal

tract occurs. The enterohepatic circulation of bile-salts

is reduced and the gall-bladders are virtually empty

(Talbot & Higgins, 1982). This raises questions such as:-

How are spawning fish able to remove pollutants which

are usually excreted via the hepatobiliary system?

Does spawning affect the levels of the serum

proteins, in particular of albumin? (In humans serum

proteins, in particular albumin, are degraded to provide

a source of amino acids during starvation.)

How do starved fish meet the energy requirements of

spawning for sexual development, upstream migration and

fighting?

1.04 Plasma transport in mammals

The aim of this study was to investigate the serum

components of the rainbow trout and the Atlantic salmon,

in particular components which play a role in the

transport of endogenous and exogenous ligands. The major

plasma binding protein in humans which binds a wide

variety of endogenous and exogenous substances is serum

albumin. However lipoproteins often bind highly ionised

lipophilic substances which partition into the

hydrophobic lipid and therefore bind in a non-saturatable
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manner (reviewed by Tillement et al. , 1984). A role for

lipoproteins in both humans and fish is therefore the

transport of lipophilic compounds (eg. drugs and

carcinogens) to the liver and of long chain fatty acids.

In humans fatty acids are normally transported bound to

albumin but it has not yet been proved conclusively that

fish, in particular salmonids, have an albumin-like

molecule. The controversy surrounding fish albumin will

be dealt with in greater detail in chapter 6. It has been

noted that during spawning of salmon and trout large

increases in the serum concentrations of lipoproteins

arises in response to the mobilisation of fat from the

adipose tissue and so lipoproteins would appear to play

an important role at this stage in the life cycle (Nelson

& Shore, 1974). Furthermore, the concentrations of many

of the lipoproteins in immature fish exceed these of

mammals implying that they play an important role (cited

by Chapman, 1980). A description of the lipoprotein

classes is included in this section. As little is known

about the constituents of trout serum or of salmon serum

the role of the main components of human serum and their

mobilities on agarose gel electrophoresis will therefore

be described and used as a comparison for the

identification of the trout and salmon components. The

properties of some specific transport components in human

serum will be described first and will be followed by a

more detailed description of serum albumin and

lipoproteins. Finally the excretion of exogenous and

-15-



endogenous compounds via the liver will be described for

the human and, where information is available, for the

f ish.

In clinical laboratories it is common practice to

separate the plasma components by electrophoresis on

agarose, cellulose acetate or polyacrylamide support

media and, after staining with conventional dyes,

identify the components by their relative mobilities. A

typical electrophoretogram for human serum run on a 1%

agarose gel at pH 8.6 and stained with Coomassie

Brilliant Blue is shown in fig 3.04.02. The

electrophoretogram is stained as distinct zones which are

known (from the cathode towards the point of sample

application) as the albumin, alphai, alpha2, betai, betaz

and gamma zones. The components of each of the zones will

be discussed in this section.

a) Albumin: The most rapidly migrating and densely

stained band is serum albumin (HSA). It represents up

to 60% of the total serum proteins and its rapid

anodal migration is attributed to its high negative

charge and relatively small size (molecular weight

68kDa). Albumins from other mammalian species migrate

with similar mobilities and are therefore often used

as reference points for comparing different plasma

components. In some cases prealbumin, a faintly

staining band of greater mobility than albumin, is

visible. This band becomes more pronounced in

illnesses such as liver inflammation, malnutrition and
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cirrhosis for which increased levels of prealbumin are

indicative(Whitby et al. , 1977).

b) Albumin-alphai: Staining here is due to High Density

Lipoprotein (HDL) which gives a broad zone rather than

a sharp band because HDL is heterogeneous. Very high

levels of alphai-foetoprotein, such as are found in

patients with hepatomas, may result in an additional

band between albumin and alphai• In healthy subjects

this band is absent because the levels of alphai-

foetoprotein are too low to detect with conventional

protein dyes.

c) Alphai' The alphai zone consists predominantly of the

proteins alphai-acid glycoprotein and alphai-

antitrypsin. Under normal circumstances alphai-acid

glycoprotein stains only poorly, but when the

concentration increases anodal broadening of the zone

is observed (Whitby et. al., 1977).

d) Alphai-alpha2: The two very faint bands preceding the

main alpha2 band are alphai-antichymotrypsin and Gc

globulin. During early acute inflammation these

increase in intensity and coalesce, predominantly due

to increased levels of alphai-antichymotrypsin (Whitby

et al. , 1977 ) .

e) Alpha2: The alpha2 zone is composed principally of

alpha2-macroglobulin and haptoglobulin. Very Low

Density Lipoprotein (VLDL) also migrates in this zone.

When haptoglobin complexes to haemoglobin a species

with a faster cathodic mobility than the native
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molecule is formed and this band is frequently visible

in samples which have been haemolysed in vitro

(Williams & Marks, 1983).

f) Alpha2-betai: The faint but sharp band between the

alpha2 and betai zones is Cold Insoluble Globulin,

which is precipitated by heparin and therefore not

observed for samples where heparin has been used as an

anti-coagulant.

g) In fresh samples the betai zone contains native C3, a

component of the complement system, Low Density

Lipoprotein (LDL), and transferrin.

h) Beta2: The breakdown of C3 either in vivo or in vitro

results in a decrease in the intensity of the betai

band with a corresponding increase in the intensity of

the beta2 zone where the product of the breakdown,

C3c, migrates. The betai zone may be completely absent

in frozen samples where breakdown of C3 has occurred

(Whitby et al., 1977).

i) Beta2-gamma: Fibrinogen is found in the beta-gamma

region. Faint bands are often seen which are due to

breakdown products of fibrinogen formed as a result of

allowing the serum to stand over the clot.

j) Gamma: The gamma zone contains only immunoglobins. IgA

is the most anodal migrating of all the globulins and

is located in the beta-gamma region. Often diffuse

bands are formed at the origin due to aggregates of

IgG which occur as a result of repeated freezing and

thawing.
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The plasma proteins of humans have been extensively

characterised. This discussion will be limited to those

components which have similar electrophoretic mobilities

to the trout and salmon components which are described in

this study (ie. which migrate in the albumin-HDL region)

and, for a more extensive description of the individual

components, the reader is referred to some of the many

reviews on the subject (Whitby et al., 1977; Williams &

Marks, 1983). The main components of this region, albumin

and HDL, are described in more detail in the succeeding

sections.

In contrast to the situation in humans, the plasma

components of salmonids have not been investigated in any

detail and are assumed to resemble those of their human

counterparts in physiological and chemical nature. This

is based on similarities between human and salmonid serum

components when separated by electrophoresis and stained

for enzymic activity (Balsano & Rasch, 1974). However

salmonid serum components may be expected to differ from

their human counterparts. This would be in response to

the different selection pressures operating in the

aquatic environment such as temperature and adaptation to

functioning in a poikilotherm all of which necessitate

different characteristics. These differences may be

reflected in altered mobilities of serum components on

native agarose electrophoresis and, indeed, it has been

proposed that rainbow trout HDL is a more anodally

migrating species than its human counterpart (Skinner &
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Rogie, 1978).

Human components migrating with a similar mobility to

HSA and HDL include alphai-acid glycoprotein, retinol

binding protein (RBP), transcortin and alphai-

antitrypsin. Alphai-acid glycoprotein and alphai-

antitrypsin migrate together in this region but alphai-

acid glycoprotein stains poorly with the common protein

stains because it is highly glycosylated and so alphai-

antitrypsin constitutes the majority of this band.

There are many variants of alphai-antitrypsin which

exist in normal serum at a concentration of 0.3g/dl. They

are all single chain glycoproteins with acidic

isoelectric points and molecular weights between 50 and

55kDa. The function of human alphai-antitrypsin is to

inhibit the enzymes trypsin, chymotrypsin, elastase,

thrombin, plasmin, granulocyte collagenase and possibly

others. Both alphai-antitrypsin and alpha2-macroglobulin

have antiplasmin activity. It is difficult to separate

alphai-antitrypsin from albumin because both have similar

molecular weights and isoelectric points. However a

feature which can be exploited to this means is the

presence of glycosylated units attached to alphai-

antitrypsin which are absent on albumin.

In plasma, retinol binding protein (RBP) is complexed

to thyroxine-binding prealbumin (TBP) and the complex

functions as the vitamin A transporting system. Ligation

means that the mobilities of RBP and TBP will be altered

relative to those of the native molecules on
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electrophoresis. Complex formation may be necessary to

prevent RBP being excreted in the urine and/or to

stabilise retinol binding. RBP is also located in the

alphai region on electrophoresis. It is a single

polypeptide chain which has a molecular weight of 21kDa

although, as a complex with TBP it has a molecular weight

of 85kDa. In normal plasma 3-6mg/dl of RBP are present in

a non-glycosylated form.

Alphai-acid glycoprotein has a molecular weight of

approximately 40kDa, a very acidic isoelectric point

(2.7) and is composed of 40% w/v carbohydrate. Although

present at a concentration of 0.3g/dl, no physiological

function has yet been assigned to it.

In the healthy human approximately 70% of the total

17-hydroxy-steroid is Cortisol which is carried in serum

principally by transcortin. At saturating levels of

transcortin Cortisol binds loosely to albumin which has

consequently been described as a reserve carrier. This is

in contrast to aldosterone which is transported chiefly

by albumin and binds only weakly to transcortin (cited by

Whitby et al., 1977). It is difficult to isolate

transcortin from serum because it is present at a

concentration of only 7mg/dl, that is, it represents less

than 0.1% of the plasma proteins. Slightly lower levels

are found in males compared with females. It exists as a

single polypeptide chain with a molecular weight of

55.7kDa and is glycosylated.

Alphai -foetoprotein is the major plasma protein of
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the foetus which is produced by the yolk sac and the

liver. It is not known whether the molecule occurs in

fish which might be expected to have it on the grounds

that fish are the evolutionary precursors of mammals.

Alphai-foetoprotein may be an evolutionarily primitive

protein or one which evolved after the divergence of the

mammals. In any case its structure and function are

discussed here. In adults the concentration of alphai-

foetoprotein is very low but increased concentrations are

found in patients with tumours such as hepatomas

(Ruoslahti, 1976). The physicochemical properties of

alphai-foetoprotein are very similar to these of HSA. It

has a molecular weight of 70kDa, is a single polypeptide

chain and has an acidic isoelectric point of 4.76.

However, unlike HSA it contains about 4% w/v

carbohydrate. The native molecule has a high capacity for

oestrogen and binds to a variety of dyes (Ruoslahti,

1976). On the basis of its similarity to HSA it has been

proposed that alphai-foetoprotein may be the foetal

counterpart to albumin (cited by Ruoslahti, 1976).

Significant homology is found between it and certain

parts of the albumin molecule and there is an inverse

relationship between the concentration of alphai-

foetoprotein and HSA in the blood (Ruoslahti, 1976).

Alphai-foetoprotein probably has similar functions to

albumin as a general carrier in the plasma and perhaps in

the maintenance of the colloid osmotic pressure. In

addition, it probably has special functions offering an
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MAIN M. WT. CON(

ZONE COMPONENTS (kDa) g/L

Gamma IgA 170 1.6

igG 150 10.0

igM 900 1.0

Beta-2 C3 185 1.2

Beta-1 Transferrin 77 2.5

LDL 4X103

Alpha-2 Haptoglobin 90 1.2

Alpha2-macroglobin 800 3.0

VLDL 5X103

Alpha-1 Alpha2-antitrypsin 50-55 3.0

Orosmucoid 40 0.8

Albumin Albumin 60 40,0

Pre-albumin Pre-albumin 55 0.3



Figure 1.04.01

Human serum components and their properties
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advantage over albumin in the foetus such as a much

higher binding affinity for bilirubin (Ruoslahti, 1976).

The blood constituents of fishes have been studied

applying the standard methods used to assay mammalian

components. For example Fields et al. (1943) determined

the concentration of plasma proteins, albumin, globulin,

haemoglobin and glucose in the blood of the brook trout,

Salvelinius fontinalis and showed the blood pH to be

7.40.

A series of studifes on the trout has been carried out

by Perrier et al. (1973) using enzymic stains to identify

serum components after their separation by agarose

electrophoresis. The principle means of identifying the

components is by comparison with the mobilities and

enzymic staining profiles of the human components.

However apart from this the components of fish serum have

been little investigated. In this study the aim is to

compare the trout, salmon and human serum electrophoretic

profiles and characterise some of the salmon and trout

components which are thought to play a role in transport

in salmonids. The components of human serum, their

molecular weights, concentrations in the serum and the

zone in which each migrates are summarised in fig

1.04.01.

1.05 Serum albumins in mammals

As has already been said, albumin is an important
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serum transport protein and so as a background to this

thesis it is useful to know about its chemical properties

and about the molecules it transports.

Albumin is the major and most anodally migrating of

the serum proteins which can easily be identified after

electrophoretic separation and staining of serum

proteins. It has been reported to be present in the serum

of evolutionarily primitive species such as some teleost

fishes but absent in cyclostomes and elasmobranchs

(Lewis, 1964). In chickens, reptiles and bullfrogs

molecular weights vary between 60 and 70 kDa and the

molecules have some of the physical and chemical

characteristics of human albumin (Fellows & Hird, 1982).

The amino acid sequences for avian and amphibian albumins

have been determined and all have the typically high

levels of aspartate, glutamate, lysine and cysteine found

in HSA. However the levels of methionine and isoleucine

are higher than those found in mammalian albumins

(Peters, 1970 ) .

All of the serum albumins so far examined are

composed of a single polypeptide chain. HSA for example

contains 585 amino acid residues and has a 3-dimensional

structure influenced and stabilised by 17 disulphide

bonds. The presence of 35 cysteine residues, 34 of which

are involved in the formation of uniformly-distributed

disulphide bonds, is a common feature of all the serum

albumins so far investigated. The spatial conformations

of HSA, bovine serum albumin (BSA), and probably albumins
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from other mammals are comparable and differences between

the primary sequences are mainly of a structurally-

conserved nature, these differences often being reflected

in ligand binding properties (cited by Kragh-Hansen,

1981). HSA but not bovine, rabbit, horse or sheep

albumins binds to a complex of Cibacron Blue F3GA and

Sepharose 4B (Leatherbarrow & Dean, 1980). Albumins from

related species such as the guinea pig, baboon and rat

have been shown to bind to the affinity column with

different avidities as determined by the concentration of

chaotropic agent required to elute them (Mahany et al.,

1980). Circular dichroism spectra for the binding of

bilirubin to HSA and BSA indicate that the conformation

of the primary bilirubin binding site differs between the

two species (cited by Kragh-Hansen,1981).

The functions of albumin are manifold and have been

well documented (Peters 1970, Kragh-Hansen, 1981). Its

small size (60-70kDa in mammals) and high negative charge

at physiological pH are said to make it ideally suited

for maintaining the colloid osmotic pressure of the blood

(cited by Peters, 1975). This role is evident in diseases

such as Kwashiorkor where lack of albumin is associated

with oedema.

A variety of hydrophobic compounds such as the drugs

aspirin (acetyl salicylate), warfarin, phenylbutazone and

indomethacin as well as endogenously produced fatty acids

and bilirubin are bound by serum albumin (cited by

Peters, 1975). Dyes such as Bromophenol Blue (BPB),
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Methyl Orange and Bromocresol Green (BCG) bind to some

serum albumins during electrophoresis despite being

negatively charged (cited by Peters, 1970). The role of

the albumins is to make these compounds more soluble in

the plasma. Indeed, ligation to albumin has been shown to

increase the solubility of medium chain length fatty

acids up to 100 times (cited by Spector, 1986).

Fatty acids, predominantly oleate, palmitate,

linoleate and stearate, are bound to a number of

hydrophobic sites on albumin (cited by Kragh-Hansen,

1981). Medium chain length fatty acids are released as

anions from adipose tissue in response to nervous,

hormonal or nutritional stimuli and transported, bound to
/

albumin, to tissues where they can either be oxidised for

immediate use or re-esterified for storage. The affinity

of albumin for fatty acids increases with aliphatic chain

length between C16 and C18. Thus, oleate is bound

approximately four times as strongly as palmitate (cited

by Spector, 1986). The binding of [1-14C] oleate to

plasma proteins has been studied in the human, rat,

eastern grey kangaroo, pigeon, domestic fowl and cane

toad. In each case the fatty acid binding protein had a

molecular weight within the range quoted for serum

albumins and an electrophoretic mobility similar to that

of serum albumin (Fellows et al., 1980).

Bilirubin is a product of haem breakdown which is

even less soluble than fatty acids at physiological pH

and, in addition, is very toxic. Albumin functions to
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target it to the liver where it gives it up to the

hepatocytes for conjugation. The ultimate fate of the

bilirubin and of many exogenous albumin-bound drugs is

excretion via the hepatobiliary system.

Steroids and L-thyroxine are bound primarily by

globulins and pre-albumin (cited by Kragh-Hansen, 1981).

At high concentrations they mainly associate with low

affinity sites on albumin. Similarly, a number of metal

ions such as Cu2 +, Ca2♦, Mn2+ bind weakly to a variety of

sites on albumin. Over 70% of the administered dose of

[3H]-L-tryptophan has been shown to bind to albumin-like

proteins in homeotherms (Fellows & Hird, 1982). As

tryptophan is the least abundant of the essential amino

acids, it has been proposed that ligation to albumin has

important nutritional consequences. Another proposal is

that, as it is the rate limiting amino acid in the

synthesis of liver protein, ligation of tryptophan to

albumin may be a mechanism for regulating ribosomal

function (Fellows & Hird, 1982). Albumin may also

stabilise the supply of tryptophan to the brain for the

synthesis of the neurotransmitter 5-hydroxytryptamine

because only unbound tryptophan is capable of crossing

the blood-brain barrier (Fellows & Hird, 1982).

In the research described in this thesis the rainbow

trout was observed to have two serum proteins with

electrophoretic mobilities and molecular weights similar

to that of human albumin. This implies that the rainbow

trout is bisalbuminaemic (has two albumins) and so this
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condition will be described for the human.

In 1958 Earle and Gitlin described a Norwegian-

American family with an albumin which ran slower than

"normal" human albumin on starch gel electrophoresis

(cited by Tarnoky, 1980). It was shown that aspartate or

glutamate in the normal molecule had been replaced in the

variant by a basic amino acid which was probably lysine.

This lead to the use of the term "bisalbuminaemia", in

1966 re-defined "alloalbuminaemia" by Tarnoky. "When

electrophoresis of untreated serum at a near neutral pH

yields two albumin bands, both of which have the same

molecular weight and are immunologically albumins", they

are defined as alloalbumins (Tarnoky, 1966). The term

"bisalbuminaemia" is used throughout this thesis.

The most common human albumin allotype is known as

Albumin A. The Norwegian-American slow form is called

Albumin B, and Albumin Napaski descibes a species of

greater mobility than Albumin A. A number of other

albumin variants have subsequently been characterised and

are given names based predominantly on the geographical

region in which they were first identified. An autosomal

co-dominant inheritance of each trait has been

established based on two or in some cases three, alleles.

There is an equal occurrence of each allele in both sexes

and both are phenotypically expressed (cited by Tarnoky,

1980). People with bisalbuminaemia are heterozygous for

the two albumin alleles which usually appear in

approximately equal concentrations or with a slight
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preponderance of Albumin A. The albumin gene is inherited

independently of other variants such as blood groups,

other serum protein allotypes and secretor status. Thus

an individual may be homozygous for a variant albumin in

which case he will show only the variant phenotype.

However, heterozygotes will have bisalbuminaemia.

Bisalbuminaemias are characterised by their mobility

on gel electrophoresis. The electrophoretic patterns may

be difficult to interprete for variants with mobilities

very close to that of Albumin A, especially if the medium

is overloaded in which case the variants will be detected

as widened Albumin A bands. In addition, if a mutation

which arises through amino acid substitution involves no

change in the unit electric charge of the molecule then

the variant will remain undetected on electrophoresis

because its mobility will remain the same as that of

Albumin A unless the shape of the molecule changes. Such

electrophoretically "silent" variants could be identified

by their amino acid sequence; however, to date structural

differences between Albumin A and its variants have not

received much attention.

Variants of Albumin A might also be detected by

exploiting differences in antigenic sites. All of the

variants so far tested for cross reactivity with

antibodies raised against Albumin A are immunologically

albumins. This might be expected because it is unlikely

that a single amino acid substitution would alter the

overall immunological behaviour of the molecule unless it
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acted in a co-operative manner to alter the structure of

the antigenic site(s) further.

Cases of transient bisalbuminemia caused by ligands

binding to albumin and therefore altering their

electrophoretic mobility have been reported. Serum from

patients receiving intravenous infusions of penicillin or

closely related drugs at high doses often show

bisalbuminaemia (Arvan, 1968). In the majority of cases

the bisalbuminaemia is a reversible phenomenon and does

not to have an inherited basis. Most of the patients have

a normal serum albumin pattern when first admitted to

hospital and before the start of treatment. Whilst

receiving penicillin G intravenously in doses ranging

from 20 to 60 million units per day for several days,

altered mobilities of serum albumin are detected on

starch or cellulose acetate. Other parenteral penicillin

preparations have been shown to have the same effects on

normal sera whereas streptomycin and Chloromycetin have

no apparent effect (Arvan, 1968).

Other ligands may also bind to Albumin A but the

binding will not necessary cause an alteration in the

mobility of the albumin on electrophoresis. This will be

the case if the ligand is small and does not alter the

overall charge on the albumin molecule sufficiently to be

detected as an altered mobility on electrophoresis.
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1.06 Albumins in fish

Many of the putative fish serum albumins have been

identified solely by their mobility in an electric field

relative to that of HSA. When elasmobranch serum is

electrophoresed at pH 8.6 on paper and on agarose there

is no protein species with a mobility equivalent to that

of human albumin (Sulya et al. , 1961; Bueker, 1961;

Irisawa & Irisawa, 1954, see also fig 3.04.01). BPB,

which migrates with horse serum albumin during

electrophoresis, migrates independently of shark serum

proteins in an electric field (Irisawa & Irisawa, 1954).

These findings are taken as evidence that elasmobranchs

do not have a serum albumin protein - that is, they are

analbuminaemic. Analbuminaemia is common amongst the

evolutionarily primitive fishes, although it has been

found in two species of advanced fish, the white

squeteague, Cynoscion arenarius, and the black drum,

Pogonias cromis (Sulya et al., 1961). In man?75% of the

colloid osmotic pressure is attributed to albumin. One

can therefore predict that, by analogy, analbuminaemic

animals will have much reduced colloid osmotic pressures.

But analbuminaemia has been found to occur in certain

human individuals and, despite the lack of albumin, such

individuals maintain a normal colloid osmotic pressure

and show no signs of ill health (cited by Peters, 1975).

This indicates that other factors are responsible for

maintaining the colloid osmotic pressure and of
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transporting fatty acids and bilirubin in these people

and so it would be reasonable to assume that alternative

mechanisms for maintaining the colloid osmotic pressure

and of transporting relatively insoluble compounds exists

in analbuminaemic fishes.

Whether teleost fish possess a serum albumin protein

is disputed. Lewis (1964) compared the electrophoretic

profiles from a number of representatives of the teleost

family and showed that the heavily staining albumin band

present in the human profile was absent in all of the

teleosts tested, although in some members multiple weakly

staining bands with similar mobilities to that of HSA

were identified. He also showed that antisera raised in

rabbits against the serum proteins of rainbow trout

cross-reacted only with serum proteins from other

teleosts.

Balsano & Rasch (1974) and Thurston (1967) proposed

that teleost fish do possess an albumin-like protein,

which could be identified by its mobility on acrylamide

gels. Contradictory to this is the observation of Perrier

et al. (1973) that the most rapidly migrating protein in

the serum of Salmo gairdneri has a lesser mobility than

that of mammalian albumins. At this stage it is perhaps

worthwhile reflecting on the validity of the conclusions

so far stated. In all cases a fish albumin has been

sought which resembles mammalian albumins only in its

electrophoretic mobility. However the use of

electrophoresis as the sole technique to identify albumin
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can be criticised because protein aggregation, ligand

binding, changes in the amino acid composition and

chemical reactions such as oxidation can affect the

mobility of a protein and so electrophoretic mobility is

not necessarily diagnostic of a specific protein.

Other studies on putative teleost albumins have

utilised the binding of the dye Bromocresol Green

(BCG)(Fellows et al., 1980). The binding of BCG to human

albumin is the most common assay for albumin used in

clinical laboratories (Doumas et al., 1971). However,

before using this dye to assay for fish albumins, one

must show that the dye is specific for the

electrophoretically most mobile protein. This is because

the dye may not bind all albumins in the same manner as

it binds HSA and/or may bind to other serum proteins.

Fellows et al. (1980) state definitely that albumin

is present in teleost serum. Furthermore, they have shown

that the albumin binds [1 —14 C] oleate. In the case of

trout serum they found that the binding of fatty acid to

protein was weaker than its binding to HSA. The molecular

weight of the fatty acid binding protein was estimated to

be between 65 and 69kDa for the rainbow trout, that is,

within the range quoted for mammalian albumins.

In a separate study Fang (1985,1986) examined the

specific binding of biliverdin to components in the blood

of an eel, Anguilla Japonica. In mammals both biliverdin

and bilirubin are bound to serum albumin and the complex

dissociates in the liver. In the eel bilirubin was found
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to be very tightly bound to a protein with a molecular

weight of 84kDa which had an acidic isoelectric point

characteristic of the albumin family. Furthermore, the

amino acid composition of this protein was shown to be

related to that of BSA.

It is implicit in the above that in salmonids the

porphyrin ring is degraded to bilirubin and not just to

biliverdin. This has been shown to be true for many

species of fish, both teleosts and elasmobranchs, though

there are exceptions, such as the electric torpedo,

Torpedo californicus, which excretes biliverdin in bile

(McDougal & Palma, 1982). Ando & Hatano (1988) have

calculated the total concentration of bilirubin in the

serum of chum salmon to be 0. 14+T). lmg/ml for the fed

male. The levels are sex dependant and increase

significantly in males during spawning migration.

1.07 Definition of albumin

In order to answer the question as to whether

teleosts possess a serum albumin-like protein one should

first define albumin. This definition should include a

description of the following properties:-

a) solubility b) charge c) molecular size d) absence of

carbohydrate e) relative abundance f) physiological

properties.

Peters (1970) has proposed the following definition

of serum albumin:-
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Summary of the properties of human serum albumin

1] Soluble in half-saturated ammonium sulphate (2.03M) at pH values
above 6.

2] Migrates as the most mobile of the serum components on
electrophoresis in barbital buffer at pH 8.6.

3] Cross-reacts antigenically with albumins from other mammalian
species.

4] Is free of carbohydrate by customary tests.

5] Has a characteristic amino acid composition with 35 cysteine
residues per molecule.

6] Is the main protein constituent of normal blood plasma or serum.

7] Is monomeric with a molecular weight of about 65 OOODaltons on gel
diffusion analysis.

8] Complexes with several endogenous ligands eg. bilirubin, free fatty
acids (FFA) and exogenous ligands eg. bromophenol blue,
bromosulphophthalein.

9] Binds to Cibacron Blue F3GA.



Figure 1.07.01

Summary of the properties of human serum albumin
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a) Soluble in half saturated ammonium sulphate (2.03M) at

23'C and pH values above 6 and soluble upon dialysis

against distilled water.

b) Migrates in an electrophoretic field with a mobility

of -6 Tiselius units in Barbital buffer at pH 8.6.

c) Exhibits a molecular weight of approximately 65kDa on

gel diffusion analysis and sediments at a velocity of

about 4.5 Svedberg units in the ultracentrifuge.

d) is free of carbohydrate by customary tests.

e) Is the main protein constituent of normal blood plasma

or serum.

This definition, as Peters himself remarks, may

require modification when genetic variants and albumins

from other species are considered because they may differ

from human albumin in molecular weight and

electrophoretic mobility. A definition should also

include the amino acid composition, in particular the

high cysteine content, and some physiological properties

such as the ability to bind a variety of exogenous and

endogenous compounds such as drugs, dyes, fatty acids and

bilirubin. A revised definition of albumin is shown in

table 1.07.01.

In light of the above definition, perhaps one of the

most complete studies on a non-mammalian albumin has been

carried out by Francis et al. (1985) on the newt, Taricha

granulosa. Two serum proteins, both with a molecular

weight of 68kDa (as determined by SDS-electrophoresis)

were shown to have some of the features of mammalian
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serum albumins. They were not glycosylated and therefore

did not bind to a Con A column or stain with Periodic

Acid Schiff's Stain. Both bound to Cibacron Blue F3GA but

were unrelated to each other or HSA in amino acid

composition. A salient feature of each was the presence

of 35 cysteine residues. Differences between these

molecules and HSA were shown to exist such as the failure

of the former to bind BPB on native electrophoresis. It

has been proposed, on the basis of these results, that

the newt is bisalbuminaemic.

In chapter 6 the serum of the rainbow trout is

investigated and two proteins, both with molecular

weights of 70kDa are described. They are proposed to be

albumin-like proteins on the basis of their

characteristics which comply with the definition of an

albumin given in fig 1.07.01. Similarly a single protein

of molecular weight 70kDa is described in chapter 7 which

is proposed to be salmon albumin.

1.08 Mammalian lipoproteins

Lipids such as triglycerides and cholesterol are

transported in the plasma as large complexes known as

lipoproteins. Lipoproteins are the third most abundant

group of extracellular macromolecules in the circulation

of man, only serum albumin and gamma globulin being

present in greater concentration. As well as functioning

in the transport of lipids to tissues, lipoproteins are
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also involved in the regulation of some cellular

biochemical reactions and in the maintenance of a normal

cell membrane lipid composition. Because apoproteins,

phospholipids and free cholesterol possess potential

detergent properties, their packaging into lipoprotein

particles may prevent severe damage to cells and cell

membranes.

Four classes and several subclasses of lipoproteins

are recognised in man (Mayes, 1988). They differ in fat

and protein concentration which means that they float at

differing densities in the ultracentrifuge. Human

lipoproteins are known as Chylomicrons, Very Low Density

Lipoprotein (VLDL), Low Density Lipoprotein (LDL), and

High Density Lipoprotein (HDL) and are isolated between

the following densities (Mayes, 1988):-

chylomicrons density < 0.94g/ml

VLDL density 0.94-1.006g/ml

LDL density 1.006-1.063g/ml

HDL density 1.063-1.2lg/ml

Each class should be considered as a spectrum of

molecules as each is a heterogeneous population. The

degree to which the respective density borders overlap

may be subject to variations such as the age, sex, and

strain as well as the nutritional and physiological

status of an animal (Koga et al., 1969). In humans, HDL

has been isolated in the density range attributed to LDL
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and LDL-like particles isolated from the density range of

HDL (Koga et al., 1969). Anomolies such as these can lead

to false classification of the lipoproteins for species

other than man if one is attempting to characterise

lipoproteins according to their densities.

Lipoproteins are also characterised by differences in

molecular charge and size according to the zone of

separation in which each is found when subjected to an

electric field on an agarose support medium. Thus, from

the jpoint of sample application, one identifies beta2 ,

betai (LDL), alpha2 (VLDL) and alphai (HDL and albumin).

Care must be taken when interpreting the electrophoretic

patterns for lipoproteins because given density classes

may display anomalous electrophoretic migration. For

example, under conditions such as cholesterol feeding,

VLDL may be localised in the beta rather than the alpha2

staining zone and bovine LDL may be of both the beta and

alpha2 mobility (cited by Chapman, 1980).

It should also be remembered that discrepancies in

assigning lipoprotein class, although obtained by

application of the same methodology, may be caused by

"operator differences". In studies on chimpanzee

lipoproteins, some authors report that LDL is the

predominant lipoprotein, others that the serum

concentrations of LDL and HDL are approximately equal

while others still report that HDL predominates (cited by

Chapman, 1980).

All of the factors which might cause discrepancies
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LIPOPROTEIN ZONE DENSITY (g/ml) APOPROTEINS

Chylomicrons gamma <0.94 A1, All, B, C, E

VLDL alpha-2 0.94-1.006 C, E

LDL beta-1 1.006-1.063 B

HDL alpha-1 1.063-1.21 A1, All, C,(E)



Figure 1.08.01

Definition of a lipoprotein
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Figure 1.08.02

The general structural model of a lipoprotein

(Mayes,1988)

/
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should therefore be borne in mind when comparing

lipoproteins from different species. As with albumin,

there is the problem of definition - but it is not as

easy to define lipoproteins as it is for albumin because

of their complexity and heterogeneity. Such a definition

is proposed in table 1.08.01 and is based on the density,

apoprotein composition and electrophoretic mobilities of

each species.

In 1979 Edelstein et al. proposed a general

structural model for the human plasma lipoprotein based

on earlier models for chylomicrons and VLDL. Non-polar

neutral lipids, cholesterol esters and/or triglycerides

form the central hydrophobic core and are excluded from

the aqueous environment by a surface monolayer of polar

lipids (mainly phospholipids and cholesterol) and

proteins (fig 1.08.02). The distribution of lipids

between the surface and the core is a function of their

phase behaviour, which means that small amounts of

cholesterol may be found in the core while cholesterol

esters and triglyceride may exist in the surface

monolayer. This is important for the exchange of

components between particles.

1.09 Characterisation of lipoproteins

The complete characterisation of a lipoprotein should

include a description of its protein constituents

(apoproteins) because, in humans at least, it is the
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M. WT.
APOPROTEIN LIPOPROTEIN (kDa) FUNCTION

Al HDL, chylos 28.3 activate LCAT

All HDL, chylos 17.4

B-1 LDL, VLDL,
IDL

350

B-48 chylos,
chylo remnants

200

CI VLDL, HDL 7 possible activator
of LCAT

CH VLDL, HDL 8.8 activator of Extra

chylos Hepatic Lipase

Clll VLDL, HDL 8.8
chylos

D 32.5 Subtraction of HDL

E VLDL, HDL,
chylo remnants

34



Table 1.09.01

The apoprotein composition of human lipoproteins
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apoproteins which direct the metabolic fate of the

particle. Apoproteins (apos) are characteristic of a

lipoprotein class although some overlap of apoproteins

between classes does occur. The composition of

apoproteins within a lipoprotein is another way of

characterising the lipoprotein (Table 1.09.01).

One of the functions of apoproteins is to act as

recognition particles which target the lipoprotein to

specific sites. The target sites have surface receptors

which recognise and bind specific apoproteins. A second

role of apoproteins is to activate enzymes which are

involved in the metabolism of lipoproteins (eg. of

lipoprotein lipase (LPLase) by apo AH (Owen & Mclntyre,

1982 ) .

Apoproteins have regions with high affinities for

lipid/water interfaces. The association with lipid is

driven by the hydrophobic effect where the apolar amino

acid side chains of apoproteins and the fatty acyl groups

of phospholipids are excluded from the aqueous phase. The

polar head groups of phospholipids do not appear to

interact directly with apoproteins and stabilisation of

the lipoprotein particle is by non-covalent forces which

enable exchange of constituent lipids and apoproteins

between particles during metabolism.

Counterparts to human apos AI, All, AIV, CI, CII,

CIII and E have been purified and characterised in a wide

range of species (cited by Chapman, 1986). Marked

homology has been found between the amino terminal
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sequence of apo AI, apo AIV, apo CII and apo E in a

number of mammalian species (cited by Chapman, 1986).

Many of the differences between amino acid sequences

involve highly conserved mutations which can be accounted

for by single changes in a nucleotide base of the codons

involved (cited by Chapman, 1986).

Perhaps one of the most powerful means of identifying

a lipoprotein and of comparing lipoprotein classes

between species is using antibodies raised specifically

against a lipoprotein particle or a component of it. This

technique is exploited later in this study and so the use

of antibodies raised against lipoproteins and apoproteins

will be discussed briefly.

In 1969 Delcourt carried out extensive cross

reactivity experiments by immunodiffusion on the

reactivity of antisera to human, rhesus monkey and bovine

serum against lipoproteins from a wide range of animals.

He observed extensive cross-reactivity. In contrast,

antisera raised against rabbit, horse, sheep and goat

antisera was of restricted cross-reactivity. This

suggests that the lipoproteins of the human, rhesus

monkey and cow possess a more extensive and diverse range

of antigenic sites than their counterparts in rabbits,

horses, sheep and goats. Antibodies raised against a

particular apoprotein have been used in this project to

test for cross-reactivity between human apo Al and trout

HDL apoproteins.
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1.10 Metabolism of lipoproteins

The largest lipoproteins (chylomicrons) have the

highest relative content of lipids, especially neutral

lipids, and therefore lowest density. Chylomicrons are

synthesised in the gut and function to carry dietary

triglyceride and cholesterol within the circulation.

Their content of cholesterol ester may be important in

regulating the hepatic synthesis of cholesterol (Owen &

Mclntyre, 1982). VLDL, synthesised by the liver; carries

endogenous cholesterol and triglyceride. Intermediate

Density Lipoprotein (IDL) is an intermediate in the

conversion of VLDL to LDL by the enzyme LPLase and has

less triglyceride and cholesterol ester than VLDL. LDL

accounts for 60% of the serum cholesterol in man,

approximately 75% of this in the esterified form. Brown &

Goldstein (1979) established that cultured cells have

high affinity receptors for apo B located in clathrin-

coated pits at specific regions of the surface membrane.

LDL binds to these receptors and is engulfed by the cell

as an intact particle. Once inside the lysosome the

cholesterol esters are hydrolysed and apoproteins

degraded.

Although not removing cholesterol from the body,

uptake and degradation of LDL enables the cell to

conserve the energy required for de novo cholesterol

synthesis.
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1.11 High density lipoprotein

As will transpire, HDL is of particular importance

in this thesis and so the features of human HDL are

discussed in greater detail. Some knowledge of its

features will be useful for comparison with the

equivalent species in trout serum.

Human HDL is composed of approximately 50% protein by

weight and its principle lipids are phosphatidylcholine

and cholesterol esters. Whereas other lipoprotein

subclasses are produced as part of an ultracentrifugation

continuum by rate zonal ultracentrifugation, HDL is

prepared as a bimodal distribution of two subclasses

called HDL2 and HDL3 (Patsch et al., 1980). HDL2 appears

to have a stronger inverse relationship with coronary

heart disease than HDL3 (Patsch et al., 1980). A minor

subclass, HDLi occurs gs well as the HDL2 density range as a

larger particle, richer in cholesterol esters than HDL2

and containing most of the apoprotein E present in the

HDL in healthy humans (Patsch et al., 1980). HDL4 has

also been described (Deckelbaum et al., 1982) which is

postulated to be of intestinal origin but for which no

role has yet been assigned.

Spherical HDLs are formed in the plasma and

intercellular space from precursor particles known as

"nascent HDL" (Owen & Mclntyre, 1982). Nascent HDL are

discoid and consists of a monolayer of phospholipid,

cholesterol and apoprotein (mainly apo C, E or Al)
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surrounding a hydrophobic core of cholesterol ester and

triglyceride. They comprise only a small percentage of

normal HDL. Nascent HDL from the liver consists

predominantly of apo E, whereas that of intestinal origin

is composed mainly of apo Al.

Cholesterol in the outer core of HDL is esterified to

produce cholesterol esters which then move to the inner

core producing a gradient for the transfer of membrane

cholesterol to the HDL surface. It is thought that the

enzyme Lecithin Cholesterol Acyl'Transferase (LCAT)

converts discoid HDL first to HDL3, then to HDL2 through

a spectrum of HDL particles of increasing size and

cholesterol ester content and decreasing reactivity with

LCAT (Owen & Mclntyre, 1982). This proposal is not

completely consistent with studies on patients with

familial LCAT deficiency which show that their nascent

HDL discs are too large to form HDL3 and must therefore

be directly converted to HDL2. If the course of apo E-

rich particles is followed in normal fresh plasma then

they are observed to disappear from the HDLs density

range and increase in concentration in the HDLi density

range (Schuhmaker & Adams, 1969). This suggests that HDLi

may be formed within the plasma and provide a mechanism

by which cholesterol may be returned to the liver (Owen &

Mclntyre, 1982). HDL2 also delivers cholesterol to the

liver and is, in the process, converted to HDL3 (Owen &

Mclntyre, 1982).

As far as has been studied, mammalian lipoproteins are
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very similar to their human counterparts. However

differences do exist and these are sufficient to enable

the production of antibodies against the various classes

(cited by Chapman, 1980).

1.12 Fish lipoproteins

In contrast to the vast amount of information on

mammalian lipoproteins relatively little is known about

the lipoprotein and apoprotein composition in fish.

A characteristic feature of fish is the elevated

levels of highly unsaturated fatty acids which are

incorporated into lipid esters. In the cholesterol ester

fraction from Salmo gairdneri. only 5% of the total lipids

are saturated (cited by Chapman, 1980). This is a

specific aquatic adaption in response to the low water

temperatures at which lipids must remain mobile. Although

the constitutive fatty acids of fish lipoproteins may

share the features of being highly unsaturated they vary

greatly in composition. Nelson & Shore (1974) detected up

to 90 different fatty acids in the lipid esters of

salmonid HDL.

Lipid uptake and storage is important in fish where

lipids are favoured as an energy source over

carbohydrates. Indeed, complex carbohydrates such as

dextrans and starches are poorly digested by rainbow

trout when given at high dietary levels (cited by Cowey &

Sargent, 1977). Carp (Cyprinus carpio) starved for 22
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days have blood glucose and liver glycogen levels which,

although fluctuating slightly, do not fall significantly

(cited by Cowey & Sargent, 1977). The liver glycogen

levels increase during the latter part of the spawning

migration of the Pacific salmon (Oncorhynchus nerka)

whereas lipid reserves are continuously depleted. In

contrast liver glycogen levels are completely depleted by

a fast of 24 - 48 hours in warm blooded omnivores (cited

by Cowey & Sargent, 1977).

Fish diets are rich in wax esters (esters of a fatty

acid and a long chain fatty alcohol) and triglycerides

containing polyunsaturated fatty acids. This varies from

the diet of man and is probably one reason for

differences between the digestive enzymes of fish

compared with these of humans (cited by Cowey & Sargent,

1977). Complete hydrolysis of wax esters to free fatty

acids (FFA) and the corresponding fatty alcohol is

probably aided by the numerous pyloric caeca which ensure

extended retention times and prolonged hydrolysis of the

components.

There are two mechanisms which have been proposed for

dietary lipid transport in fish. Skinner & Rogie (1973)

reported the presence of chylomicron-like particles in

the plasma of rainbow trout which had been maintained on

a high lipid diet. A fifty-fold increase in the number of

particles with diameters greater than 300nm was observed

when the diet was changed from 10 to 20% lipid. These

particles resembled human chylomicrons and when
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delipidated showed two bands on SDS-polyacrylamide gel

electrophoresis in 8M urea.

Bauermeister et al. (1979) fed rainbow trout on

zooplankton containing 10% of their dry weight as wax

esters. After the zooplankton feeding, large deposits of

triglycerides were observed around the intestines but wax

esters were not detected. From this it was concluded that

the fatty alcohol moieties of the wax esters had been

absorbed and oxidised to FFA within the intestinal

epithelia and, after absorption across the lumenal plasma

membrane, were elaborated into triglycerides in the

membranes of the smooth endoplasmic reticulum within the

columnar cells. Conglomerates ranging from 30-400nm in

diameter were discharged from the Golgi into the

intracellular spaces and finally drained into the lamina

propria. In the study of Bauermeister et al. the fate of

these particles was not established. However earlier

studies by Bergot et al. (cited by Bauermeister et al.,

1979) describe lymphatic vessels in the lamina propria of

the trout and also provide evidence for the direct

transfer of chylomicron-1ike particles across blood

capillaries by pinocytosis. Both of these routes are

capable of draining chylomicrons from the intestine to

the blood.

Both Skinner & Rogie (1981) and Bauermeister et al.

(1979) are therefore of the opinion that triglycerides

are initially transported in the circulation as

chylomicrons.
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A second mechanism for lipid absorption has been

proposed by Robinson & Mead (1973) and is consistent with

the model proposed by Kayama & Iijima (1976). Robinson &

Mead (1973) observed plasma from rainbow trout on various

occasions, including after a fatty meal, and never found

it to be opalescent or lipaemic. From this they argue

that fish do not produce chylomicron-like particles and

that a lipid transport system different to that in

mammals must operate. They support the early model

proposed by Greene (1913, cited by the aforementioned) in

which the intestinal epithelium discharges its fat into

the connective tissue of the lamina propria. The lamina

propria is surrounded by a continuous sheath known as the

"stratum compactum" which has no discernable openings

other than those where capillaries enter. Fat taken up by

the capillaries within the lamina must therefore first be

hydrolysed to allow diffusion into the vessels. By this

route a significant fraction of the FFA could be

transported to the liver either for utilisation or

esterification and subsequent storage. This mechanism

implies that triglycerides are released directly into the

blood as FFA and that chylomicron-like particles do not

exist in fish. Which of these two mechanisms is correct

is not the issue of this thesis and so will not be

discussed any further. However, if the second model is

correct and FFA are released directly into the

capillaries, a role for a fatty acid binding protein is

inferred.
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HDL is the most abundant lipoprotein in teleosts

(cited by Chapman, 1980). Wide variation exists in its

composition between cyclostomes, elasmobranchs, teleosts

and man, only teleostan HDL resembling that of human to

any great extent (cited by Chapman, 1980). In addition, a

denser form of HDL known as Very High Density Lipoprotein

(VHDL) has been identified in fish serum which has been

implicated in the formation of eggs (cited by Tata &

Smith, 1979). It has been isolated from both female trout

and cod sera and corresponds in size, immunological

properties and protein content to vitellogenin. VHDL from

both trout and cod appears to exist in two forms, and in

this respect is different to VHDL in invertebrates (cited

by Chapman, 1980). No apoproteins have been detected in

VHDL, indicating that, at least in teleosts, specific

serum proteins must be selectively involved in fish

vitellogenesis (cited by Chapman, 1980). This is

different to the situation in invertebrates where the

apoproteins of HDL are also found in VHDL and serve the

dual role of controlling metabolism of lipoproteins and

of transporting components such as protein, lipid and

carotenoids for egg formation (Babin, 1986).

The existence of VHDL further complicates studies on

salmonid serum. It would appear that the sex of the fish

as well as the stage of the sexual cycle is important

because VHDL is found only in females and is detected

appreciably during spawning (Babin, 1987). This must be

remembered in studies on salmonid serum components.
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1.13 Apoproteins of fish lipoproteins

In salmon and rainbow trout the major apoproteins in

HDL are analogous to the A apoproteins in man (cited by

Chapman, 1980). Two major bands corresponding closely in

migration to human apos AI and All are identified on SDS-

urea gels of urea solubilised apo HDL from these species.

They are also alike to the human apoproteins in behaviour

on gel filtration, exhibiting molecular weights in the

range of 10-llkDa and 22-26.5kDa respectively (the

molecular weight of human apo AI is 8.69kDa and of apo

All 28.3kDa). Minor differences between the two species

are recognised such as the presence of isoleucine,

elevated concentrations of alanine and lesser

concentrations of aspartate and leucine in fish apo AI

(Nelson & Shore, 1974). To date apo All has not been

characterised in trout but the salmon protein varies

greatly from its human counterpart in amino acid

composition (Nelson & Shore, 1974). Most noticeably it

lacks cysteine and in this respect it resembles apo All

from rat, dog, rabbit and the rhesus monkey (cited by

Chapman, 1980 ) .

In fish VLDL and LDL an apo B-like protein is the

major component (cited by Chapman, 1980). The amino acid

composition is very similar to that of human apo B, but

the fish counterparts do not appear to cross-react

immunologically with either human LDL or human apo B

(cited by Chapman, 1980). This suggests that fundamental
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differences in the structure of the antigenic

determinants exist. In contrast trout lipoproteins at

least are reported to be deficient in an analogue of

human apo C. However, a counterpart to apo CII may exist

because trout VLDL can act as a substrate for purified

bovine milk LPLase (cited by Chapman, 1980).

One can conclude that, as in humans, the role of the

fish lipoproteins is to transport triglyceride,
cholesterol and phospholipid in the plasma and target

them to specific sites. Targetting is by apoproteins

which are located at the surface layer of the lipoprotein

and which, in general, resemble these of their human

counterparts in amino acid composition.

1.14 Transport

Another role for lipoproteins in both humans and fish

has been proposed which is in the transport of lipophilic

compounds (eg drugs and carcinogens) and of long chain

fatty acids to the liver (cited by Chapman, 1980). In

humans free fatty acids are normally transported bound to

albumin but it has not yet been conclusively proved that

fish, in particular salmonids, possess an albumin-like

molecule. The controversy surrounding fish albumins will

be dealt with in greater detail in chapter 6. It has been

noted that during spawning of salmon and trout large

increases in the serum concentrations of lipoproteins

arise in response to the mobilisation of fat from the



adipose tissue and so lipoproteins would appear to play

an important role at this stage in the life cycle (cited

by Cowey & Sargent, 1977). Furthermore, the

concentrations of many lipoproteins in fish exceed those

of mammals implying that they play an important role.

1.15 Transport by mammalian lipoproteins

Studies on the transport of compounds other than

triglycerides, phospholipids and cholesterol by salmonid

lipoproteins have been little investigated. Therefore

some information on the transport of drugs and

carcinogens in humans will first be discussed and this

will be followed by a summary of some of the experiments

which have been performed on the binding of compounds to

salmonid lipoproteins.

In humans many drugs are transported to target

tissues bound to serum proteins, the most common drug-

binding proteins including albumin,

alphai-acid glycoprotein, IgG and lipoproteins (HDL,

LDL, VLDL) (cited by Tillement et al., 1984). It should

be noted that not all drugs are transported bound to

plasma proteins (eg. Amikacin, Atenolol, Ethambutol and

Ouabain). This may be related to their hydrophilicity and

polarity which makes them sufficiently soluble in the

plasma (Tillement et al., 1984).

When studying the binding of compounds to plasma

proteins the concentration of the ligand in the plasma is
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important. At elevated concentrations interaction with a

variety of plasma components may be observed. For

example, in perfused rabbits thiamine was observed to

bind to albumin when administered at low concentrations

and, in addition, to bind to globulins if present at

increased concentrations (cited by Tillement et al.,

1984). The distribution of a drug amongst plasma

components is also affected by factors such as the

genetics, sex, and age of the subject (cited by Tillement

et al., 1984).

The binding capacities of lipoproteins tend to

decrease from VLDL through LDL to HDL because VLDL,

having the greatest lipid content, has the largest

binding capacity (cited by Tillement et al., 1984).

Distribution into the lipid moiety has been demonstrated

for propanolol and some carcinogens (cited by Tillement

et al., 1984). Indeed, highly hydrophobic drugs such as

cyclosporin and polyene antibiotics have been

demonstrated to bind solely to lipoproteins (cited by

Tillement et al., 1984).

Diseases associated with tissue degradation or

hyperlipoproteinaemia are treated with a variety of

drugs. The binding of these drugs, particularly of the

basic ones, is increased in the disease states relative

to binding in control subjects (cited by Tillement et

al. , 1984). Variation in the concentration of HSA does

not usually change and often a decrease in concentration

is observed. In contrast, the concentration of
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lipoproteins and of alphai-acid glycoprotein may increase

five to ten fold (Pike et al., 1982). The two-fold

increase in the percentage of amitriptyline and

nortripyline binding to lipoproteins in the serum of

therapy control and intoxicated patients was investigated

using radioactively labelled amitriptyline and

nortripyline at therapeutical concentrations (Pike et

al., 1982). There was a positive correlation between the

percentage decrease in the bound/free ratio of the drugs

and the serum lipoproteins. Hobbelen et al. (1974) showed

that there was a correlation between the degree of

binding to the lipoprotein fraction and the lipophilicity

of a substance. They hypothesised that the binding of a

lipophilic substance to lipoprotein proceeds in two

stages. First, the substance binds to the surface of the

lipoprotein, probably electrostatically because the

surface consists of charged proteins and phospholipid

ionized head groups. Subsequently the substance migrates

into the lipophilic environment of the lipoprotein core

where binding is probably hydrophobic. As will transpire,

8-anilino-l-naphthalene sulphonate (ANS) binds to a

component in trout and salmon serum which would appear to

be a lipoprotein.

Specific binding to human HDL has been demonstrated

for the long chain polyisoprenoid dolichol, which reacts

very little with VLDL or LDL (cited by Tillement et al.,

1984). This implies that factors other than lipid

solubility affect the interaction of this drug with the
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lipoprotein. If this implication is expanded so as to

include fish, then it may have important consequences for

salmonids where the major lipoprotein type is HDL.

Benzo(a)pyrene, a potent carcinogen, is taken up by

human VLDL, LDL and HDL at saturating plasma levels (Shu

& Nichols, 1981). Its metabolites, monohydroxylated 3-

hydroxy-benzo(a)pyrene and dihydroxylated benzo-(a)-

pyrene-7,8-dihydrodiol are less lipophilic than the

parent compounds and are therefore expected to be taken

up less by lipoproteins. In fact the increased

hydroxylation does not decrease uptake into the lipid

phases of HDL. It would therefore appear that in addition

to lipid solubility, an additional mechanism exists for

the uptake of these components. This may be specific

interaction with HDL apoproteins or with the surface

monolayer of phospholipids.

1.16 Transport by fish lipoproteins

It was originally believed that fish did not require

a mechanism for getting rid of lipophilic compounds such

as is found in mammals because lipid soluble organic

compounds could be rapidly eliminated into the aqueous

water environment through the gill epithelial membrane

(cited by Forster & Goldstein, 1969). However studies on

the half lives of a variety of lipid soluble and readily

diffusible drugs (e.g. 4-amino antipyrine and

sulphalamide), do not suggest rapid diffusion from plasma
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to sea water (cited by Forster & Goldstein, 1969). The

conjugations and detoxifications so far identified in

fish resemble these of terrestrial animals and so it is

likely that transport mechanisms similar to these of

mammals also operate in fish. p-Nitrobenzoic acid and p-

aminobenzoic acid, often used as drugs, food additives

and pesticides can be detoxified by skates and some

species of teleosts (cited by Forster & Goldstein, 1969).

It is, however, not known if these drugs and others are

transported bound predominantly to serum lipoproteins as

is benzo(a)pyrene and its metabolites.

1.17 Hepatic clearance in mammals and fish

In mammals a variety of exogenous and endogenous

compounds of lipophilic nature are transported to the

liver bound to serum albumin and transformed on the

endoplasmic reticulum of the hepatocytes by reactions

such as deamination, oxidation, dealkylation, reduction,

desulphuration, aromatic hydroxylation and conjugation

(Chambers & Yarbrough, 1976). The aim of these reactions

is to make lipophilic compounds more polar and water

soluble so that they can be excreted from the body as

components of the bile. Compounds removed by this route

include steroids and bilirubin as well as exogenous

xenobiotics such as insecticides, barbiturates and a

variety of drugs (cited by Kragh-Hansen, 1981). Some of

the more water-soluble compounds are biotransformed in
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the kidney and excreted in the urine.

Like their mammalian counterparts, fish are known to

excrete a variety of endogenous and exogenous compounds

from the blood via the hepatobiliary system (Chambers &

Yarbrough, 1976). Cytochrome P450 monooxygenases, UDP-

glucuronosyl transferases and glutathione-S-transferases

have been isolated from the livers of a variety of fish

species (Anderson et al., 1985; Chambers & Yarbrough,

1976; Nimmo, 1987) and have been shown to have similar

physical and chemical properties to their mammalian

counterparts. There are general similarities between fish

mixed function oxidases and those of mammals. Both need

molecular oxygen and NADPH for activity and are located

on the smooth endoplasmic reticulum of the liver. They

have similar pH optima, greatest activity in the liver

and are inhibited or induced by similar compounds

(Chambers & Yarbrough, 1976). Although the mechanism for

the clearance of these compounds from fish has been

poorly investigated it is proposed that it is similar to

that operating in mammals. Xenobiotics such as drugs,

petroleum products and insecticides are also detoxified

although some reactions such as epoxidation and

desulphuration can actually activate the xenobiotic to a

more toxic compound. An example of this is in the

excretion of haem which is converted to the more toxic

bilirubin. It is the bilirubin which is transported and

excreted via the liver (cited by Colleran & Heirweigh,

1979 ) .
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Examples of fish mixed function oxidase enzymes

include aryl hydrocarbon hydroxylase which has been shown

to be active in brown trout and capelin (Chambers &

Yarbrough, 1976). These enzymes can be induced by feeding

or exposure to pollutants and a 50% decrease in enzyme

levels occurs when brown trout are moved from a highly

polluted river to clean laboratory water (Chambers &

Yarbrough, 1976). This change is not caused by

alterations in the hepatic protein or DNA content but has

been attributed to alterations in endocrine and metabolic

functions.

The mixed function oxidase enzymes have been found in

some extra-hepatic tissues although in rainbow trout and

vendace highest activity is found in the liver (Seppa et

al., 1981). It has been proposed that the measurable

levels of activities in the gills and intestine are

present because these are the two routes by which

xenobiotics enter the body (Seppa et al., 1981). Probably

for similar reasons mixed function oxidase activity is

also found in the kidney and intestines of mammals.

After the oxidative, reductive or hydrolytic

transformation of the xenobiotic by enzymes of the mixed

function oxidase system, secondary reactions act to make

the compounds more soluble for subsequent transport and

excretion in the bile. In mammals one of the main

conjugation pathways is conjugation with glucuronic acid

using UDP. This pathway is common for hydroxylated

compounds and, like mixed function oxidation, is also
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inducible by administered xenobiotics (Chambers &

Yarbrough, 1976).

Glucuronides and other conjugates have been observed

in fishes, activities generally being greatest at

temperatures lower than 37°C. Uridine diphosphate

transglucuronylase and glutathione-S-transferase

activities in rainbow trout are similar to those in

mammals (Chambers & Yarbrough, 1976).

It would therefore appear that fish are capable of

metabolising xenobiotics using mixed function oxidase

enzymes and conjugation reactions. The characteristics of

the enzymes involved are similar for fish and mammals

although the fish enzymes operate at lower temperatures.

The significance of such a system is self evident. First

it provides a means of eliminating spent steroid hormones

and of bilirubin, both of which are highly toxic.

Secondly, it is the excretory route for a variety of

lipophilic xenobiotic compounds which are encountered in

polluted waters and which are ingested by fish during

feeding and gaseous exchange (such as organophosphate

insecticides).
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1.18 Discussion

The following points have been brought out in this

chapter:-

1. The practice of fish farming has increased vastly over

the past decade and is an economically important

industry in Scotland.

2. Our knowledge of basic fish physiology is very

1imited.

3. The mechanism for the transport and clearance of

endogenous and exogenous compounds in the fish is

poorly understood and is assumed to resemble that of

humans.

4. In humans there are many transport components in

plasma.

5. Albumin and lipoproteins are general transporters of

endogenous and exogenous compounds in human plasma.

6. The presence of albumin or albumin-like molecules in

fish is disputed.

7. Fish lipoproteins resemble those of humans in chemical

properties but differ in their mobilities on

electrophoresis.
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8. In humans, compounds of exogenous and endogenous origin

are transported by plasma components, particularly by

albumin, to the liver for conjugation and excretion in

the bile.

9. In salmonid fish endogenous and exogenous compounds

are conjugated in the liver and excreted in the bile.

The conjugation reactions are similar to these

described for humans.
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There are seven more chapters in this thesis.

Chapter 2 is a catalogue of the experimental methods

used in chapters 3-7. Chapters 3 and 4 are concerned,

respectively, with describing the serum components of

rainbow trout and the variations in selected serum

parameters amongst individual rainbow trout. Chapters

5 and 6 concentrate on three transport components from

the serum of rainbow trout which are a lipoprotein and

two albumin-like molecules respectively. They are

followed by a chapter which describe an investigation

on the serum components of the Atlantic pre-spawning

salmon. The closing chapter is a short discussion on

plasma transport in salmonids.
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Chapter 2

Materials and Methods
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2.01 Fish

Mixed populations of rainbow trout (Salmo gairdneri,

wt. range 200-800g) were supplied by Beecraigs Fish Farm,

Beecraigs Country Park, Linlithgow, West Lothian, UK and

later by the Natural Environmental Research Council

Aquatic Unit, University of Stirling, Bridge of Allan.

Atlantic salmon (Salmo salar) were caught by fly

fishing from the River Oykel, Sutherland.

2.02 Preparation of serum

Trout were stunned by a blow to the back of the head

and blood was removed by cardiac puncture using a 19G

needle. Blood was allowed to clot on ice during transport

to Edinburgh and centrifuged (1 500g for 30min) to

separate serum from other blood components. Serum was

decanted into 2ml aliquots and stored at -70°C until

required.

Salmon were stunned and blood was taken from a

severed gill artery. It was allowed to clot, centrifuged,

and the serum was stored at -10°C for up to a week.

Samples were transported to Edinburgh and kept at -70°C

thereafter.

2.03 Bradford's protein assay

The method used was a modified version of that of
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Bradford (1976).

To Serva Blue G dye (25mg) (Sigma Ltd., Poole,

Dorset) dissolved in 25ml 95% v/v ethanol was added 50ml

concn orthophosphoric acid and 25ml distilled water. This

stock solution was stored in a dark bottle at 4°C and

diluted five-fold with saline (0.9% w/v NaCl) before use.

Protein solutions to be assayed were diluted 100-fold in

saline. Before use the dye reagent was allowed to reach

room temperature and 1ml mixed by vortexing with protein

solution (lOOul*). After 30min at room temperature the

absorbance was read at 595nm against a reagent blank

consisting of 1ml dye reagent plus lOOul of saline. A

standard calibration curve was produced for BSA (Sigma)

diluted in saline (10, 20, 50, 100, 200 and 500ug/ml).

There was little variation in the standard curve on

successive occasions and so the original curve was used

for each batch of dye dissolved. However, for really

accurate protein assays, a fresh curve was prepared every

time the dye reagent was diluted for use.

Assays were carried out in duplicate and absorbances

read in a quartz cuvette at a path length of 1cm (one

cuvette was used constantly and rinsed with distilled

water between individual assays).

2.04 Drabkin assay for haemoglobin

The principle of the assay is described by Dacie &

Lewis (1975).

* The symbol "u" is used f°ryU throughout this Thesis
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Serum (50ul) was added to 1ml of Drabkin Reagent

(Sigma Ltd) and, after lOmin to allow the haemoglobin to

react, the absorbance measured in a quartz cuvette at

540nm against a reagent blank of 1ml Drabkin Reagent plus

distilled water (50ul). The path length was 1cm. The

method was calibrated using standard solutions of 3g/dl

and llg/dl haemoglobin which were purchased already

prepared. They were diluted twenty-fold before use.

Assays were carried out in duplicate and, unless very

precise determination of the haemoglobin concentration

was required, were calculated with reference to the

original calibration curve.

2.05 Electrophoresis

2.05.01 Agarose gel electrophoresis

Samples (up to 3ul) were electrophoresed on pre-cast

1% agarose gels (Universal Electrophoresis Film, Corning

Medical). The electrode buffer was 50mM Veronal buffer,

pH 8.6 (10.305g barbituric acid (BDH Chemicals, Poole,

Dorset), 0.375g disodium-EDTA (BDH Chemicals) in 11 of 1M

NaOH adjusted to pH 8.6 with HC1) and diluted 1:1 with

distilled water before use.

Samples were electrophoresed at room temperature for

1 hour at 70V in a Corning Electrophoresis Chamber. After

electrophoresis was complete gels were stained with

Coomassie Brilliant Blue (PAGE Blue 83, BDH Chemicals)
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for 30min at room temperature and then destained in

several changes of gel destaining solution as required

(see 2.05.02).

2.05.02 Assembly of gel cassette and pouring of gels

Two glass plates (19cm x 16.5cm, one with a 2cm x

14cm strip removed so that the plate had two top edge

lugs) were washed with methanol, dried and clamped

together separated by three lightly greased teflon

spacers which were orientated one along each of the three

edges of the plates (both sides and the bottom). Gels

used for the electroelution of protein bands were

prepared using two spacers along each edge which meant

that the cast gel was double the thickness of the

standard ones.

Gel solutions were poured carefully between the glass

plates and either overlaid with a water saturated butanol

solution or a perspex comb inserted. After se+hn^ *
of the gel the perspex spacer was removed from the bottom

edge of the plates and the cassette mounted onto the gel

tank with the lugged plate facing the tank. A layer of

Vaseline was applied to the mounting surface of the

cassette so that buffer from the top reservoir did not

leak into the bottom chamber. The perspex comb was

removed from the top of the gel and the pockets so formed

rinsed with electrode buffer to remove any unset

gel solution. The top chamber was filled with the
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appropriate electrode buffer which varied according to

the type of electrophoretic separation to be performed.

The same solution of electrode buffer was also used to

fill the bottom reservoir of the tank and any air bubbles

trapped at the underside of the gel were removed by

flushing with electrode buffer from a syringe. Buffer

from the top tank could subsequently be used in the

bottom tank reservoir, but after use in the bottom

reservoir it was always discarded.

The lid was placed on the gel tank and the gels were

run at 30V overnight. Sometimes it was necessary to run

the gels at a higher or lower voltage depending on the

temperature. In summer gels tended to run faster than in

winter. Once the Bromophenol Blue dye-front had reached

the base of the gel (or run off the bottom, depending on

requirements) the power supply was switched off, the gel

cassette removed, taken apart and the gel placed in gel

fixing solution for at least 1 hour.

After fixing^the gels were stained for 2 hours at

room temperature (or 1 hour at 50°C) and destained in

several changes of gel destaining solution.

Gel fixing solution: 10% v/v acetic acid + 20% v/v

methanol in distilled water.

Gel staining solution: 0.25% w/v PAGE Blue 83 (BDH

Chemicals) + 7.5% v/v glacial

acetic acid + 50% v/v methanol.
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Gel destaining solution:7% v/v glacial acetic acid + 10%

v/v methanol.

2.05.03 Native polyacrylamide gel electrophoresis

The method used was a modified version of that

described by Davis (1964) which was adapted for slab

gels .

Solution A: 0.2M Tris/glycine buffer, pH 8.6

21.6g Tris (Trizma Base, Sigma Ltd) + llg

glycine (Sigma Ltd) + 1.86g disodium-EDTA

dissolved to 11 in distilled water and pH 8.6

with HC1. The solution was diluted 1:1 with

distilled water before use.

Solution B: Acrylamide/bisacrylamide solution

3.38g acrylamide (Electran, BDH) + 0.0675g

N,N'- methylenediacrylamide (bis-acrylamide,

Koch Light, Colnbrook, England)

dissolved in 60ml of solution A.

Solution C: 10% TEMED

N,N,N',N'-tetramethylenediamine (TEMED, Koch

Light) (0.5ml) dissolved in 5ml of ethanol

and stored in a dark bottle at 4°C.

Solution D: APS solution
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A 1ml solution of 10% w/v ammonium

persulphate (APS, BDH Chemicals) in water was

prepared freshly on each occasion.

Solution E: Sample incubation buffer

40% w/v glycerol + 0.0025% w/v

Bromophenol Blue (BDH Chemicals) in water.

2.05.04 Casting of gels

Solution C (0.45ml) and solution D (0.9ml) were mixed

with 60ml of solution B and the mixture was poured

between the glass plates. A perspex comb was inserted

into the top of the gel to form the sample pockets and

the gel left to polymerise for approximately 30min. After

polymerisation the perspex comb was removed as was the

bottom spacer, and the gel mounted against the cassette

as described previously (2.05.02).

Protein samples (0.5-2mg/ml) were mixed with an

appropriate volume of solution E so that they remained at

the bottom of the sample pockets when applied to the gel.

Electrophoresis was performed as described previously

(2.05.02).

2.05.05 SDS-polyacrylamide gel electrophoresis

SDS-electrophoresis (modified from the method of
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Laemmli, 1970) was carried out on 10% polyacrylamide

gels .

Solution A: Acrylamide stock

60g acrylamide + 1.6g bis-acrylamide were

dissolved in 200ml of distilled water and

filtered through glass wool to remove any

undissolved particles. The solution was

stored at 4°C in a dark glass bottle.

Solution B: Stacking gel buffer

12g Tris base + 0.26g disodium-EDTA were

dissolved in 200ml of distilled water and the

pH of the solution was adjusted to 6.8 with

concn HC1. After adjusting the pH of the

solution 0.8g of SDS (BDH Chemicals) were

added. The solution was stored at 4°C.

Solution C: Main gel buffer

18.2g Tris + 0.27g disodium-EDTA made up to

100ml in distilled water, filtered through

glass wool and adjusted to pH 8.8 with cone

HC1. After adjusting the pH, 0.4g of SDS was

added and the solution stored at 4°C.

Solution D: Polyacrylamide solution

6g polyacrylamide (BDH Chemicals) were added

slowly with stirring to 200ml of distilled
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water.

Solution E: Electrode buffer

30g Tris + 144g glycine + 5g SDS + 3.7g

disodium-EDTA dissolved in 11 of distilled

water. The buffer was diluted five-fold

before use.

Solution F: Sample incubation buffer

40ml of 50mM Tris/HCl, pH 6.5 + 8g SDS + 4g

disodium-EDTA + 40ml glycerol dissolved to

100ml in distilled water. The solution was

diluted four-fold with distilled water before

use .

2.05.06 Preparation of samples

Protein was precipitated from the samples by adding

an equal volume of 20% trichloroacetic acid (TCA, BDH

Chemicals), cooling the mixture on ice for 30 min and

centrifuging at 1 OOOg for 10 min (MSE bench centrifuge).

The supernatant was poured off and the precipitate was

dissolved in an appropriate volume of solution F (diluted

four-fold), neutralised by the addition of 1M Tris/HCl,

pH 7.2 and heated at 70°C for 1 hour. This technique was

used to separate potassium and lipids from the protein

samples both of which interfere with the separation of

components on SDS-gels.
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2.05.07 Gel preparation

To prepare a 10% slab gel 10ml of solution A + 7.5ml

of solution C + 5ml of solution D + 7.4ml of distilled

water were mixed with 120ul of freshly prepared 10% w/v

APS and 15ul TEMED. The gel mixture was poured between

the glass plates, overlaid with a water-saturated

solution of butanol and allowed to polymerise for

approximately 15min.

The stacking gel was prepared as follows:-

1.2ml solution A + 2ml solution B + 1.3ml solution D

+ 1.3ml distilled water were mixed with 125ul 10% w/v APS

(prepared freshly in distilled water) and lOul TEMED.

The butanol was poured off the top of the polymerised

main gel and the top washed with distilled water and

finally with the stacking gel buffer. The stacking gel

was poured on top of the main gel and a perspex comb

inserted at the top. After polymerisation the comb and

bottom spacer were removed and the gel was mounted in the

cassette. The reservoirs were filled with solution E and

the gel run at 30V overnight.

2.05.08 SDS-glycerol polyacrylamide electrophoresis

It was fortuitously discovered that improved

separation of the subunits from the trout 130kDa

component was obtained on electrophoresis if glycerol was

added to the polyacrylamide gel mixture and the pH of the
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gel lowered to 6.8. The gels were prepared according to

the method of Connelly and Kuksis (1982).

Gel buffer

0.8M phosphoric acid titrated to pH 6.8 using

solid Tris + 0.8g w/v SDS made up to 100ml

with distilled water.

Aerylamide/bisacrylamide solution

50g w/v acrylamide + 20g w/v bisacrylamide

made up to 100ml in distilled water, filtered

and stored at 4°C.

10% acrylamide, 18% glycerol

3.13ml solution A + 5ml solution B + 3ml of

glycerol + 13.87ml of distilled water.

Electrode buffer

0.2M sodium phosphate, pH 7.0 + 0.2% w/v SDS

diluted 1:1 with distilled water before use.

2.05.09 Preparation of sample

To a solution of protein (50ug in 1 volume) was added

30 volumes of isopropanol + 4% w/v SDS + 20 volumes of

400mM dithiothreitol (solution E, Sigma Ltd). The

solution was boiled at 100°C for 4 min and lOul of

bromophenol blue/glycerol added per ml of sample.
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2.05.10 Calibration of SDS-polyacrylamide gels

The molecular weights of the components separated on

SDS-polyacrylamide gels were determined by comparing

their mobilities to these of a set of SDS molecular

weight markers (Sigma SDS-70L). The markers were

reconstituted in 1.5ml of solution E (method 2.05.09) and

incubated for 2 hours at 37°C. They were stored as 50ul

aliquots at -20°C.

The marker kit was composed of the following:-

Mol. Wt.(kDa)

Bovine albumin 66

Egg albumen 45

Glycerol-3-phosphate dehydrogenase 36

Carbonic anhydrase 29

Trypsinogen 24

Trypsin inhibitor 20.1

Alpha lactoglobin 14.2

2.06 Silver staining

Polyacrylamide gels were silver stained using the

method of Wray et al. (1981) because silver staining is

much more sensitive than Coomassie Brilliant Blue at

detecting proteins (down to BSA concentrations below

lOng). The silver staining of 1% agarose gels was
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attempted but proved unsuccessful.

Gels to be silver stained were fixed and soaked in

three changes of 50% v/v methanol over a period of 6

hours to remove glycine which was from the electrode

buffer. This was only necessary for SDS-gels but

nevertheless was also employed prior to silver staining

native polyacrylamide gels. During this procedure gels

shrank to about 1/3 of their original size and so were

re-hydrated in 2 changes of distilled water.

The staining procedure was carried out as described

adhering strictly to the incubation times and washing

regimes stated. This was essential to keep the background

staining of the gels minimal. All glass vessels were

thoroughly washed with methanol prior to use and were

used solely for silver staining.

Solution A: 0.8g AgNOa (Sigma) in 4ml of distilled water.

Solution B: 20ml NaOH + 1.4ml 0.88M NHa.

Solution C: Silver staining solution

A was added to B dropwise with stirring and

made up to 100ml with distilled water. The

solution was used within 5 min of

preparation.

Solution D: Developer

Trisodium-citrate (2.5ml of 1% w/v)
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(BDH Chemicals) + 250ul 38%

formaldehyde, made up to 500ml with

distilled water and used within 5 min.

Solution E: Stop solution

50% v/v methanol + 10% v/v glacial acetic

acid.

Solution F: Destaining solution

3.7g NaCl (BDH Chemicals) + 3.7g cupric

sulphate (BDH Chemicals) + 85ml distilled

water. NH3 (0.88M) was added until a deep

blue colour was observed and the solution

made up to 100ml with distilled water. A

solution of 43.6g sodium thiosulphate (BDH

Chemicals) in 100ml distilled water was

prepared and mixed with an equal volume of

the former.

The gel was stained at room temperature in solution C

for 15 min with constant agitation. Solution C was

discarded and the gel washed for 5 min each in four

changes of distilled water. During these washes solution

D was prepared.

The gel was developed in solution D for 10-15 min

with constant agitation until brown-stained bands were

visible. The development was stopped before the

background became too intensely stained by replacing
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solution D with solution E.

If the gel had been overstained it was destained in

solution F.

2.07 Periodic acid-Schiff's stain (PAS) for carbohydrates

The method was that of Zacharius & Zell (1969).

The gel to be stained with PAS (either agarose or

polyacrylamide) was soaked for 50 min in a solution of 1%

w/v sodium periodate (Sigma Ltd) in 3% v/v acetic acid.

This was to oxidise the carbohydrates to aldehydes. After

washing six times each for 10 min in 200ml of distilled

water (or overnight in excess) to remove periodic acid,

the gel was incubated in a solution of fuschin sulphite

(BDH Chemicals) for 1 hour in the dark. This solution was

replaced, without washing in-between, with three

incubations each of 50ml fresh 0.5% w/v sodium

metabisulphite (BDH Chemicals). The gel was finally

washed extensively in distilled water until the

background was clear and stored in 5% v/v acetic acid.

2.08 Sudan Black stain for lipids

A saturated solution of Sudan Black B (BDH Chemicals)

was prepared in 55% v/v warm ethanol. The solution was

stirred at 37°C for 1 hour, cooled and filtered through

glass wool to remove any undissolved stain and

impurities. The stain was stable for up to two weeks,
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after which time the Sudan Black precipitated out of

solution.

Agarose gels (unfixed) were stained for 1 hour and

then washed in 40% v/v ethanol until the background was

relatively clear.

2.09 Electrophoresis using the Phaststat apparatus

The Phaststat apparatus was loaned by Pharmacia to

the Department of Biochemistry for a period of three

weeks. The apparatus consists of an electrophoretic bed

on which two gels could be run simultaneously.

Electrophoresis was performed according to the methods

suggested by Pharmacia which are shown.

Native gel electrophoresis was performed on 8-25%

linear gradient polyacrylamide gels which were purchased

from Pharmacia Ltd. (Uppsala, Sweden). The gels consist

of a 13mm stacking zone and a 32mm gradient gel. The

buffer system of the gels was 0.112M sodium acetate +

0.112M Tris, pH 6.4. The electrode buffer was purchased

as solid strips which were composed of 0.88M L-alanine +

0.25M Tris, pH 8.8 + 2% w/v agarose. A strip was

sandwiched between the gel and each electrode.

Approximately 3ul of up to 12 samples were loaded

onto the gels automatically from a plastic comb. The

electrophoresis was carried out on the Phaststat cooling

bed at a temperature of 15°C, voltage of 400V and power

of 2.5 watts according to the programmed method shown.
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STEP CURRENT RUN LENGTH

(mA) (V x h)

1.1 10 10

1.2 1 2

1.3 10 268

The sample was applied to the gel at step 1.2.

After the electrophoresis was complete (signalled by

a high-pitched tone) the gel was removed from the

electrophoresis chamber and transferred to the staining

tank. Staining was with Coomassie Brilliant Blue using

the automated procedure shown. During staining the gel

was rotated constantly in each solution.

SOLUTION A: Fixing solution

20% w/v TCA

SOLUTION B: Washing solution/destaining solution

30% v/v methanol, 10% v/v glacial acetic

acid

SOLUTION C: Staining solution

0.02% w/v Phaststat Blue R (Pharmacia Ltd) in

30% v/v methanol, 10% acetic acid + 0.1% w/v

copper sulphate (BDH Chemicals).

The protocol was 8 min in solution A followed by 5
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min in solution B, 10 min in solution C and 10 min in

solution D.

2.10 Gel scanning

Gels (agarose and polyacrylamide) were stained with

Coomassie Brilliant Blue and the density of the stained

regions quantified by scanning them with a Joyce Loebl

Chromoscan 3 at 530nm and using an apeture width of

0.1mm. The parameters used are shown. The area under each

of the stained peaks was quantified as a percentage of

the total stained area.

Scan length 7 0mm

Aperture width 0 . 1mm

Mode absorbance

Maximum background

Ramp rate (1/slope)(1-225) 1
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2.11 Electroelution from polyacrylamide gels

A single protein-stained band, assumed to be composed

of just one protein, was sliced from a Coomassie-stained

polyacrylamide gel using a scalpel and cut into 2mm

strips. Care was taken to avoid touching the slices and

thus of contaminating the sample with skin proteins or

amino acids in sweat. The strips were placed in the

cathodic chamber of the electroelution apparatus and

electroelution was carried out for up to 12 hours (until

all of the Coomassie Blue stain had been eluted from the

gel and collected at the anode). The electrode buffer

used was SDS-electrode buffer (solution D in method

2.05.08) or, for native gels, 50mM Tris/HCl, pH 8.6. The

use of 50mM Tris/Glycine buffer was avoided in the latter

case because the glycine from the buffer would interfere

with the subsequent amino acid analysis. The eluted

material was removed from the anodic chamber to a

centrifuge tube using a clean glass pipette. SDS (if it

was present) and Coomassie Brilliant Blue were removed by

precipitating proteins on ice with ether for 2 hours. The

solution was centrifuged at 1" OOOg for 10 min and the

precipitated proteins were resuspended in an appropriate

buffer.
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2.12 Blotting techniques

In this method (a modified version of that described

by Towbin et al., 1979) proteins are transferred from a

gel to a sheet of nitrocellulose (referred to as Western

blotting) either using an electric current (for

polyacrylamide gels) or by simple diffusion (for the

thinner agarose gels). The unoccupied binding sites on

the nitrocellulose are blocked using a solution of the

detergent polyoxyethylene-sorbitan monolaurate (Tween 20,

Sigma Ltd) and the sheets incubated in antibody solutions

using the antibodies at pre-determined concentrations.

Antibodies react with components bound to the

nitrocellulose and reaction is visualised by an enzymic

reaction. In all cases a component of the system was

conjugated to the vitamin biotin. Biotin has a high

affinity for avidin and so Streptavidin conjugated to

Horse Radish Peroxidase (HRP) bound to the biotin. The

substrates for HRP,4-chloro-1-naphthol and hydrogen

peroxide, were used to produce a purple stain when acted

on by HRP.

2.12.01 Transfer by diffusion

A 1% agarose gel was run and washed in a solution of

20mM Tris/HCl, pH 7.2. It was overlaid with a sheet of

nitrocellulose and then with a piece of blotting paper

which had been soaked in the Tris solution. The

-83-



components were sandwiched between two clean glass plates

which were held together by four bulldog clips, one along

each edge of the plate. Transfer was carried out

overnight.

2.12.02 Transfer by electroblotting

SDS-polyacrylamide gels (10%) were run, removed from

the cassette and a corner was snipped off so that the top

and bottom of the gel could be identified after transfer.

The electroblot tank (E-C Apparatus Corporation, St.

Peterburgh, Florida, USA) was half-filled with transfer

buffer (20mM disodium hydrogen phosphate + 20% v/v

methanol + 0.02% w/v SDS, made up to 10 litres and stored

at 4°C) and four sheets of blotting paper and two

scouring pads (all 14.5 x 16cm) were left to soak in it.

The transfer cassette was assembled from the cathode

upwards with the following layers:- scouring pad, 2

sheets blotting paper, gel, nitrocellulose, 2 sheets

blotting paper, scouring pad, anode. Care was taken to

exclude air bubbles from between the nitrocellulose and

gel because these would break the electrical contact and

therefore prevent the transfer of proteins from the gel

to the nitrocellulose at this point. The cassette was

held closed by four screws, one at each corner of the

cassette. It was placed in the now filled transfer tank

and connected to the power supply. Transfer was carried

out at 0.8mA for two hours.
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2.13 Amido Black staining

Nitrocellulose sheets were always stained with a 1%

w/v solution of Amido Black 12B (BDH Chemicals) in 10%

v/v acetic acid. After staining for approximately 30 min,

destaining was in a solution of 45% v/v methanol + 10%

v/v acetic acid.

2.14 Biotylination

The method used was that of Guesdon et al. (1979).

A solution of 0.1M N-hydroxy-succinimidobiotin (NHS-d-

biotin, Sigma Ltd) in dimethylformamide (DMF) was

prepared. For the biotylination of both IgG and Con A

200ul of this solution was added to lOmg of protein in

0.1M sodium bicarbonate/HCl, pH 9.8.

2.15 Fast Performance Liquid Chromatography (FPLC)

Unless otherwise stated, all chromatography was

performed on the FPLC (Pharmacia LKB Ltd., Uppsala,

Sweden). The apparatus consists of a pump (P-500),

fraction collector (Frac-100), chart recorder (REC-482)

and control panel (LCC-500). The advantages in using this

apparatus are manifold. Firstly, routine chromatographic

procedures can be programmed into the control panel,

enabling one to devote more time to another task.

Secondly, faster flow rates than those which are
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achievable using a conventional chromatographic pump can

be applied. This means that the time required to perform

a chromatographic separation is reduced and is of

particular advantage if one is working with unstable

proteins where time is a crucial factor.

Pharmacia have produced a range of columns which have

been specially designed for use with the FPLC apparatus.

Of these the molecular exclusion Superose 12 HR10/30 and

Superose 6 HR10/30 and anion exchanger Mono Q HR5/5 were

used in this project. They have been pre-packed with

monodisperse Superose beads which are designed to

withstand the high operational flow rates without

compacting and also to give improved resolution of

separation of components over conventional

chromatographic media. Unfortunately the Superose 12

column which was used in this study was also used by

other research groups and, as a result of harsh

treatment, compression of the column occurred. The

affinity column Cibacron Blue F3GA-Sepharose was poured

in the lab and operated in conjunction with the FPLC,

albeit at a lower flow rate than that used for the

Superose columns. This highlights yet another advantage

of FPLC in that conventional media can be used in

conjunction with the FPLC although poorer resolution of

separation is obtained compared with that on Pharmacia

prepacked columns.

All samples and buffers were filtered through a 0.22

micron filter (Millipore Corporation, Bedford) before use

-86-



to remove dissolved oxygen and any particulate material.

2.15.01 Affinity chromatography

A commercially produced column (Wright Scientific

Ltd., Kenley, Surrey, UK) was partially filled with

packing buffer (50mM Tris/HCl, pH 8.6) which was injected

at the lower end to remove any air bubbles from the

sintered end-pieces and connecting tubing. A suspension

of Cibacron Blue F3GA-Sepharose was allowed to swell for

two hours in several volumes of packing buffer, then

poured down a glass rod into the column. Once the column

was packed (bed size 0.5cm x 15cm) adjuster assemblies

were inserted and the column was equilibrated.

Before use the column was always equilibrated with

50mm Tris/HCl, pH 8.6 + 50mM NaCl for 1 hour at a flow

rate of 0.3ml/min. Sample (a maximum of 60mg protein in

2ml) was applied to the top of the column via a 2ml

sample loop (Pharmacia) to ensure accurate volume

deliverance and the A2a 0nm of the eluent monitored

constantly. When all of the non-adsorbed material had

been eluted from the column and the A2s0nn returned to

the baseline level, bound components were eluted using

0.3M NaCNS in 50mM Tris/HCl, pH 8.6. The machine was

programmed so that any eluent with a A280nm greater than

5% of the maximum absorbance would be collected as 0.5ml

f ractions.

The column was stored in 50mM Tri^HCl + 0.3M NaCNS +

-87-



0.1% NaN3 at pH 8.6. When the backpressure increased

significantly the column was washed with 6M urea (usually

after approximately 10 chromatographic runs).

2.15.02 Gel-filtration chromatography

Prepacked columns containing "Superose" (a cross-

linked agarose based medium) were used. Superose 12

HR10/30 was used to fractionate components within the

molecular weight range l-300kDa and Superose 6 for

components with molecular weights between 5 000 and

5000kDa. Both columns had a bed size of 10mm x 300mm. The

Sephadex G-100 column used in conventional gel filtration

was packed by the same procedure as that described for

the affinity column and operated at 4°C. The bed volume

was 55cm x 2cm. Before use the column was equilibrated

with 50mM Tris/HCl, pH 8.6 + 50mM NaCl at a flow rate of

20ml/h (delivered from a Unisal Micro UMP 3 pump, Tokyo

Rikakikal Co. Ltd). Sample (a maximum of 10ml) was

applied to the top of the column using a 30cm length of

plastic tubing (internal diameter of 0.035mm) and eluent

collected as 30 drop fractions (approximately 1.55ml).

The column was stored on 0.1% NaN3 at 4°C when not in

use .

Columns were equilibrated with at least two column

volumes of filtered buffer before sample application. A

maximum of 0.5ml of sample was applied to the top of the

column via a sample application loop. Proteins were
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eluted in 50mM Tris/HCl, pH 8.6 + 50mm NaCl at a flow

rate of 0.3ml/min. For multiple injections of sample a

Pharmacia autoinjection valve was employed (MV-8). The

columns were washed with 50ml each of 70% v/v formic

acid, 24% ethanol, 0.1M NaOH and water when the

backpressure increased. They were stored in 20% ethanol

when not in use to prevent bacterial growth.

The Superose columns were calibrated with Sigma gel

filtration molecular weight markers (MW-GF-200 Kit) which

contained the following

Mol.Wt.(kDa)

Blue Dextran 2000

Cytochrome c 12.4

Carbonic anhydrase 29

Alcohol dehydrogenase 150

Beta-amylase 200

BSA 66

A suitable amount of each was passed down the column

in 50mM Tris/HCl, pH 8.6 + 50mM NaCl and the retention

times measured on the chart recorder output. A graph of

log (mol. wt.) against retention time was plotted

(measured, for convenience, in cm) and used to determine

the mol. wts. of unknown components.

It was necessary to calibrate the column on more than

one occasion because a small amount of the packing gel

was removed each time the column filter was changed. This

resulted in a gradual reduction in the length of the
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column.

2.15.03 Anion exchange chromatography

The anion exchange resin used was a prepacked column

of "Mono Q HR5/5" (bed size 5mm x 50mm). This is a strong

anion exchanger with the charged group -CH2-N-(CH3)3.

Separation was in 20mM sodium phosphate, pH 6.8 using a

linear 0-1M NaCl gradient. The flow rate was 1.5ml/min

and 0.5ml fractions of eluent were collected as required.

The column was washed in 50ml each of 75% v/v acetic

acid, 2M NaCl, 2M NaOH and distilled water when the

backpressure increased. When not in use the column was

stored in 20% ethanol.

2.16 Concentration of samples

2.16.01 Ultrafiltration

Concentration of samples by ultrafiltration was

performed using an Amicon 65 ultrafiltration cell fitted

with a Ym30 membrane (molecular weight cut-off 30 000,

supplied by Amicon Ltd., Stonehouse, Glos). Before use

each new membrane was treated with 50ml of distilled

water to remove anti-microbial and storage agents.

Samples were ultrafiltered under 70psi pressure (provided

by nitrogen). After use the membranes were soaked

overnight in 1M NaCl and then stored in 10% v/v ethanol
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which was removed before use by filtering 50ml of

distilled water.

2.16.02 Dehydration of samples

Samples with a volume of less than 1ml were

concentrated by dehydration in the desalting gel Bio-Gel

P-6DG (Bio-Rad). The sample was placed in a dialysis sack

and totally immersed in the dehydrated gel. It was left

at 4°C overnight or until the protein had been increased

to the required concentration.

2.17 The BCG assay

The assay for albumin was conducted as described by

Doumas et al. (1971). The BCG working dye was purchased

from BDH and contained 0.147g/dl BCG, 8.857g/dl succinic

acid, O.lg/dl NaN3, 1.95g/dl NaOH and 5ml of Brij 35 (30%

w/v) .

Sample (50ul) was added to 2.45ml of working dye

solution, vortexed and allowed to stand at * room

temperature for 30 min. The absorbance was read in a

quartz cuvette (1cm path length) at 628nm on an SP8-100

UV/VIS Spectrophotometer) against a blank of 2.45ml

working dye solution + 50ul of distilled water. A

standard graph was constructed for the binding of the dye

to 0-5g/dl of BSA.
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2.18 The ANS assay

Sample (50ul) was added to 6uM ANS solution (8-

anilino-1-napthalene sulphonate, Sigma Ltd) (2.45ml) in a

plastic 3ml fluorescence cuvette. A stock 0.6mM ANS

solution in distilled water was stored at 4°C and diluted

in 50mM Tris/HCl, pH 8.6 as needed.

The fluorescence was read in a Perkin-Elmer

Fluorescence Spectrometer (model 3000) using an

excitation wavelength of 370nm and an emission wavelength

of 465nm. The slit widths were maximum (excitation = 15,

emission = 20) and the temperature maintained at 25°C.

Each sample was mixed well using a plastic paddle and

any liquid or grease removed from the outside of the

cuvette using tissue paper. The fluorescence of each

sample was read in separate cuvettes which were assumed

to be matched. Any cuvettes which had visible scratches

on their surface were discarded because the scratches

might effect the scattering of the emitted light and

therefore the fluorescence. The blank used for each

reading was a solution of 2.45ml 6uM ANS + 50ul 50mM

Tris/HCl, pH 8.6.

To allow for variations in the fluorescence readings

on different occasions a standard solution of 40% ethanol

in 6uM ANS was prepared (the 6uM ANS was in distilled

water because bacterial growth is rampant in Tris

buffer). An aliquot (2.5ml) of this solution was used to

standardise the readings at the start of each experiment
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and all fluorescences corrected to a standard reading of

40. It was found that readings for the standard could

differ by as much as 20 units between days.

2.18.01 Quenching correction for the inner filter effect

Fluorescence quenching is the process which results

in the diversion of light energy absorbed by a potential

fluorescent molecule to destinations other than the

emission of fluorescence. The "inner filter effect" is a

form of quenching in which the primary process of

emission is not affected but there is a reduction in the

intensity of the observed fluorescence by the adsorption

of exciting light or of fluorescent light within the

material. For concentrated solutions or those with an

absorbance greater than 0.04 (at a path length of 1cm)

the observed fluorescence can be corrected for the inner

filter effect by measuring the optical density at both

the excitation and emission wavelengths and applying the

formula (Chignell, 1969):-

X = antilog( ODem + OPex )

2

where: ODem = optical density at emission

wavelength

ODex = optical density at excitation

wavelength.
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2.19 The bilirubin assay

The assay for bilirubin was carried out using a Sigma

Kit for the Detection of Bilirubin (605D). The assay is

based on the method of Jendrassik and Grof (1938).

The principle of the assay is that bilirubin which is

bound to albumin reacts with p-diazobenzenesulphonic acid

in the presence of an accelerating agent (caffeine-

benzoate-acetate mixture). Water-soluble bilirubin (e.g.

bile glucuronides and sulphates) is diazotized in the

absence of the accelerating agent. The blue azobilirubin

is measured at 600nm.

A ImM stock solution of bilirubin was prepared by

dissolving the solid in lOmM NaOH. To 50ul of serum was

added lOul of the stock solution so as to give a final

bilirubin concentration of 40uM. In humans the total

bilirubin concentration is 3-20uM.

To detect the binding of bilirubin to serum

components, bilirubin/serum mixture was fractionated on a

Superose 12 column. Both the Superose 12 column and

bilirubin/serum mixture were kept dark by covering with

tinfoil. This is because bilirubin is photolabile. The

mixture (200ul) was chromatographed on Superose 12 in

50mM Tris/HCl,pH 8.6 + 50mM NaCl at a flow rate of

0.3ml/min. Fractions of eluent (0.5ml) were collected and

assayed immediately for conjugated bilirubin using the

method shown.
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2.20 Assay for the binding of palmitic acid

[9,10 (n) 3H] palmitic acid TRK 760 (Amersham Ltd)

(40-60mCi/mmole) was purchased dissolved in toluene. An

aliquot (lOul) of this solution was diluted ten-fold in

toluene and lOul of this solution used for incubation

with serum. This was equivalent to luCi of [3 HJ.

The toluene was evaporated from the fatty acid in a

glass vial using a gentle stream of nitrogen and then

warmed to 40°C (approximate melting point of palmitic

acid). A 5% excess (in moles) of 0.05M KOH which was also

warmed to 40°C was used to solubilise the fatty acid. The

fatty acid solution was then added very slowly, with

stirring, to 500ul of serum at 40°C using a warm glass

pipette (Riemersma, personal communication). Under these

circumstances the binding of fatty acid to serum

components is instantaneous.

To detect the binding of palmitic acid to serum

components serum (200ul) was passed down Superose 12 in

50m M Tris/HCl, pH 8.6 + 50mM NaCl at a flow rate of

0.3ml/min and 0.5ml fractions collected. Each fraction

(200ul) was mixed with 1ml of Cocktail T (Sigma Ltd) and

the radioactivity counted for 10 min in a Packard Tri-

Carb Liquid Scintillation Spectrometer Model 3330

Alternatively, lul of the above fatty acid-serum

mixture was electrophoresed on 1% agarose gels at pH 8.6.

The gel was sliced into portions and each portion

incubated in 2ml of Fluorosol (National Diagnostics) for
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4 hours at 50°C. The radioactivity associated with each

portion was counted as before.

In each instance the counts were corrected to allow

for background activity. For chromatography the blank was

lml of cocktail T and for electrophoresis a portion of

the gel on which protein staining was not visible.

The quench correction was not done as it was assumed

to be the same for each sample.

2.21 Density floatation

The densities of a series of solutions of potassium

bromide (Sigma Ltd) in distilled water were determined by

pycnometery and used to construct a calibration graph of

the percentage by weight of potassium bromide against its

density.

The specific gravity of pooled samples of trout serum

was determined by pycnometery to be 1.03g/dl.

The amount of solid potassium bromide (KBr) which had

to be added to serum to give a final density of 1.21g/ml

was determined as follows:-

s.g. = (Volume of KBr) x D + (Volume of serum) x 1.03

Total Volume

where: D = density of the KBr

Therefore for 6ml serum + 24ml KBr solution:-
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1.21 = 24D + 6 x 1.03

30

and so s.g. of KBr = 1.255g/ml

The amount of solid KBr to be added to distilled

water to give a solution with a density of 1.255g/ml was

calculated from the calibration graph. The density of the

final solution was determined as follows. A glass

container which had been specially made for density

determination and had a volume of 25.86125ml at 20°C was

completely filled with 25ml of KBr/serum solution, care

being taken to ensure that all the air bubbles had been

removed and that the solution was not warmed during

filling by contact with the hands. The weight of the

solution was determined and the density determined by

applying the relationship that density = weight/volume.

Beckman Bell-top Quick-Seal centrifuge tubes were

filled with 5.5ml of solution and the tubes sealed. They

were centrifuged at 40 OOOrpm in a Ti40.3 rotor for 26

hours at 10°C.

After centrifugation the tubes were sliced 2cm from

the bottom using a gel slicer (Beckman). The upper

portion containing the lipoproteins was collected as was

the lower portion (containing protein). Each was dialysed

separately overnight against two changes of 50mM

Tris/HCl, pH 8.6 or passed down the Superose 12 column
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directly.

2.22 Delipidation of apoproteins

Samples were delipidated in 50 volumes of 1:2 v/v

acetone:ether mixture for one hour on ice. The proteins

were pelleted by centrifugation at 1 OOOg for 15 min.

Delipidated proteins were resuspended in an appropriate

buffer or in distilled water.

2.23 Antibody production

Purified protein (400ug) in distilled water (1ml) was

mixed with an equal volume of Freund's Complete Adjuvant

(Sigma Ltd) using a Sorvall Omnimixer (model 17106, Du

Pont Instruments, Newtown, Connecticut, U.S.A.) until a

cream-coloured thick suspension was obtained.

Approximately 1ml of this suspension was injected sub-

cutaneously at six dorsal sites on two female New Zealand

White rabbits so as to give each rabbit a dose of

approximately 200ug of protein. After 5 weeks and 7 weeks

booster injections of lOOug protein were given (suspended

in 1ml of Freund's Incomplete Adjuvant (Sigma Ltd) and

again injected at 6 dorsal sites). Two weeks after the

final boost (week 9) the rabbits were bled and the

collected blood allowed to clot overnight at 4°C. In fact

the animals were killed because of a viral infection and

as much blood as possible collected from the corpses. The
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supernatant was decanted, centrifuged (2 500g, 4°C for 15

min) and stored at -70°C as 0.5ml portions.

2.23.01 Testing anti(trout HDL), anti(human apo Al) and

anti(trout 130kDa component)

Solution A: Quenching solution

1% v/v Tween 20 in 25mM Tris/HCl, pH 7.2

Solution B: Incubation solution

0.1% v/v Tween 20 in 25mM Tris/HCl, pH 7.2

Solution C: Washing solution

0.2% v/v Tween 20 in 25mM Tris/HCl, pH 7.2

Solution D: Developing solution

25ml 25mM Tris/HCl, pH 7.2 + 5ml 30% w/v

4-chloro-l-naphthol (Sigma) + 5ul 30% H2O2

(BDH Chemicals).

Separated components were transferred to a

nitrocellulose membrane by electroblotting (method

2.12.01 and 2.12.02). Unoccupied sites on the

nitrocellulose were blocked with 50ml of solution A for

two hours or preferably overnight. The appropriate

antibody solution was used at its optimum concentration

diluted in solution B. This was 1/20 000 for the

anti(trout HDL), dilutions down to 1/3 000 for the
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anti(trout 130kDa component) and 1/1 000 for the

antifhuman apo A1 ) . Incubation was for 12 hours. Non-

specifically bound antibody was removed by washing for 5

min in 50ml of solution C. This was followed by

incubation for 4 hours with agitation in solution B

containing 1/200 diluted anti(rabbit IgG)-biotin. The

sheet was washed in solution C and then incubated in 1/1

000 diluted Streptavidin-HRP (Amersham Ltd) for 1 hour.

After washing extensively in solution B (five washes each

of 5 min duration) and finally in 3 changes of 25mM

Tris/HCl, pH 7.2, the sheet was developed in solution D.

2.23.02 Incubation with anti(human albumin)

The anti(human albumin) was raised in sheep at the

Scottish Antibody Production Unit (SAPU, Law Hospital,

Carluke) and was monospecific. It was used at a dilution

of 1/ 10 000.

The nitrocellulose was incubated in 50ml of solution

A (method 2.23.01) and then in 50ml of solution B (method

2.23.01) containing anti(human albumin) for 2 hours. The

sheet was washed in 5 changes of solution C (method

2.23.01) to remove any non-specifically bound antibody.

Incubation in solution B containing 1/200 diluted HRP-

conjugated anti(sheep IgG) (SAPU) was also for 2 hours.

After incubation in both antibody solutions the sheet

was washed extensively in several changes of solution C

and finally in the 25mM Tris/HCl, pH 7.2. The sheet was
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developed in solution D (method 2.23.01).

2.24 Amino acid analysis

Protein, purified either by electroelution from a

polyacrylamide gel or by chromatography, was precipitated

for 1 hour on ice in a 2:1 mixture of ether:acetone to

remove any lipids which might interfere with the

analysis. It was resuspended in 0.5ml of distilled water

and the protein concentration determined by the method of

Bradford (method 2.03). The protein concentration was

adjusted so as to give approximately lOnmoles of each

amino acid in a volume of 0.5ml of distilled water.

The protein was prepared for hydrolysed to its

constituent amino acids as follows

Protein solution (in a volume of 500ul) was mixed

with 500ul of concn HC1 (stored in a sealed dispenser and

used as fresh as possible) in a pyrex glass test tube (12

x 1.4cm). Phenol (0.1%) was added to prevent the

degradation of aromatic amino acids such as tyrosine and

0.1% 2-mercaptoethanol (BDH Chemicals) to prevent the

loss of methionine.

Performic acid was added to separate solutions of

each sample to be hydrolysed. This was to oxidise

cysteine residues to cysteic acid because, under mild

hydrolysis conditions, cysteine and cystine are

interconvertable and may be converted such that cysteine

interacts with tryptophan (Inglis, 1983). Cysteine also
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gives a poor colour yield with ninhydrin and co-elutes

with proline. The method for oxidation of cysteine to

cysteic acid was that described by Hirs (1967).

Performic acid was prepared by adding 0.1ml of H2O2

to 0.9ml of concn formic acid and leaving for 1 hour. The

solution was stored well away from all samples because it

is a strong oxidising agent. Performic acid (0.1ml) was

added to each sample (which was in a total volume of

150ul).

The sample mixtures were frozen in a dry ice and

ethanol mixture and then sealed under vacuum by heating

the necks of the tubes in an oxygen-propane flame and

drawing them out to form a sealed mid-section. During

this procedure the samples were thawed and oxygen

released from the solution removed by suction to produce

a vacuum. The samples were hydrolysed at 110°C for 24, 48

and 72 hours in an oven and then, after cooling,

centrifuged in a benchtop centrifuge (1 min, 1 OOOg) to

remove any condensed liquid from the sides of the tubes.

Each tube was scored near the base with a glass cutter to

produce a line around the circumference. A glass rod was

heated to white heat and used to crack the tube along the

scored circumference. All samples were dessicated under

vacuum overnight with solid NaOH.

Dessicated samples were resuspended in 250ul of 0.1M

sodium borate/HCl, pH 10 and left for 1 hour to oxidise

cysteine residues to cystine because cysteine co-elutes

from the ion-exchange column with proline. Sodium citrate
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buffer (250ul, 0.2M, pH 2.2) was added to bring the pH to

2.2 and the volume back to 500ul. This meant that the

sample was at the correct pH for loading onto the column

which was packed with an ion-exchange resin ("Ultrapac

8", LKB Biochrom Ltd, Cambridge, UK). If necessary,

particulate material was removed by filtering through a

0.22micron filter before the sample was loaded onto the

column.

Samples (50-250ul) were injected into porous

automatic sample loading capsules which had been washed

to pH 2.2 with 0.1M sodium citrate/HCl. Internal standard

(20ul of norleucine containing lOnmoles) was injected

into the capsule followed by a further 20ul of 0.1M

sodium citrate/HCl, pH 2.2. The capsules were dried and

loaded into the analyser (LKB 4400 amino acid analyser

fitted with a 2220 recording integrator, LKB Biocrom Ltd,

Cambridge, UK).

At pH 2.2 all of the amino acids bind strongly to the

top of the column and are eluted sequentially by a series

of stepwise buffer changes (Protein Chemistry Notes 10,

LKB Biochrom). The buffers used were 0.2M sodium citrate

and 0.2M sodium borate which produced pH steps of 3.2,

4.25 and 10.

Results were printed out automatically and expressed

as nmoles corrected to the norleucine internal standard.

The results obtained were converted to the number of

molecules of each amino acid and compared using the

technique of Cornish-Bowden (1980). The accurate values
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for each of the amino acids threonine, serine and

methionine were determined by plotting the values

calculated for 24, 48 and 72 hours of hydrolysis and

extrapolating the graphs back to a time of zero.

2.25 Defatting of samples

Bound fatty acids were removed from serum components

using the method of Chen (1967).

Norite A charcoal (Sigma Ltd) was added to,sample

(lmg per mg of protein) and the solution mixed. The pH

was lowered to 3 by the addition of 0.2M HC1 and the

solution mixed on ice for 1 hour. Charcoal was removed by

centrifuging at 20 OOOg for 20 min and the serum brought

to pH 7 by the addition of 0.2M NaOH.

2.26 Ammonium sulphate precipitation

Proteins were precipitated from serum using saturated

solutions of ammonium sulphate (BDH Chemicals). The

amount of ammonium sulphate which had to be added to

serum to produce the desired saturated solution was

determined using a nomogram (Dixon & Webb, 1964). Solid

ammonium sulphate was added slowly to serum with stirring

until all of the solid had dissolved. It was allowed to

stand for 15 min and then centrifuged at 10 OOOg and 10°C

for 15 min. The precipitate was redissolved in an

appropriate buffer.
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2.27 Cholesterol and triglyceride assays

The cholesterol and triglyceride concentrations in

trout serum and associated with the purified 130kDa

component op trout serum were assayed enzymically using a

<<Cobas Bio>> centrifugal analyser (Roche Diagnostica,

Basel, Switzerland). The advantages of using this machine

are that it is capable of assaying multiple samples very

quickly and with a reasonable accuracy (the error for

cholesterol assays was 4% of the mean and for

triglyceride assays was 3.5% of the mean). The machine

was programmed using the manufacturers instructions to

give the parameters shown.

For cholesterol assays:

Units mM

Standard 1 conc. 2.35

Standard 2 conc. 2.35

Standard 3 conc. 2.35

Limit 3.00

Temperature 37°C

Wavelength 500nm

Sample volume lOul

Diluent volume 40ul

Reagent volume 340ul

Time of 1st reading 5secs

Time interval 20secs
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For triglyceride assays:

Units mM

Limit 6 . 2

Temperature 25 °C

Wavelength 340nm

Sample volume 20ul

Glycerokinase lOul

Reagent solution lml

Time of 1st reading 5sec

Time interval 20sec

2.27.01 Cholesterol assay

The cholesterol was assayed using the CHOD-PAP

enzymic colorimetric method (Boehringer Mannheim GmbH).

The principle of the assay is that the cholesterol este

in the sample is enzymically hydrolysed by cholesterol

esterase to free cholesterol. This is further oxidised

to give H2O2 which reacts with aminophenazone and pheno

in a reaction catalysed by peroxidase to produce a

coloured product. The assay is monitored

spectroscopically at 500nm and calibrated with 3

solutions of known cholesterol concentration.
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2.27.02 Triglyceride assay

The triglycerides were measured using a kit

(Merckotest, Merck Diagnostica, Darmstadt, W. Germany)

which was a modified version of the method of Bucolo &

David (1973).

Triglycerides were hydrolysed enzymically by a lipase

preparation to glycerol and free fatty acids. The

glycerol reacted as shown to produce lactate and NAD in

coupled reactions involving the cofactors ATP, NADH2, ADP

and the enzymes glycerol kinase, phosphokinase and

lactate dehydrogenase. The decrease in the concentration

of NADH2 is proportional to the total glycerol

concentration and was monitored at 340nm.
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Chapter 3

Some General Properties of Rainbow Trout Serum
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3.01 Introduction

In this section some general characteristics of trout

serum are described and compared with the characteristics

of human serum. The comparison with human serum is

important because the binding proteins of the latter have

been characterised in great detail. After brief comments

on the protein content of serum two methods are described

which are commonly used to fractionate serum components.

The section concludes with an attempt to detect an

albumin-like protein in trout serum using two assays for

human albumin. These involve the binding of the dyes 8-

anilino-1-naphthalene sulphonate (ANS) and bromocresol

green (BCG). As will transpire the results are followed

up in chapters 5 and 6.

3.02 Protein concentration in the serum of rainbow trout

Serum samples from individual rainbow trout were

assayed for total protein by the Bradford assay (method

2.03) on several occasions during the course of the

project. The concentration was 3.2+0.2 g/dl (mean+ SD,

n=10). The relationship between the concentration and

factors such as the size of the fish and their sex is

described in chapter 4.

For comparison, the concentration of protein in human

serum was found to be 6.5+0.4 g/dl (mean+SD, n=3). The

value quoted in the literature for a healthy adult is
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7.0-7.5 g/dl (Murray, 1988).

These figures show that the rainbow trout only has

about half of the serum protein concentration of healthy

man.

3.03 Haemoglobin in the serum of rainbow trout

A few of the trout serum samples were straw-coloured

but most had a pinkish tinge, indicating that there had

been some haemolysis when they were withdrawn from the

fish. In some instances the haemoglobin concentration was

measured using Drabkin Reagent (method 2.04), and found

to range from 0.09 to 2.2 g/dl. The upper figure

corresponds to lysis of about 16% of the cells. It is

shown (chapter 4) that there is no correlation between

the concentration of total protein and of haemoglobin.

Nevertheless it must be borne in mind that some of the

proteins seen in the serum samples could have come from

erythrocytes.

3.04 Agarose gel electrophoresis of serum from different

species

Serum samples (approximately lul) from different

species were subjected to electrophoresis at pH 8.6 on

agarose gels as described in method 2.05.01. The bovine

serum sample was obtained from the local slaughterhouse,

the chicken one from a six week old bird at the Poultry
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Figure 3.04.01

Electrophoretic profiles of serum from different species

Each serum type (lul in each case) was electrophoresed on

1% agarose at pH 8.6 as described in method 2.05.01.

Proteins were stained with Coomassie Brilliant Blue.
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HUMAN SERUM

Region % total stain Bands Mobility

1 18 a CK2

2 6

3 13 b 0.3

4 10 c 0.5

5 7 d 0.8

6 45 e 1.0

7 _ f 1.2

TROUT SERUM

Region % total stain Bands Mobility

r 2

2' <1 P 0.05

3' 7 q 0.18

4* 4 r 0.25

5' 28 s 0.6

6a' 27 t 0.8

6b'+7' 32 u 0.9

mobilities expressed relative to that of human serum albumin



Figure 3.04.02

Comparison of the electrophoretic profiles of human and

trout serum components

Serum (lul) from either trout or human was

electrophoresed on 1% agarose at pH 8.6 as described in

method 2.05.02. The gels were scanned (method 2.05.01)

and, on the basis of the results, divided into 7 regions

(region 6' split into 6a' and 6b' for the trout).

Coomassie-stained bands are labelled a-e (human serum)

or p-u (trout serum). Their mobilities relative to that

of human albumin and the percentage which they represent

of the total Coomassie-staining material are described

in fig 3.04.02. The percentage of the total stained

material was determined by gel densitometery (method

2.10).
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Region Zone Main Component
1 gamma IgA, IgG, IgM

2 beta2 C3

3 beta-! transferrin, LDL

4 alpha2 haptoglobin, alpha2- macroglobin, VLOL

5 alpha.) alpha2- antitrypsin, orosomucoicj, HDL

6 albumin albumin

7 prealbumin prealbumin



/

Table 3.04.03

Characterisation of the human electrophoretogram
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Research Centre, Roslin, and the dogfish sample from fish

captured at Dunstaffnage Marine Station, Oban. These

samples were frozen at -70°C for about one month before

use whereas the human sample was assayed fresh. The

species were chosen to represent a ruminant, a bird and

an elasmobranch for comparison with man and a teleost.

Fig. 3.04.01 shows the electrophoretogram. The

dogfish has very little protein-staining material whereas

the cow and the chicken have profiles which are like the

human one and have a densely-staining band which is

presumably albumin. The trout pattern is different in

that it has a doublet in the albumin region which is not

stained as heavily as human albumin. The mobilities of

the albumin bands for chicken and cow are slightly

different from that of human albumin. This is presumably

because serum albumins have molecular weights ranging

from 60 to 70kDa, bind tightly to a variety of

electronegative compounds and have slightly different

isoelectric points.

Fig 3.04.02 compares the electrophoretic profiles of

human and trout sera in more detail. Gel densitometery

distinguishes seven regions for both human serum and

trout serum. The composition of each zone for human serum

is also shown (fig 3.04.03).

The more anodal of the trout double band (region 6b')

has a mobility the same as that of human albumin. However

whereas human albumin represents 45% of the Coomassie-

staining material, region 6b' of trout serum represents
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only 32% of the staining material. The less anodal of the

trout double band (region 6a') has a mobility greater

than that of human alphai and is less densely-stained

than the more anodal band.

Beyond trout region 6b' there is additional staining

(region 7') which does not show up as a distinct region

when the gel is scanned by densitometery and is not

present in the corresponding region of human serum. Only

a faint prealbumin band runs with greater mobility than

human albumin.

Region 5' of the trout serum is as densely-stained as

regions 6a', representing 28% of the stained material.

There is no comparable region with similar mobility in

human serum.

The human immunoglobins are more densely stained than

the corresponding region of the trout. It is proposed

that staining in this region of trout serum is also due

to immunoglobins because the proteins in it react with

the antibodies described in chapter 6. It would therefore

appear that the trout immunoglobins are present in lower

concentration than in their human counterparts.

One can therefore conclude that trout and human serum

are similar in that they can be separated by agarose gel

electrophoresis into a number of different components.

However some differences are evident, particularly the

presence of a major component in trout serum (region 5')

which is absent in human serum, and of a double band in

trout (region 6a' and 6b') with a mobility similar to
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that of human albumin.

3.05 Storage of trout serum

It has been shown that repeated freezing and thawing

of human serum alters its electrophoretic pattern, the

intensity of staining of some protein bands being reduced

and additional bands appearing (Williamson & Marks,

1983). Presumably this is due to degradation of some

serum components. Whether this is also true for trout

serum is unknown although no observed differences were

noted between patterns when a trout serum sample was

electrophoresed after frozen storage for two months

(Thurston, 1967). The following experiment was carried

out to determine the effect of storage upon the

electrophoretic profile of trout serum.

Aliquots (20ul) of freshly-prepared trout serum were

stored at -70°C, -10°C and 4°C respectively. At weekly

intervals, over a period of one month, samples were

removed, the fluorescence was measured with 6uM ANS

(method 2.18) and lul of each sample was electrophoresed

on native agarose gels. The gels were scanned and protein

detected by Coomassie staining expressed as a percentage

of the total stained material.

After one week at 4°C the serum changed from a pink

colour (depending on the extent of haemolysis) to dark

brown. This visible change was presumably due to

oxidation of haemoglobin. Prolonged storage at this
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temperature encouraged the growth of micro-organisms and

the serum developed a pungent odour. The fluorescence did

not alter significantly over the weeks indicating that

the ANS-binding species remained intact at the region of

ANS binding or, alternatively, that degradation products

had contributed to the fluorescence. A decrease in the

relative intensities of stained regions l',2' and 6a' was

noted after one week and there was an increase in

staining in region 4'. Serum which had become infested

with micro-organisms was not subjected to

electrophoresis.

Samples frozen at either -10°C or -70®C remained

stable over the duration of the experiment. No

significant changes were noted and the electrophoretogram

was not grossly altered except for a decrease in the

intensity of region 6a' to 36% of its initial relative

area after two weeks at -10°C but not at -70°C.

In ideal circumstances serum should be used within a

few hours of withdrawal to avoid any alterations which

may be attributed to storage. In practice this was not

possible as serum samples were withdrawn at Stirling or

Linlithgow and subsequently transported to Edinburgh.

This meant that many blood samples had to be collected on

each visit. On the basis of the above results serum was

kept at -70°C for up to one month. Thawed samples were

kept at 4°C for no longer than two days and repeated

freezing and thawing was avoided.
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Figure 3.06.01

Fractionation of trout serum components

Trout serum (lul) was fractionated on a linear-

gradient polyacrylamide gel at pH 6.4 using the

Pharmacia Phaststat method (method 2.09) or at pH 8.6

on 1% agarose. Separated components were stained with

Coomassie Brilliant Blue.
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Figure 3.07.01a and b

Fractionation of human and trout serum on

Sephadex G-100

Human serum (panel a) (2ml, 3.3 g/dl) or trout

serum (panel b) (2ml, 3.2g/dl) was passed down a

Sephadex G-100 column (55x2cm) in 50mM Tris/HCl,

pH 8.6 and 1.55ml fractions of effluent were

collected. The absorbance (cm-1) of each fraction

was read at 280nm against a buffer blank. Two

peaks can be identified in both panels. In both

cases the first has maximum absorbance in fraction

30 and the second in fraction 38.
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fastest mobility on starch gel electrophoresis was only

the second most mobile component on cellulose acetate

electrophoresis. This should be borne in mind when

comparing mobilities for components separated on

different support systems. Polyclonal antibodies against

human albumin cross-reacted with two of the trout bands

(fig 6.07.02) which therefore presumably correspond to

regions 6a' and 6b' in fig 3.04.02.

The improved resolution gained when using the

Pharmacia system can be likened to that obtained when

Superose 12 is used as molecular exclusion medium as

apposed to Sephadex G-100 (section 3.07) and emphasises

the fact that a single staining band on agarose may

comprise of several components.

3.07 Analytical molecular exclusion

Trout and human sera were fractionated according to

molecular weight on either Sephadex G-100 or Superose 12

HR 10/30 at pH8.6 (method 2.15).

Sephadex G-100 fractionated both trout and human

serum into two A2s0nm-absorbing peaks (fig 3.07.01a and

b). For human serum the relative areas of these peaks

were approximately equal whereas peak 2 is approximately

75% the area of peak 1 for trout serum. Maximum A280nm

absorption in peaks 1 and 2 coincided for both species,

(peak 1: fraction 30, peak 2: fraction 38).

Chromatography on Superose 12 gave increased
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Figure 3.07.02

Molecular exclusion of human serum and trout

serum on Superose 12 HR 10/30

Human serum (200ul of a 6.8g/dl solution) (a)

and trout serum (200ul of a 1.8g/dl solution)

(b) were fractionated in 50mM Tris/HCl, pH

8.6. The figure is a tracing of the original

chart recorder output. For convenience the

retention times are expressed in ml. The flow

rate was 0.3ml/min. The column was calibrated

using a mixture of standard molecular weight

markers (method 2.15.02 ) .
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resolution of separation of A280nm-absorbing material

from both human and trout serum compared with that

obtained when using Sephadex G-100. Peaks A, B, C, D and

E can be identified in both samples and their molecular

weights are indicated (figs 3.07.02a and b). Peaks with

molecular weights less than 12.4kDa were not investigated

further.

Peak E, molecular weight 48kDa in human serum and

58kDa in trout serum, is haemoglobin which can be

identified by its red colour in badly haemolysed'samples

and maximum absorbance at 412nm. The area of peak E

therefore indicates the degree of haemolysis in the

sample.

In human serum peak D, molecular weight 70kDa, is

presumably serum albumin. The corresponding peak (D) in

trout serum also has a molecular weight of 70kDa and will

be discussed in more detail in chapter 6. From the

diagram it is evident that albumin is one of the major

components of human serum whereas the contribution of

peak D to trout serum is less.

Human serum peak A, with a molecular weight estimated

as 780kDa (outwith the calibration range of the column)

will not be investigated further in this project but is

thought to contain immunoglobulins. A similar identity is

proposed for peak A from trout serum (molecular weight

estimated as 700kDa) based on its reaction with

antibodies (chapter 5).

Peaks B and C are poorly resolved in this instance for
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HUMAN SERUM

Region % total stain Bands
*

Mobility Peak

1 18 (A)

2 6 (A)

3 13 a, b 0.2, 0.3 C, (D)

4 10 c 0.5 C, (D)

5 7 d 0.8 D

6 45 e 1.0 (C), D,(E)

7 f 1.2 -

TROUT SERUM

Region % total stain Bands Mobility* Peak

1' 2

2' <1 P 0.05 C

3' 7 q 0.18 D

4' 4 r 0.25 D

5' 28 s 0.6 D, (E)

6a' 27 t 0.8 D, (E)

6V+T 32 u 0.9 D. (E)

mobilities expressed relative to that of human serum albumin



Table 3.07.03

Characterisation of the electrophoretic and

molecular exclusion profiles of

human and trout serum
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human serum but are probably lipoproteins, perhaps high

molecular weight beta-lipoproteins or aggregated

components. In contrast both of these peaks can be

identified for the trout and have molecular weights

320kDa and 130kDa respectively. Peak B is probably

composed of lipoprotein because it stains with Sudan

Black (method 2.08). As will become apparent later there

is evidence that peak C in trout serum is HDL.

Fractions (0.5ml) of eluent from Superose 12

(described in fig 3.07.02) were electrophoresed on

agarose and stained with Coomassie Brilliant Blue. The

composition of serum components in each of the molecular

exclusion peaks was determined by comparing the

electrophoretic profiles with the molecular exclusion

traces.

Table 3.07.03 shows the distribution of serum

components from both human and trout serum. The minor

components in each peak are shown in brackets.

Peak B is not resolved in human serum and, although

identified in trout serum, no protein staining material

from this peak was detectable using Coomassie Brilliant

Blue on agarose gels. In both trout and human serum peaks

C and D contain many proteins and components which

stained with Sudan Black and are therefore assumed to be

1ipoproteins.

A problem with using agarose gels to determine the

composition of peaks A-E is that it is difficult to

distinguish lipoproteins from proteins. Staining in a
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particular region for different fractions may be due to

protein or lipoprotein. Indeed, it was shown that some

components were stained with both Coomassie Brilliant

Blue and with Sudan Black (results not shown). Thus two

mutually exclusive species might be mistaken for the same

component on the basis that they have similar mobilities.

Also, as has already been mentioned (Chapter 1),

lipoproteins might not take up Coomassie Brilliant Blue

in the linear manner of proteins. Coomassie Brilliant

Blue is not very sensitive and so low amounts of

component which will be detected by the very sensitive

ANS assay might not be detected with Coomassie Brilliant

Blue after it has been fractionated further on agarose.

3.08 The binding of ANS and BCG to sera

A standard assay used for human serum albumin is the

binding of the dye BCG. When the dye binds to albumin

there is a shift in the maximum wavelength of absorption

of the dye (Doumas et al., 1971). Another of the many

ligands which binds specifically to albumin in humans is

the fluorescent compound ANS and, when it is bound, an

increase in its fluorescence is observed (Peters, 1970).

Both of these assays were used to test for proteins in

trout serum which have similar binding characteristics to

human albumin.

To characterise the BCG assay, 20ul of serum from
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Figure 3.08.01a and b

The binding of ANS and BCG to human and trout serum

components

Effluent from the Superose 12 column described in

fig 3.07.02 (as 0.5ml fractions) was assayed for protein

(A2sonm cm-1), the binding of ANS (fluorescence cm-1)

and of BCG (A628nm cm-1). The assay conditions are

described in method 2.18 and 2.17. The profile for human

serum is shown in panel a and that for trout serum in

panel b. Peaks A-E are identified in each case and are

described in fig 3.07.02a and b.
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either trout or human was mixed with reagent (2.5ml) and

its spectrum read 30 min later against a reagent blank.

There was a maximum at 625.4nm. For comparison, bovine

serum albumin (BSA) showed a maximum at 624.8nm. A linear

plot was obtained for BSA with BCG over the range of

standard concentrations used (0-5g/dl). The slope of the

plot was 10.6dl/g cm, the intercept 0.02cm-1 and the

correlation coefficient 0.98 (n=5).

The ANS assay was also characterised. Sample (lOul)

was mixed with 2.5ml of 6uM ANS solution and the

excitation and emission maxima determined. BSA had a

maximum excitation at 390nm and a maximum emission at

467nm. In comparison, trout serum had a maximum

excitation at 370nm and a maximum emission at 465nm. ANS

solution alone had a maximum excitation at 366nm and a

maximum emission at 418nm.

Fractions (0.5ml) of eluent from Superose 12

(described in fig 3.07.03) were assayed for the binding

of ANS and BCG, then lul of each was electrophoresed on

agarose at pH 8.6. Gels were stained with Coomassie

Brilliant Blue and Sudan Black 12B (method 2.08).

Maximum ANS and BCG binding was to human peak D,

fractions 11-13 (fig 3.08.01a). This implies that the ANS

and BCG binding species are components of region 6 and

suggests that they both bind to albumin which is the most

densely staining band (region 6) in fractions 9-15. In

contrast, the regions where the ANS and BCG binders

migrate cannot be located as precisely for the trout as

-120-



for the human (fig 3.08.01b). Results show that the BCG

binder elutes in fractions 9-13 which contain regions

3'and 4' as major components and regions 5', 6a' and 6b'

as minor components. ANS binds to fractions 11-13 which

contain regions 5' and 6b' (both stained to approximately

the same intensity).

It is tentatively proposed that BCG and ANS bind to

different components in trout serum. In chapter 4 it is

shown that there is no correlation between the ANS and

BCG concentrations of trout serum supporting the proposal

that the species which binds to BCG is not that which

binds ANS.

3.09 Discussion

One may tentatively conclude that trout serum has a

protein or proteins with some of the properties of

albumin, namely molecular weight, electrophoretic

mobility and ability to bind BCG. However it (or they)

differ from human albumin in not binding ANS. This

tentative conclusion is tested in chapter 6. It is also

evident that trout serum has a second component that

resembles human albumin in binding ANS but not in

molecular weight or electrophoretic mobility. This

component is the subject of chapter 5.
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3.10 Conclusions

1. Rainbow trout serum has approximately half the total

concentration of protein compared with human serum.

2. The serum can be fractionated by electrophoresis on

agarose or polyacrylamide gels to give a profile which

resembles that of man.

3. Fractionation of serum proteins according to molecular

weight produces five A2s0nm-absorbing peaks, A to E.

The corresponding peaks in human serum have similar

molecular weights to these in trout. Peak B has not

been resolved for the human but is present in the

trout chromatogram.

4. In human serum peak D, molecular weight 70kDa, binds

to BCG and ANS and is presumably albumin. In trout

serum peak D, molecular weight 70kDa binds to BCG but

not to ANS. However, there is another species, peak C,

with a molecular weight of 130kDa which binds to ANS

but not to BCG.
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Chapter 4

Variability Amongst Individual Rainbow Trout:

Relationship Between 6 Variables- the sex and weight,

protein, albumin and haemoglobin concentrations and

fluorescence of the serum
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4.01 Introduction

During the course of the project measurements were

made on rainbow trout of their weight, serum

concentrations of protein, albumin and haemoglobin, and

fluorescence with ANS; their sex was also noted. It was

thought important to find out if any of these variables

were correlated with one another, as a prelude to looking

for causal relationships between them.

4.02 Experimental methods

The variables recorded were sex, weight, fluorescence

of serum with ANS (method 2.18), and the concentrations

in serum of protein (method 2.03), albumin (method 2.17)

and haemoglobin (method 2.04). Complete sets of data were

obtained for 49 fish.

4.03 Statistical methods

The data were analysed using the statistical package

MINITAB (Ryan et al., 1985) and the results presented in

tables or figures (figs 4.04.01-4.05.04 are edited

versions of the output from MINITAB). Correlations were

uncovered by standard multiple regression analysis. One

should note that strictly speaking the analyses ought to

have been done by a non-parametric method (because some
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Fig 4.04.01 Histogram of weights of rainbow trout

All fish (wt in g ; n = 49)
mean = 41 7 ; SD = 183

Mid poin t Count
200 4 * * * *

300 17 *****************

400 12 ************

500 6 ******

600 3 * **

700 4 * ** *

800 2 * *

900 1 *

Male fish (n = 15 )
mean = 51 0 ; SD = 165

Midpoint Count

200 1 *

300 1 *

400 4 * ** *

500 3 * * *

600 2 * *

700 2 * *

800 1 *

900 1 ★

Female fi sh (n = 34)
mean = 390 ; SD = 171

Midpoint Count
200 3 * **

300 16 ****************

400 8 ********

500 3 * **

600 1 *

700 2 * *

800 1 *

900 0
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Fig 4.04.02 Histogram of concentration of serum protein
of rainbow trout

All fish (concn.
mean = 3. 7; SD =

Midpoint Count
2.0 2

2.5 1

3.0 19
3.5 9
4.0 3
4.5 7

5.0 4

5.5 2

6.0 1

6.5 1

in g/dl; n = 49)
0.9

* *

*

*********

* **

*******

* * * *

* *

*

*

Male fish (n = 15)
mean = 3.2 ; SD = 0 .7

Midpoint Count

2.0 2 * *

2.5 1 *

3.0 7 *******

3.5 3 * **

4.0 0

4.5 1 *

5.0 1 *

5.5 0

6.0 0

6.5 0

Female fish (n = 34)
mean = 3.9; SD = 0.9

Midpoint Count

oCN 0

2.5 0

3.0 12 ************

3.5 6 ******

4.0 3 * * *

4.5 6 ******

5.0 3 * **

5.5 2 * *

6.0 1 *

6.5 1 *
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Fig 4.04.03 Histogram of concentration of serum albumin
of rainbow trout

All fish (concn. in g/dl; n
mean = 1. 8; SD = 0.4

Midpoint Count
00o 8 ********

1.0 2 * *

1.2 0

1.4 6 ******

1.6 10 **********

1.8 9 *********

2.0 2 * *

2.2 3 * ★*

2.4 4 * ** *

2.6 3 * * *

00CN 2 * *

Male fish (n = 15)
mean = 1.9; SD = 0.7

Midpoint Count

0.8 3 * **

1.0 1 *

1.2 0
1.4 0

1.6 2 * *

1.8 2 **

2.0 1 *

2.2 1 *

2.4 2 * *

2.6 1 *

to • 00 2 **

Female fish (n = 34)
mean = 1.6; SD = 0.4

Midpoint Count

o 00 5 *****

or—1 1 *

1.2 0

1.4 6 ******

1.6 8 ********

00 7 *******

to o 1 *

2.2 2 * *

2.4 2 * *

2.6 2 * *

to • 00 0
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Fig 4.04.04 Histogram of concentration of haemoglobin
serum of rainbow trout

All fish (concn. in g/dl; n = 4
mean = 1. 1; SD = 0.6

Midpoint Count
o.o' 3 ***

0.5 14

1.0 13 *************

1.5 12 ************

2.0 5 * * * * *

2.5 0
3.0 1 ★

3.5 0
4.0 1 *

Male fish (n = 15)
mean - 1. 1; SD = 0.5

Midpoint Count
0.0 0
0.5 5 * * * * *

1.0 4 * ** *

1.5 5 *****

2.0 1 *

2.5 0
3.0 0

3.5 0

4.0 0

Female fish (n = 34)
mean = 1. 2; SD = 0.8

Midpoint Count
0.0 3 * **

0.5 9 *********

1.0 9 ******* **

1.5 7 ***** **

2.0 4 * * * *

2.5 0

3.0 1 *

3.5 0

4.0 1 *
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Fig 4.04.05 Histogram of ANS fluorescence in serum of
rainbow trout

All fish (fluorescence in arbitrary units; n = 49)
mean = 2. 2 ; SD = 2.3

Midpoint Count

0 2 * *

1 33
2 5 *****

3 2 * *

4 1 *

5 0
6 2 * *

7 1 *

8 3 * * *

Male fish (n = 15)
mean = 1. 7 ; SD = 1.7

M i d po i n t Count

0 0

1 10 **********

2 3 * **

3 0

4 1 *

5 0

6 0

7 0

8 1 *

Female fish (n = 34)
mean = 2. 1 cn a ii 2.4

Midpoint Count

0 2 * *

1 23

2 2 * *

3 2 * *

4 0

5 0

6 2 * *

7 1 *

8 2 * *
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of the data are not Gaussian-distributed) and using

correlation rather than regression algebra (because none

of the variables was fixed by the experimenter). However

correlation methods are now seldom used (see Colquhoun,

1971) and the statistical significance of non-parametric

partial correlation coefficients is not known, so they

are of little or no help in practice (see Sokal & Rohlf,

1981 ) .

4.04 Distributions of data

Of the 49 fish 15 were male and 34 female. The

distributions of the other 5 variables are shown as

histograms in figs 4.04.01-4.04.05. It can be seen that

those for protein (fig 4.04.02), albumin (fig 4.04.03)

and fluorescence (fig 4.04.05) appeared to be bimodal,

even when the sex of the fish was taken into account. The

bimodality did not seem to be a function of the time of

year and has not been explained. It can also be seen that

the distributions tended to be skewed towards the higher

values.

4.05 Correlation between variables

Table 4.05.01 gives the partial correlation matrix

for the variables. Each cell is a t-ratio (the slope

divided by its standard error) so the critical values for

43 degrees of freedom are 2.0 (P<0.05) and 2.7 (P<0.01).
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Fig 4.05.02 Plot of protein concentration against weight
for rainbow trout

[Protein] (g/dl)

6.0+
- *

_ * *

- * *

— * •* *

4.5+ * **
- * ** **

— *

— * * * * *

*2 2* * * 2 *

3,0+ *2* * * * * **

1.5+

150 300 450 600 750

Weight (g)
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It can be seen that none of the other variables depends

on sex, supporting the visual impression of the

histograms (figs 4.04.01-4.04.05), or on fluorescence.

The correlation between haemoglobin and albumin has not

reached statistical significance, despite the experiments

descibed in section 6.05 which showed that spiking serum

samples with haemoglobin raises their apparent

concentration of albumin. Nor is there a significant

correlation between the concentrations of haemoglobin and

protein, even though in a few samples haemoglobin was an

appreciable proportion of the total serum protein (see

sections 3.02 and 3.03).

The absence of a correlation between fluorescence

(ANS-binding) and either sex or weight is interesting,

because it implies that the concentration of the binding

compound involved, thought to be an HDL (chapter 5), is

independent of the state of maturation of the fish or of

its sex. Thus the compound is unlikely to be one of the

lipoproteins associated with spawning (see chapter 8).

The assumption made is that the weight of the fish is

related to its degree of sexual maturity which means that

the larger fish are the most mature. This assumption was

not verified.

A strong negative correlation was detected between

protein and weight. Fig 4.05.02 shows that there was a

cut-off around 450g, fish whose weight was greater than

this all having similar low concentrations whereas some

of the smaller individuals had much higher ones. The
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Fig 4.05.03 Plot of albumin concentration against weight
for rainbow trout

[Albumin] (g/dl)

2.80+ *
_ * * *

_ *

2 *
_ * *

2.10+ * *
_ * *

_ * * *

- * 2* 2*
_ * * **2 3 *

1.40+ * * *
— * * *

— *

- 22 * * *

0.70+ * *

150 300 450 600 750 900

Weight (g)
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Fig 4.05.04 Plot of albumin concentration against protein
concentration for rainbow trout

[Albumin] (g/dl)

2.80+
2 *

- *

- * **

— * *

2.10+ *
— * *

- * * *

- 2 * * * *
_ **** * ** * **

1.40+ * * *

2 *

— * *- 2 S *

0.70+ * *

2.0 3.0 4.0 5.0 6.0

Protein] (g/dl)
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reason for this is not known.

Albumin was positively correlated with weight. Fig

4.05.03 shows that again there may be two groups, with a

cut-off around 500g.

The plot of albumin concentration against protein

concentrations (fig 4.05.04) appears to show these

variables are not related. However the regression

analysis uncovered a positive correlation, demonstrating

the usefulness of the statistical technique. Presumably

the relationship between the two variables is not seen in

fig 4.05.04 because they depend on weight in different

ways, one increasing with it and the other decreasing.

The correlation suggests that fish with a high albumin

concentration do not have a lower concentration of the

other serum proteins.

Because distributions of the five continuous

variables seemed to be skewed towards higher values their

base 10 logarithms were taken and the multiple regression

analysis was repeated. The results were qualitatively the

same as those in figs 4.04.01-4.05.04.

4.06 Conclusions

1. The extent of ANS-binding is independent of the

weight or the sex of the trout studied. The component

involved is therefore unlikely to be one of the

lipoproteins associated with spawning.

2. The concentration of serum protein is 3.7;+0.9g/dl
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(mean+SD, 49). It is higher in fish whose weight is less

than 450g than in those of greater than 450g but

independent of their sex.

3. The concentration of serum albumin, as estimated by

BCG, is 1.8+0.4g/dl (mean+SD, 49). It is higher in bigger

fish (>500g) and independent of their sex.

4. The serum concentrations of protein and albumin are

positively correlated.

-128-



Table 4.05.01 Correlations between 6 variables for

rainbow trout

Dependent Independent Variables

Variable sex wgt prn alb hgb fin

sex * -1 . 2 1.6 0.1 -0.9 0.9

wgt -1.2 * -4.0a 7.0a -1.8 -1.0

prn 1 . 6 -4.0 = * 2 . 9a 1.6 -1 . 8

alb 0.1 7 .03 2.93 * 1.0 0.7

hgb -0 . 9 -1.8 1.6 1.0 * -1 .4

fin 0.9 -1.0 -1.8 0.7 -1.4 *

Each cell is the t- ratio of the slope to its

corresponding standard error for the multiple linear

regression when the variable in the left-■hand column

taken as the dependent variable and the other 5 variables

as the independent ones. Ratios which are significant at

the 1% level are denoted with a superscript a.

Abbreviations: wgt - weight

prn - serum protein concentration

alb - serum albumin concentration

hgb - serum haemoglobin

concentration

fin - fluorescence of serum with ANS
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Chapter 5

Characterisation of the 130kDa Component
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5.01 Introduction

The binding of ANS and other related fluorescent dyes

to a number of proteins, including albumin, has been

described (Stryer, 1965; Rees et al., 1954). ANS binds to

two 13kDa proteins from trout liver which are of unknown

function but may be involved in the transport of certain

organic anions within or across the hepatocyte

(Bauermeister et al., 1984). As well as interacting only

with albumin of the proteins in human serum, ANS is a

good assay compound because it detects low concentrations

of protein. The dye fluoresces when bound to proteins

much more than when not which means that binding can

readily be quantified (Rice, 1966).

In Chapter 3 the discovery was described of a

component in trout serum with a molecular weight of

130kDa which binds ANS. In this section the compound is

characterised in greater detail, the binding of ANS is

used to identify it on agarose electrophoresis and

binding is quantified. Evidence suggesting that it is HDL

is finally presented.

5.02 Identification of the 130kDa species after

electrophoresis

The aim of this experiment was to locate the 130kDa

species after serum had been fractionated by

electrophoresis on agarose. This was to obtain
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information on its mobility and its concentration in

serum which could subsequently be exploited in its

purification.

Samples ( lul) of either human or trout serum were

electrophoresed on agarose gels as described in 2.05,01.

After the proteins had been fixed in acetic acid/methanol

solution (method 2.05.02), the gels were stained in a

solution of 6uM ANS and the fluorescence observed using a

transilluminator at 365nm. All of the Coomassie-staining

bands fluoresced.

The above experiment was repeated using a gel for

which the proteins had not been fixed and therefore had

not been subjected to denaturation by the fixing

solution. Again all of the bands fluoresced.

In an attempt to stain selectively only those serum

components with greatest affinity for ANS, the

concentration of ANS used to stain was reduced first to

4uM and then to 2uM. Bands were stained in an all-or-

nothing manner.

Similar results were obtained for human and trout

serum electrophoresed on native polyacrylamide gels.

The use of ANS has been described as a general method

for visualising proteins after electrophoresis (Hartman &

Udenfriend, 1969). The advantage in using ANS is that

staining is rapid and little denaturation of the proteins

occurs. However there is inevitably some denaturation of

protein bands during electrophoretic separation which is

caused by remnants of the oxidising agent used to
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polymerise polyacrylamide gels and by surface

denaturation. ANS is thought to bind non-specifically to

these denatured regions and, indeed, most proteins can be

made to enhance ANS fluorescence following chemical or

thermal denaturation (Rees'et al., 1954). It is therefore

perhaps not surprising that these results were obtained.

When samples of serum were pre-incubated with 6uM ANS

and then separated by electrophoresis on agarose no

alterations in the mobilities of the Coomassie-stained

bands were noted. When the gel was examined under the

transilluminator, no fluorescence was seen suggesting

that the ligand does not remain bound to any of the serum

components under these conditions. This is perhaps

because the binding of ANS to serum components is weak

and electrophoresis through 1% agarose spatially

separates free from complexed dye thus causing the

complex to dissociate. The dissociation constant for the

binding of ANS to trout serum and to BSA is discussed in

the next section.

It was therefore concluded that this method was not

suitable for locating the 130kDa species on an

electrophoretogram.

5.03 Determination of the binding isotherm of ANS to the

130kDa species

The dissociation constant (Kd) for the binding of ANS

to trout serum was determined using whole trout serum,
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pooled material with maximum ANS-binding activity and

purified 130kDa species. Calculated dissociation

constants were compared with that of BSA.

a) The relationship between fluorescence and protein

concentration

The full analysis of the binding data depends upon

one's knowing.the fluorescence of ANS when it is bound to

the component being studied. This can be done, in theory

at least, by measuring the fluorescence for a fixed

concentration of ANS at varying concentrations of protein

and extrapolating to infinite protein concentration. One

assumes that when the protein concentration is infinite

all the ANS is bound and so the fluorescence yield is

simply the fluorescence determined by extrapolation

divided by the concentration of ANS.

In practice the most economical way of performing the

experiment is to do a dilution titration, in which the

protein-ANS solution is progressively diluted with ANS of

the same concentration. The extrapolation can be done

using a double-reciprocal plot of fluorescence and

protein concentration (Davenport, 1971).

Fractions from a Sephadex G-100 column which showed

maximum ANS binding activity were pooled (PTF) (section

3.07) and 2.5ml of this solution was mixed with lOOul of

6uM ANS (Solution A). The fluorescence was read using an

excitation wavelength of 370nm and an emission wavelength
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Figure 5.03.01

Calculation of the maximum fluorescence for the binding

of ANS to trout serum components

Pooled fractions which had maximum ANS binding activity

after fractionation of trout serum on Sephadex G-100 were

mixed (2.5ml) with lOOul of 6uM ANS solution (solution

A). The fluorescence was read against a blank and

corrected for the inner filter effect (method 2.18.01).

Solution A (500ul) was replaced by an equivalent volume

of 0.23uM ANS in 20mM potassium phosphate buffer, pH 7.2

and the fluorescence re-read on each occasion.
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Figure 5.03.02

Calculation of the maximum fluorescence for the binding

of ANS to trout serum components (Hanes-type plot)

Data from fig 5.03.01 have been re-plotted. The fitted

line was calculated by linear regression omitting the top

two and bottom two points. The units of the y-axis are

mg/1.

-135B-



of 465nm (method 2.18). A solution of 0.23uM ANS in 20mM

potassium phosphate buffer, pH 7.2 was used in 500ul

aliquots to replace the equivalent volume of solution A

at each stage. The absorbance was read at 370nm and 465nm

and used to correct for the inner filter effect (method

2.18.01). A solution of PTF in 20mM potassium phosphate,

pH 7.2 had a negligible fluorescence and was used as a

blank.

The plot of l/[protein] versus 1/fluorescence was a

straight line up to a reciprocal protein concentration of

15ml/mg (fig. 5.03.01). Above this value the graph was

curved, presumably because data points in this region,

where the concentration of protein is not much greater

than that of the ligand, do not obey the linear

relationship (see A.02). An alternative way of displaying

the data is by plotting [protein]/fluorescence versus

[protein] (fig. 5.03.02). This method of analysis is akin

to the Hanes plot where the gradient of the graph is

1/maximum fluorescence and the intercept with the y-axis

is Kd/maximum fluorescence. Again the linear relationship

of [protein]/fluorescence with [protein] holds only for

concentrations of protein much greater than these of the

ligand and so deviation from linearity are observed at

low concentrations of protein. The line of best fit was

calculated using linear regression and had an intercept

of 0.39 mg/dl and a gradient of 1.44 mg/dl.

From these results it was calculated that lpmol/1 of

ANS bound gives a fluorescence of 3.0. For comparison, it
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was calculated that, for BSA, lpmol/1 of ANS bound has a

fluorescence of 2.2 (data not shown).

b) Determination of the binding isotherm

For the binding of ANS to serum components the Kd is

the concentration of ANS which, when bound, gives half of

the maximum fluorescence ie. half saturates the ANS

binding component. In practice it is determined by

varying the concentration of ANS which is added to a

constant amount of protein. From a plot of fluorescence

versus the concentration of ANS the half maximal

fluorescence and concentration of ANS which produces it

can be calculated. It is also important to plot

1/fluorescence versus 1/fANS] because the variables

should be linearly related and so the plot can be

interpreted visually to decide whether or not a

rectangular hyperbola really does fit the untransformed

data. However values of the dissociation constant and

maximum fluorescence are better calculated by fitting a

rectangular hyperbola to the untransformed data (Atkins &

Nimmo, 1980).

The experiment could have been done using a dilution

titration (see A.03). However this would have meant

working with low concentrations of both protein and ANS

and thence low fluorescences towards the end of the

titration, so the familiar protocol of enzymic

kineticists was adopted. Concentrations of between 0 and
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Figure 5.03.03

Calculation of the binding isotherm for PTF

Aliquots (lOul of a 2.4g/dl solution) of PTF were

added to ANS solutions of concentrations 0 to

96uM. The fluorescence was read and corrected for

the inner filter effect (method 2.18.01).
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96uM ANS were used and to them was added lOul of PTF. The

fluorescence was read, corrected for the inner filter

effect and graphs plotted of fluorescence versus [ANS]

(fig 5.03.03). Non linear regression analysis (Duggleby,

1981) of fluorescence versus [ANS] gave a maximum

fluorescence of 380^42 and a Kd of 26^3uM. This means

that 0.328pmoles of ANS are bound which is equivalent to

0.18 molecules bound per molecule of the 130kDa

component. For comparison, the maximum fluorescence for

the binding of ANS to BSA was 500+30 and the dissociation

constant was 8.9uM (data not shown). This means that 7.4

molecules of ANS are bound per molecule of BSA, in

reasonable agreement with Andersson et al. (1985) who

proposed that ANS can occupy 5 binding sites on 3

globular domains of BSA. The value for the number of

molecules of ANS bound per molecule of PTF (namely 0.18)

might be expected to be an integer. However there are two

obvious explanations for its being less than unity. First

PTF is not a pure binding protein and secondly, some of

the protein may have been inactivated. The assumption

that the trout 130kDa component is the ANS-binding

species of trout serum is made in the light of later

evidence.

The results suggest that there is a component (or

components) in trout serum which binds to ANS

approximately 3 times less tightly than BSA. The

fluorescence enhancement for ANS binding to PTF is

approximately 1/3 greater than that for the binding to
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Figure 5.03.04

Calculation of the maximum fluorescence for the binding

of ANS to trout serum components (double reciprocal plot)

Trout serum (lOul of a 0.7g/dl solution) was mixed with

lOOul of 6uM ANS (solution A). The fluorescence was read

against a blank and corrected for the inner filter effect

(method 2.18.01). Solution A (500ul) was repeatedly

replaced by an equivalent volume of 0.23uM ANS in 20mM

potassium phosphate buffer, pH 7.2, and the fluorescence

re-read on each occasion.
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Figure 5.03.05

Calculation of the binding isotherm for trout serum

Aliquots (lOul of a 0.7g/dl solution) of trout serum

were mixed with 2.5ml of ANS solution between 0 and

150uM. The fluorescence was read for each solution and

corrected for the inner filter effect (method 2.18.01).
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BSA. This suggests that the ANS binding sites on PTF are,

on average, more hydrophobic than those of BSA. However,

the maximum emission wavelengths, which are an inverse

measure of the degree of hydrophobicity of the binding

sites, suggest that the binding sites for BSA and the

trout component are of roughly equal hydrophobicity

(results not shown).

Attempts to repeat the experiment to determine the

binding isotherm for ANS and whole trout serum gave

variable results with a great deal of scatter in the data

(see fig 5.03.04 and 5.03.05). The scatter could be due

to two factors, first at ANS concentrations above

100umol/l the correction factor for the inner filter

effect becomes appreciable (greater than 1.2). Secondly,

the serum samples tended to contain small particles,

presumably denatured protein which scattered the incident

light. One way to overcome interference from other serum

components is to use purified proteins material. The use

of the purified trout 130kDa component to determine Kd

for the binding of ANS is the subject of section 5.10.

5.04 Purification of the trout 130kDa component

It was discovered fortuitously that the affinity

medium Cibacron Blue F3GA selectively binds to the 130kDa

component from trout serum and that this component can be

eluted by the chaotropic agent sodium isothiocyanate

(NaCNS) (method 2.15.01).
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Figure 5.04.01

Affinity chromatography of human serum on Cibacron Blue

F3GA

Human serum (250ul;15mg of a 6.2g/dl solution) was

fractionated on Cibacron Blue F3GA in 50mM Tris/HCl +

50mM NaCl, pH 8.6. Adsorbed material was eluted with

0.3M NaCNS in 50mM Tris/HCl, pH 8.6. Fractions (0.5ml)

were assayed for protein (A2s0nm/cm, equivalent to

mg/ml), the binding of ANS (fluorescence/cm) and of BCG

( A6 2 8 n m / Cm ) .
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Figure 5.04.02

Electrophoresis of the components fractionated on

Cibacron Blue F3GA

Human serum was fractionated on Cibacron Blue F3GA

and the material which did not adsorb to the column

and that which did and was eluted with 0.3M NaCNS

was electrophoresed on a native 1% agarose gel at a

pH of 8.6 (method 2.05.01). Components were stained

with Amido Black 12B (method 2.13).
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Figure 5.04.03

Affinity chromatography of trout serum on

Cibacron Blue F3GA

Trout serum (250ul; 19.6mg of a 2.45g/dl

solution) was fractionated on Cibacron Blue

F3GA in 50mM Tris/HCl + 50mM NaCl, pH 8.6.

Adsorbed material was eluted with 0.3M NaCNS in

50mM Tris/HCl, pH 8.6. Fractions (0.5ml) were

assayed for protein (A28onm/crn, equivalent to

mg/ml), the binding of BCG (A62snm/cm) and the

binding of ANS (fluorescence/cm).
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Cibacron Blue is more commonly used to isolate human

and other mammalian albumins from serum (Leatherbarrow &

Dean, 1980) although it binds to a number of cytosolic

proteins which all possess a characteristic dinucleotide

fold (cited by Mahay et al., 1980). Albumin does not have

this dinucleotide fold and its mechanism of binding to

Cibacron Blue can only be speculated about. There is an

overall structural similarity between Cibacron Blue and

bilirubin, both molecules consisting of a planar aromatic

ring with negatively-charged groups in analogous

positions. Leatherbarrow & Dean (1980) have suggested

that albumin binds to the dye via its bilirubin binding

site. However the hydrophobic sites on albumin for

binding FFA have also been implicated (Naval et al.,

1982). It is interesting to note in this context that the

130kDa trout component probably binds to bilirubin

(section 6.15) and fatty acids (section 6.16).

When human serum was passed down Cibacron Blue and

adsorbed material eluted with 0.3M NaCNS adsorbed

material was shown to consist almost exclusively of

albumin by its ability to bind both ANS and BCG (fig.

5.04.01) and mobility on agarose electrophoresis (fig.

5.04.02) .

When trout serum was passed down the same column ANS-

reactive material remained bound to it and was also

eluted as a sharp peak by concentrations of NaCNS of 0.3M

and above (fig. 5.04.03). The recoveries from the column

of the applied protein and fluorescence were 95% and 30%
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respectively. Of this 30% of the applied protein and all

of the fluorescence was eluted with 0.3M NaCNS. No

fluorescence-activity was associated with the material

which did not adsorb to the column and high

concentrations of NaCNS (up to 2M) and 6M urea failed to

elute any ANS-fluorescent material which might have been

bound tightly to the column. It is therefore postulated

that the low fluorecence activities recovered from the

affinity column are the result of changes in the

flourescence of the 130kDa/ANS complex.

In contrast, the bulk of the BCG-reactive material

in trout serum did not bind, even when non-adsorbed

material was passed down the column a second time in

order to confirm that the column had not been overloaded

with binding material the first time (data not shown). It

can therefore be concluded that human and trout serum

differ in their behaviour on Cibacron Blue.

Prolonged storage of eluted material in 0.3M NaCNS

at 20°C for up to 4 hours did not affect its reactivity

with ANS nor was the electrophoretic profile for rainbow

trout serum affected by this treatment (data not shown).

It was therefore concluded that the NaCNS does not

adversely affect the structure of the ANS-binding

component so as to alter its electrophoretic mobility or

reactivity with ANS.

Trout material eluted from the Cibacron Blue column

was passed down Superose 12. The major component had a

molecular weight of 130kDa and bound ANS; the minor
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Figure 5.04.04

Molecular exclusion of the Cibacron Blue F3GA effluent on

Superose 12 HR10/30

Fractions 12-16 which were eluted from the Cibacron Blue

column with 0.3M NaCNS (fig 5.04.03) were pooled and

passed down Superose 12 as 0.5ml aliquots in 50mM

Tris/HCl + 50mM NaCl, pH 8.6. The graph is a tracing of

the original chart recorder output.
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Rainbow trout serum

Cibacron Blue F3GA;
A ■ 50mM Tris + 50mM NaCI,

pH 8.6
B = 50mM Tris + 0.3M NaCNS,

pH 8.6

Pool adsorbed fractions and concentrate by ultrafiltration

Superose 12HR 10/30;
50mM Tris/HCI + 50mM NaCI,

pH 8.6

Pool fractions which flouresce with ANS
and concentrate by ultrafiltration

Purified 130kDa ANS-binding component



Table 5.04.05

Purification of the trout 130kDa component
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components did not bind the dye (fig 5.04.04). The

chromatography of trout serum down Cibacron Blue and the

subsequent passage of the adsorbed material down Superose

12 was employed to purify the 130kDa component as shown

in fig 5.04.05.

In theory, the optimum conditions for purification of

a component are those which give maximum recovery of

activity and best resolve the component from

contaminating species. It is therefore unlikely that

affinity chromatography on Cibacron Blue under the

conditions applied here is the optimum method for

purifying the 130kDa component, at least as specified

above. In practice however, the optimum conditions for

purification are rarely attained and one is generally

satisfied if any method can be developed which is

suitable for purifying the component of interest.

The yields of 130kDa component which were obtained

applying this purification scheme were adequate for the

experiments subsequently carried out and so an

alternative means of purification which might give

greater yields of purified material was not attempted.

The most commonly used method for assessing the

purity of a protein is to run the component on an SDS-

polyacrylamide gel such that the gel is overloaded with

protein and any minor contaminants can therefore be

detected. The method is limited to proteins consisting of

just one subunit, or for which the subunit composition is

known. In fact multiple large molecular weight components
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Figure 5.04.06

Molecular exclusion of the trout 130kDa component

after storage

Trout 130kDa component was purified as described in

fig 5.04.05 and aliquots were stored at 4°C, -10°C and

-70°C in 50mM Tris/HCl, pH 8.6 for 1 week. Sample

(50ul) was fractionated on Superose 12 in 50mM

Tris/HCl + 50mM NaCl, pH 8.6. The graph is a tracing

of the original chart recorder output and shows a

typical profile for sample stored for one week at

-10°C.
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which were not very soluble were separated on SDS-

polyacrylamide gels (results not shown). The resolution

of separation was improved by electrophoresis on SDS-

glycerol polyacrylamide gels at pH 6.8 (method 2.05.08)

(fig 5.07.03). One can conclude that the 130kDa component

is composed of multiple subunits and/or contaminated with

impurities.

For proteins composed of multiple subunits one can

instead electrophorese the protein on a native gel and

employ the criteria described above.

The "purified" 130kDa component was electrophoresed

on a 1% agarose gel and stained with Coomassie Brilliant

Blue. It ran as a single diffuse band (fig 5.06.01). The

diffuse mobility is reminiscent of a lipoprotein and it

was shown that the component was stained by Sudan Black

(fig 5.06.01b). Again one can conclude that the 130kDa

component is composed of multiple subunits rather than

being contaminated with impurities.

The A28onm absorbing peak which is obtained when the

130kDa component is fractionated by FPLC on Superose 12

is symmetrical with no shoulders. This also implies that

the 130kDa component is pure.

The purified 130kDa component was stored at -70°C,

-10°C and +4°C for one week and each sample subsequently

fractionated on Superose 12. The elution profiles were

composed of multiple small molecular weight components

(fig. 5.04.06), none of which bound ANS (results not

shown). As will transpire, the 130kDa component is
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thought to be a lipoprotein and so it was concluded that

freezing interferes with the interaction of lipid and

protein such that the component degrades. This is

probably because the enthalpy for the formation of

hydrophobic bonds is slightly positive and so the

strength of the hydrophobic bonds between the hydrocarbon

and protein decreases as the temperature decreases

(Mahler & Cordes, 1971). This will result in a less

stable lipoprotein particle. It can be assumed that there

are other components in the serum which stabilise the

130kDa component such that it remains intact when frozen

at -10°C and -70°C as a component of the serum.

Although it is advantageous that the 130kDa species

binds to the affinity medium, it is perhaps surprising

that the putative albumin-like protein (the BCG binder of

molecular weight 70kDa) does not interact. This will be

discussed in more detail in the next chapter.

The adsorption of serum components other than albumin

to Cibacron Blue, in particular of human lipoproteins,

has been described (Naval et al., 1982). Most

lipoproteins are retained by the adsorbent and 0.2M NaCNS

elutes 80% and 20% of human serum alpha and beta

lipoproteins respectively. In the case of the trout serum

concentrations of NaCNS greater than 0.3M were required

to elute bound components.

It can be postulated that the 130kDa component which

has been purified from trout serum is a lipoprotein

particle. Evidence supporting this is that it stains with
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Sudan Black B (method 2.08), it runs as a diffuse band on

1% agarose, it is composed of multiple components which

are separable on SDS-glycerol polyacrylamide gels and it

binds to Cibacron Blue.

The aim of the next section was therefore to

characterise the component further and to assign it to a

lipoprotein class. The methods available for

characterising lipoproteins are density floatation,

electrophoretic mobility, subunit composition and

apoprotein composition (chapter 1). Each of these methods

was used in an attempt to characterise the 130kDa

component.

5.05 Assignment of the 130kDa species

When electrophoretograms of trout serum stained with

Coomassie Brilliant Blue are examined it can be observed

that the lipoproteins do not separate as tight bands, but

that the boundaries of each zone are diffuse and coalesce

with other staining regions (fig. 3.04.02). Consequently,

interpretation of electrophoretograms is often difficult

and so this method was not used in the initial

identification of the 130kDa component.

Instead serum lipoproteins were separated from

proteins by adjusting the density of the serum to

1.21g/ml and centrifuging it at 40 OOOrpm for 26 hours in

a Ti 40.5 rotor (method 2.21). Under these conditions

human lipoproteins float upwards and can be collected
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Figure 5.05.01

Molecular exclusion of trout serum lipoproteins on

Superose 12 HR 10/30

Trout lipoproteins were prepared by floatation as

described in method 2.21. Sample (50ul) was

fractionated on Superose 12 HR10/30 in 50mM Tris/HCl

+ 50mM NaCl, pH 8.6. The graph is a tracing of the

original chart recorder output. The graph of trout

protein fractionated on Superose 12 (fig 5.05.02)

has been superimposed for comparison.
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Figure 5.05.02

Molecular exclusion of trout serum proteins on

Superose 12 HR10/30

Trout proteins were prepared by density floatation as

described in method 2.21. Sample (50ul) was

fractionated on Superose 12 in 50mM Tris/HCl, pH 8.6.

The graph is a tracing of the original chart recorder

output.
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from the top 2.5cm of the centrifuge tube. The optimum

density to use for the separation of trout lipoproteins

and proteins was shown to be 1.21g/ml by centrifuging

trout serum at densities of 1.10, 1.15, 1.21, 1.30, and

1.60g/ml respectively and analysing the material by gel

electrophoresis (data not shown). Serum proteins have a

density greater than 1.21g/ml and therefore move to the

bottom of the tube. The optimum density is defined as

that below which least contamination of lipoproteins with

serum proteins was obtained after electrophoresis of the

material on agarose and staining with Sudan Black.

After fractionation of trout serum by

ultracentrifugation, each of the lipoprotein and protein

fractions was fractionated further according to molecular

weight on Superose 12 (method 2.15.02).

The major component of the lipoprotein fraction had a

molecular weight of 130kDa (fig. 5.05.01) and bound to

ANS (results not shown). A component with molecular

weight of approximately 320kDa was also present. It

stained with Sudan Black and was reactive against

anti(trout HDL) (section 5.07). Because of this it is

thought to be either high molecular weight lipoproteins

or an aggregate of other lipoprotein species. However it

was not reactive with ANS and therefore not investigated

further. The protein fraction was richest in a component

of molecular weight 70kDa (fig. 5.05.02) which bound BCG

and not ANS (results not shown).

It would appear that the 130kDa component is a
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lipoprotein because it is isolated at a density of less

than 1.21g/ml. The 70kDa component is probably a protein

because it co-isolates with the serum proteins at a

density greater than 1.21g/ml. It will be investigated

further in chapter 6.

The differential floatation classes of lipoproteins

in human serum are prepared by adjusting the serum to the

densities between which the different classes are

isolated (table 1.08.01). To employ this method for the

fractionation of trout serum one must first determine the

cut-off densities for each class. However the experiment

was judged to be impractical in the context of this

project because it necessitates volumes of serum greater

than 6ml for pycnometery, and so very large volumes of

serum would have been required to carry out

ultracentrifugation at a range of densities. Several

groups of workers have subfractionated trout serum into

lipoprotein classes using the density borders which have

been determined for human lipoproteins. The problems

associated with this approach have already been discussed

(section 1.08) and some of these will become evident in

the next section.

5.06 Electrophoresis of the purified 130kDa species

Samples (lul) of 130kDa lipoprotein, which had been

purified as described in section 5.04 were

electrophoresed on agarose and stained with Coomassie
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Figure 5.06.01

Agarose gel electrophoresis of trout serum components and

of the purified 130kDa component

The 130kDa ANS-binding protein from trout serum was

purified as described in table 5.04.05. Sample (lul) of

trout serum and the purified 130kDa component were

electrophoresed on agarose and stained with either

Coomassie Brilliant Blue (a) (method 2.05.02) or Sudan

• Black B (b) (method 2.08).
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Brilliant Blue. Fig 5.06.01 shows that the 130kDa

component has a mobility greater than that of trout

region 6a' and 6b' which suggests that it is highly

negatively-charged. A species of comparable mobility in

trout serum is not present. The altered mobility of the

purified 130kDa component relative to that of other serum

components implies that it has been changed in some way

during the purification procedure. This change however

does not cause an alteration in its molecular weight, or

if it does the alteration is too little to be detected on

Superose 12. One can therefore tentatively conclude that

the change in the 130kDa component is in its conformation

or net charge such that its mobility on agarose

electrophoresis is altered.

There are a number of experiments describing the

isolation of trout lipoproteins and comparing them with

their human counterparts. Fremont & Marion (1982)

reported that male trout lipoproteins have similar

mobilities to these of their human counterparts. This is

also reported by Nelson & Shore (1974) and Skinner &

Rogie (1978). However electrophoretograms shown in both

of their papers indicate that the trout HDL has a

mobility greater than that of human HDL. Chapman et al.

(1978) and Fremont et al. (1981) noticed that trout VLDL

and HDL had mobilities similar to those of their human

counterparts, whereas LDL had a greater mobility than

that of its human counterpart and, indeed, than that of

trout and human HDL. It would therefore appear that the
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relative electrophoretic mobilities of trout lipoproteins

have not been completely resolved and that other factors

such as the method of purification may be important in

determining the final mobility of the component. In this

project it was found that the absence of EDTA in the

density medium caused altered electrophoretic mobilities

of the fractionated lipoproteins compared with their

mobilities before isolation (results not shown). The

lipoproteins which were isolated in the fraction with a

density less than 1.21g/ml all migrated with a mobility

of 0.8-0.9 relative to that of human albumin on

electrophoresis. This was presumably caused by

aggregation of the lipoproteins such that the

electrophoretic mobilities of VLDL and of LDL were

increased. Therefore EDTA was routinely employed in

density floatation. In addition, it has already been

mentioned that the association of lipid and apoprotein

can be disrupted during ultracentrifugation (chapter 1).

However, on the basis of its mobility and the results of

both Chapman et al. (1978) and Fremont et al. (1981), the

130kDa species would appear to be LDL.

In the introduction the three methods used for

identifying lipoprotein classes were described. In this

section two of them, namely density floatation and

electrophoresis have been discussed with respect to

identifying the trout 130kDa component. Both of these

methods have been demonstrated to be less than rigorous

in identifying the 130kDa component, the former because
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Molecular weight (daltons)
Apoprotein Human Trout Trout

type* (Mayes, 1988) (Babin, 1906) (Chapman et al., 1978)

A1 28.3 25 22 - 26.5

All 17.4 13 0 1 -JL

B-100 350 260

>250
B-48 200 240

C1 7

9-11
Cll 8.8

cm 8.75

Lipovitellogen 112

LV1 92

lv2

Nomenclature devised for the human apoprotein types



Table 5.07.01

Comparison of the molecular weights of trout and human

apoproteins
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the density cut-offs for trout serum have not been

defined and the latter because there is disagreement as

to the mobilities of trout lipoproteins on agarose. The

final method for identifying trout lipoprotein classes,

that is the use of apoproteins, will now be discussed.

5.07 Apoprotein Characterisation

Apoprotein types have been identified and

characterised as to their distribution in each of the

human lipoprotein classes (Table 5.07.01). The

apoproteins from adult rainbow trout (Skinner & Rogie,

1978; Chapman et al., 1978; Babin, 1986, 1987) and from

pre-spawning salmon (Nelson & Shore, 1974) have been

characterised and shown to be similar to their human

counterparts in molecular weight, amino acid composition

and distribution. In addition, the electrophoretic

mobilities of the apoproteins from rainbow trout VLDL,

LDL and HDL have been characterised (Chapman et al.,

1978) .

To characterise the 130kDa component further the

amino acid composition of its total apoproteins was

determined so that it could be compared to the

compositions reported for rainbow trout apolipoproteins

which have been determined by Skinner & Rogie (1978) and

also by Chapman et al. (1978). The purified component was

delipidated with 1:2 acetone:ether mixture (method 2.22)

and the apolipoprotein mixture prepared for amino acid
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130kDa
AMINO ACID COMPONENT VLDL LDL HDL

asx 9 11.2 10.9 7.5

thr 8 8.1 6.8 5.2

ser 3 6.2 6.4 4.4

gix 9 14.2 12.9 16.6

pro 4 3.7 4.9 5.2

gly 6 5.4 5.5 5.1

ala 10 8.9 11.2 13.4

val 4 5.3 6.4 7.6

met 4 0 1 0.9

ile 6 5.8 7.4 4.2

leu 17 8.9 10.9 11.1

tyr 0 4.1 2.4 4.8

phe 4 4.5 4.2 2.1

his 3 1.9 1.5 1.5

lys 6 8.5 5.3 6.1

arg 5 3.3 2.3 4.3



Figure 5.07.02

The amino acid composition of the purified 130kDa

component

The percentage composition of the apolipoproteins of

the trout 130kDa component was calculated to the

nearest whole number. For comparison, the composition

of rainbow trout apolipoproteins VLDL, LDL and HDL

are shown (Skinner & Rogie, 1978).
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analysis as described in method 2.24.

The amino acid composition for the apolipoproteins of

the 130kDa component is shown in fig 5.07.02 along with

the compositions of the rainbow trout apolipoproteins

VLDL, LDL, and HDL (Skinner & Rogie, 1978).

The composition of the 130kDa apolipoprotein has the

high content of glutamic acid and leucine and low content

of methionine and proline which are characteristic of

human and trout apolipoproteins (Scanu et al. , 1975;

Skinner & Rogie, 1978). It was shown that there was no

relationship between the apolipoprotein compositions of

the 130kDa component with any of the trout

apolipoproteins at the 5% significance level (using the

"weak" statistical test of Cornish-Bowden, 1980).

Therefore a more specific method was sought to

characterise the 130kDa component. This was using

antibodies to determine its apoprotein composition.

The similarities between human and trout apoproteins

were exploited as probes to determine the apoprotein

composition of the 130kDa component. A monoclonal

antibody (kindly provided by Dr I. Rostedt, National

Public Institute, Helsinki, Finland) which had been

raised against human apo Al, the major apoprotein in HDL,

were used to test for cross-reactivity with the separated

apoproteins from the 130kDa component. The amino acid

compositions of trout and salmon apo Al are known

(Skinner & Rogie, 1978; Nelson & Shore, 1974) and have

been shown to be similar to each other and to their human
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Figure 5.07.03

Polyacrylamide gel electrophoresis of trout

apoproteins

Trout apoproteins were prepared from the purified

130kDa component for electrophoresis as described in

method 2.05.09. They were fractionated on a linear

gradient SDS-glycerol polyacrylamide gel at pH 6.8

(method 2.05.08). Components were stained with

Coomassie Brilliant Blue and their molecular weights

determined by comparing their mobilities with these of

molecular weight markers.
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counterpart. One would therefore predict that there might

be cross-reactivity between trout apo A1 and an antibody

raised against the corresponding human apoprotein. In

addition, polyclonal antibodies raised in rabbits against

rainbow trout HDL (gifted by Dr Skinner) were also tested

against the purified component.

The trout 130kDa component was delipidated using 1:2

acetone:ether (method 2.22). Precipitated proteins were

resuspended in sample incubation buffer and prepared for

SDS-glycerol polyacrylamide electrophoresis (method

2.05.09). Apoproteins were separated on a 10% SDS-

glycerol slab gel (method 2.05.08) and stained with

Coomassie Brilliant Blue. The molecular weights of the

separated components were determined relative to standard

markers (fig. 5.07.03). After transfer to a

nitrocellulose membrane (method 2.12.02), apoproteins

were probed with anti (human apo A1) at a dilution of

.1/20 000 (method 2.23.01). This was determined to be the

optimum dilution of antibody to use by probing dotted and

electrophoresed apoproteins with a variety of antibody

dilutions. The optimum antibody dilution is defined as

that which gave the least non-specific reaction with the

separated serum components. A control experiment showed

that there was no reaction of the second antibody or of

the Streptavidin-HRP complex with any apoproteins

(results not shown).

Proteins with molecular weights 80-85kDa, 60-69kDa,

32-35kDa and 17-19kDa were identified using Coomassie
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Brilliant Blue. Of these, only the species with molecular

weight 32-35kDa reacted with the antibody. (This

experiment was repeated on four occasions always with the

same results. Unfortunately the blots faded quite quickly

and photographing them at the time the experiments were

done was not practicable.) The 60-69kDa band was the most

densely stained band.

The molecular weights of the apoproteins from rainbow

trout as determined by Chapman et al. (1978) and Babin

(1987) are presented in table 5.07.01. The molecular

weights of the B apoproteins are much greater than those

determined for the trout 130kDa component and those of

the C apoproteins much smaller. One can tentatively

propose, by a process of elimination, that the 130kDa

components most resemble the A apoproteins of trout and

human described here. This would imply that the 130kDa

component is HDL which is the major apo A containing

species in both trout and human serum. The components of

molecular weights 80-85kDa and 60-69kDa might be

aggregates of the 32-35kDa apoproteins. However the 32-

35kDa component is unlikely to be an aggregate of the 17-

19kDa component because latter does not react with the

apo(Al) antibody. Alternatively the higher molecular

weight components might be egg yolk proteins which are

re-absorbed from the ova into the serum and associate

with HDL in adult female fish (Babin, 1986).

It would therefore appear that the 130kDa component

is HDL because it is composed of subunits with molecular
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Figure 5.07.04

Reaction of trout serum components with antibodies

Trout serum (lOOul) was fractionated on Superose 6

HR10/30 in 50mM Tris/HCl + 50mM NaCl, pH 8.6, and

0.5ml fractions collected. An aliquot of each fraction

(lOul) was dotted onto nitrocellulose and probed with

antibodies at appropriate dilutions (method 2.23.01).

0 no reaction

1

2

3

4 strong reaction
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weights resembling these of trout HDL and one of these

subunits with a molecular weight of 32-35kDa cross-reacts

with anti(human apo Al).

Polyclonal antibodies raised against rainbow trout

HDL (kindly donated by Dr ER.Skinner, Marischal College,

University of Aberdeen) were tested for reactivity by

immunodotting and immunoblotting (method 2.12). The

optimum dilution for the antiserum was determined by

immunodotting and immunoblotting against both whole trout

serum and purified trout lipoproteins. A dilution of

1/20000 was used in the subsequent experiments. A control

experiment showed that there was no reactivity of the

second antibody or of the Streptavidin-HRP complex with

any serum components (results not shown).

Trout serum (lOOul) was fractionated on Superose 6.

This molecular exclusion medium was chosen in preference

to Superose 12 because it resolves components with

molecular weights between 5 and 5000 kDa (exclusion limit

40000kDa) and is therefore more suitable than Superose 12

(optimum separation range: l-300kDa, exclusion limit:

2000kDa) for the separation of the high molecular weight

components present in trout serum which were shown to be

lipoprotein in nature (peaks B and C in fig 3.07.02).

Eluent (0.5ml fractions) was collected and dotted onto

nitrocellulose. They were probed with anti(trout HDL)

(method 2.23.01).

Fig. 5.07.04 shows that peaks A and B reacted with

the antibody as well as peak C with molecular weight
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130kDa. Peak A has already been tentatively identified as

containing immunoglobins and peak B, which is stained

with Sudan Black and therefore lipid associated, is

probably composed of high molecular weight lipoproteins

or aggregates of lipoproteins.

When trout lipoproteins were separated by agarose

electrophoresis and transferred to nitrocellulose, all of

them reacted with anti(trout HDL). This was at dilutions

down to 1/30 000 of the antibody. Below this dilution no

staining of any serum components was observed (results

not shown). This suggests that the polyclonal antibody is

not as specific as was originally supposed. Skinner &

Rogie (1978) noted that anti(trout HDL) reacted against

trout VLDL and LDL when tested by Ochterlony diffusion.

Reaction with VLDL and LDL could be prevented if the

antibody solution was pre-incubated with trout LDL. From

this they concluded that anti(trout LDL) was also present

in the antibody solution and that VLDL shares antigenic

sites with LDL. Unfortunately, because no trout LDL was

available, the preincubation could not be carried out in

this instance.

The method of immunoblotting is more sensitive than

that of Qphterlony diffusion by a factor of up to 100
u

(cited by Vaitukaitus, 1981). For precipitin lines to

develop in Ouihterlony diffusion the antibody

concentration must be great enough for precipitation to

occur. Therefore significant cross-reactivity with

contaminating components or with homologous proteins may
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occur which will not be detected by the Ochterlony

technique.

In this study it was not considered necessary to test

the anti(trout HDL) by Ochterlony diffusion. Although

there was a great deal of cross-reactivity of the

antibody with trout lipoproteins, reactivity with the

130kDa component was demonstrated by immunoblotting and

so it can be concluded that the 130kDa has antigenic

sites in common with that of trout HDL and/or LDL.

Another approach which was tried to determine the

identity of the 130kDa component was to raise polyclonal

antibodies in rabbits against the purified component.

Once produced, the antibodies could be used to identify

components in the serum of man and other species which

are antigenically related to the 130kDa species. In

addition to providing information as to the identity of

the component, this approach could also be used to show

evolutionary relationships.

Purified 130kDa component was used as an antigen and

injected into rabbits for the production of polyclonal

antibodies (method 2.23). Both of the rabbits used for

antibody production were infected with- a virus which

resulted in their having to be put down before

innoculations were complete. The serum was harvested

after death but it was shown to contain too many

antibodies to be of use and reaction with peaks B and C

(fig 5.07.04) was shown. Antibody production

was not attempted a second time because the viral
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infection persisted in the animal house and the procedure

of raising antibodies was too expensive in terms of

finance to warrant a second attempt under such adverse

conditions.

In summary it is evident that the identity of the

130kDa component has not been proven beyond all doubt.

However when all the evidence is taken together the most

convincing conclusion is that it is HDL. This is because

it is composed of multiple subunits which resemble the

trout A apoproteins and reacts with a polyclonal antibody

against human apo A1. Unfortunately antibodies against

LDL, VLDL and IDL and some of the other human apoproteins

were not available to test for reactivity with the trout

component and its subunits. The absence of cross-

reactivity with these antibodies might have confirmed the

identity of the 130kDa component as HDL. However, the

amino acid sequence of trout apo B, apo C and apo E-like

particles has not yet been determined for the trout and

so it may be that, had antibodies against the human

apoproteins been available, they might not have reacted

with any of the trout components because of differences

in the primary sequences of the trout component compared

with their human counterparts.
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5.08 Cholesterol and triglyceride composition of rainbow

trout serum and 130kDa component

Human lipoprotein classes contain differing

proportions of protein, cholesterol, triglyceride and

phospholipid, and it is this feature which enables one to

isolate them at different densities during

ultracentrifugation (see chapter 1). The proportions of

each component within a given class is characteristic of

that class. Measurement of the triglycerides and

cholesterol in the blood is used to characterise disease

states which result in abnormal concentrations of one or

both of the components.

Standard conditions are used in clinical laboratories

for measuring the cholesterol and triglyceride levels in

the serum of subjects (Eder & Gidez, 1982). This is in an

attempt to reduce variations caused by factors such as

the nutritional state of the subject. The conditions

employed include:

a) feeding a normal Western diet for at least 7 days

prior to investigation.

b) fasting the subject for at least 10 hours before the

blood is collected.

In this study similar rigorous conditions could not

be employed prior to serum analysis. The fish used for

the serum cholesterol and triglyceride determinations

were collected from a local fish farm 2-3 days before

sampling and fed a standard pellet diet twice daily until
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VLDL LDL HDL

Trout Human Trout Human Trout

Component Cone. wt. % wt. % Cone. wt. % wt. % Cone. wt. %

CE 36 6.1 13.5 131 11.3 60.8 35 6.8

Cholesterol 31 5.3 9.0 42 3.6 12.7 14 2.7

Total chol. 67 11.4 22.5 173 15.0 73.5 49 9.5

TAG 327 55.8 62.2 261 22.6 16.5 65 12.5

Protein 75 12.8 10.0 326 28.2 21.0 238 46.0

Total-

lipoprotein 586 1156 518



Table 5.08.01

The composition of trout lipoprotein classes

The results for each trout lipoprotein type are

expressed as concentration in mg/ml and as wt %.

The expression as wt. % is to allow comparison

with the amounts of each component found in human

lipoproteins. The wt % for human HDL have not been

shown because this fraction is subtractionated onto

HDLi and HDL2 . Fractionation of the trout HDL class

has not been attempted.

abbreviations: CE = Cholesterol esters

Total chol.= Total cholesterol

TAG = triglycerides

Sources: Humans; Mayes (1988)

Rainbow trout; Fremont et al. (1981)
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Data for rainbow trout serum

DATE CHOL TAG PROT

17/2 130 112 2960

25/2 330 341 2290

10/3 411 530 3089

16/3 163 238

20/3 417 398 4560

MEAN 290 324 3225
SD 136 159 957

Data for the purified trout 130kDa component

DATE CHOL TAG PROT CHOL7PROT

17/2 36 28 332 0.11

25/2 83 64 407 0.20

10/3 15 747 80 0.19

16/3 86 88 714 0.12

20/3 86 89 409 0.21

MEAN 61 203 388 0.17
SD 33 305 226 0.05



Figure 5.08.02

Cholesterol, triglyceride and protein concentrations for

trout serum and the purified 130kDa component

The cholesterol and triglyceride concentrations of

individual trout serum samples were determined using an

automated method (method 2.27). The cholesterol,

triglycerides and protein are expressed in mg/dl of serum

for the serum and as mg/dl of phosphate buffer for the

130kDa component. Protein was determined by the method of

Bradford (method 2.03).
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sacrifice. In all cases the samples were taken 2 hours

after feeding. The sex of the fish and state of sexual

maturation were not noted.

The concentration of triglyceride and of total

cholesterol in the lipoproteins and serum of rainbow

trout have been determined (Fremont et al. 1981; Chapman

et al. 1978) and the results of Fremont et al. (1981) are

presented in table 5.08.01. For comparison the

composition of human lipoproteins is also shown. The

composition of the trout 130kDa component was determined

and compared with them.

An automated sampling program (method 2.27) was used

to determine the triglyceride and total cholesterol

content of rainbow trout serum and of the 130kDa

component purified from serum. The coefficient of

variation for the cholesterol assay is 4% and for the

triglyceride assay 3.5%.

The results of the analyses, which were performed on

individual trout, are presented in fig 5.08.02. There is

wide variation in both the cholesterol and triglyceride

concentations between the different sera. The variation

cannot be attributed to the time of year at which the

samples were taken because the analyses were performed

over two successive months, namely February and March.

Results of analyses for fish from the same brood stock

which were performed on the same day also differed widely

suggesting that factors (for example the degree of sexual

maturity or the sex of the fish) might be influencing
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them. Again wide variations were found in the cholesterol

and triglyceride content of the purified 130kDa

component.

The total serum cholesterol concentration determined

for rainbow trout was 29(H136mg/dl and the serum

triglyceride concentration 324±159mg/dl. The results are

for a population of farmed trout for which the degree of

sexual maturation, age and sex were not known. The

cholesterol concentrations are similar to those reported

by Chapman et al. (1978) for a mixed population of adult

male and female rainbow trout bled 8 hours after feeding

( cholesterol = 297jf97mg/dl , n=6, tr iglycer ide = 39 l+_

192mg/dl, n=6) and to those of Fremont & Marion (1982)

for a mixed population of adult male rainbow trout bled 3

hours after feeding (cholesterol=235mg/dl, n=15,

triglyceride=763mg/dl, n=15).

In contrast,the triglyceride values presented by

Fremont & Marion (1982) represent the upper values of

concentration found in the present study and imply that

adult male fish have higher triglyceride levels than a

mixed population. It would appear that blood triglyceride

levels are highly variable in the trout possibly because

some of the fish had been fasted and some not, whereas

the cholesterol concentration is less variable. In humans

the serum cholesterol concentration is not affected much

by the composition of the diet or nutritional state of

the subject whereas the serum triglyceride concentration

is much more variable (Whitby et al., 1988).
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The 130kDa component was purified from serum prior

to analysis and so the results are expressed per ml of

potassium phosphate buffer. So that they may be compared

with the compositions of other rainbow trout

lipoproteins, they are expressed as cholesterol/protein

ratios (fig 5.08.02). The average cholesterol/protein

ratio for the 130kDa component was 0.17+ 0.05. This value

is lower than that given by Babin (1986) for trout

lipoprotein classes although it is closest to that of HDL

(value of 0.25). Values for VLDb/Chylomicra and LDL are

0.92 and 0.61 respectively.

The concentration of HDL protein in the blood of

rainbow trout has been estimated for male adult rainbow

trout as 935mg/dl and 448mg/dl (Skinner & Rogie, 1978).

(This assumes that they have identified HDL correctly!).

An approximate estimate of the concentration of protein

in the 130kDa component in trout serum can be obtained

from its recovery during purification. This gives a

concentration of 780mg/dl based on an estimate that the

130kDa component contains 30% of the total protein

material in rainbow trout. This is the percentage of the

130kDa component protein which is present in trout serum

as calculated during its purification on Cibacron Blue

(table 5.04.05). These estimates are higher than the

levels of HDL found in man (350mg/dl) and may reflect the

importance of lipids, and therefore of lipid transport,

in teleosts (chapter 1).

One can conclude that the serum cholesterol of a
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mixed population of rainbow trout is little affected by

the nutritional state of the trout whereas the serum

triglyceride concentration is highly variable. In order

to attach any significance to the triglceride serum

concentrations it is necessary to use a controlled

population for which such variables as feeding regime,

sex and stage of sexual maturation are known. This point

is discussed in chapter 8.

5.09 Determination of the binding isotherm for the 130kDa

lipoprotein

The dissociation constant for the binding of ANS to

the purified 130kDa component was determined so that it

could be compared with that calculated for the binding of

ANS to whole trout serum and to PTF (section 5.03). The

measurements were carried out at 25°C and 8°C. The latter

temperature was chosen for comparison with 25°C because

this is roughly the temperature at which the fish are

kept in the aquarium at Stirling. The aim was to look for

differences in binding affinities which may be due to

temperature differences. The dissociation constants which

were calculated were compared with each other and with

those which had been calculated previously (section

5.03) .

The 130kDa binding protein was purified as described

in table 5.04.05 and used at a final concentration of

0.02mg/ml in 20mM potassium phosphate, pH 7.2. The
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Figure 5.09.01

Calculation of the binding isotherm for the trout 130kDa

component at 25'C

The experiment was carried out as described in section

5.03. Protein (20ng/ml) in 20mM potassium phosphate

buffer, pH 7.2 was mixed with 0.2uM ANS and the

temperature maintained at 25°C by a thermostat. The

fluorescence readings were corrected for the inner filter

effect (method 2.18.01).
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Figure 5.09.02

Calculation of the binding isotherm for the trout 130kDa

component at 8*C

The experiment was carried out as described in section

5.03. Protein (20ng/ml) in 20mM potassium phosphate

buffer, pH 7.2 was mixed with 0.2uM ANS and the

temperature maintained at 8°C by a thermostat.
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experiment was carried out as described in section 4.03

except that the temperature was controlled using a

thermostatted water bath connected to the fluorimeter and

was either 25°C or 8°C.

When the experiment was performed at 25°C weakly

saturable binding of the 130kDa component was observed

for concentrations of ANS up to 200uM (fig 5.09.01). For

binding at 8°C the saturable nature was more pronounced

for concentrations of ANS up to lOOuM and the

fluorescence due to the binding of lOOuM ANS was

approximately 2.5 times that for 25°C (fig 5.09.02).

However, it must be appreciated that this alteration in

the maximum fluorescence might be due to an alteration in

the quantum yield which is caused by the different

temperatures at which the fluorescences were read.

A great deal of scatter was obtained for the points

used to calculate the binding isotherm at25°C whereas

these used for the calculation at 8"C fitted the line

better. The dissociation constant for the binding of ANS

to the 130kDa component at 25°C is 181h^115uM and at 8°C

is 138^157uM implying that the affinity of the 130kDa

component for ANS is an order of magnitude lower (by a

factor of 10) than that of whole serum and PTF. This

suggests that the 130kDa component has been altered

during the purification procedure or, alternatively, that

purification has removed serum components which favour

the binding of ANS to the 130kDa component. Such

components might themselves bind to the 130kDa component
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and alter its conformation such that the binding of ANS

is more favourable.

One could argue that the component which has been

purified from trout serum is a minor ANS-binding species,

and not the major one which was detected by assaying the

whole serum. The evidence against this is two-fold.

First, the molecular weight of the component has not

changed and is demonstrated to be 130kDa (fig 5.04.04).

Secondly, if there are two components in the serum which

both bind to ANS and one of them (the major) causes 30%

of the fluorescence of the serum, then one would expect

this to affect the shape of the binding isotherm such

that it would not show completely saturatable

characteristics.

5.10 Discussion

The protein of the 130kDa component of rainbow trout

is present at a concentration of 780mg/dl and constitutes

approximately 30% of the total serum protein.

It can be purified by a two step procedure involving

affinity chromatography on Cibacron Blue and molecular

exclusion on Superose 12. In this respect it is similar

to human albumin which also binds to Cibacron Blue. The

purified component degrades upon freezing suggesting that

it is stabilised by other serum components because it is

not degraded when stored frozen in whole trout serum.

The 130kDa component has a mobility greater than that
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of all other trout serum components and than that of

human albumin on agarose gel electrophoresis which does

not match that of any component in trout serum stained

with Coomassie Brilliant Blue. It is therefore concluded

that the mobility of the 130kDa component has been

altered during purification.

On SDS-glycerol polyacrylamide gels the delipidated

130kDa component separates into species of molecular

weights 80-85kDa, 60-69kDa, 32-35kDa and 17-19kDa. The

32-35kDa species reacts with a monoclonal antibody raised

against human apo A1. The trout 130kDa component must

therefore be structurally similar to human apo A1 at the

antigenic site. It also reacts with a polyclonal antibody

raised against trout HDL which suggests that it is HDL.

In whole serum and when partially purified on

Sephadex G-100 the 130kDa species has a dissociation

constant of 26uM for the binding of ANS. The purified

component prepared by affinity chromatography on Cibacron

blue has a dissociation constant of 1.80uM at 25°C and

138uM at 8°C implying that binding to ANS is marginally

stronger at 8°C than at 25°C. The environment of the

component would appear to be important because binding is

much more avid when the component is in the serum

compared to when it is purified and kept in 20mM

potassium phosphate, pH 7.2. It is implied that either

binding to Cibacron Blue, interaction with NaCNS or

isolation from the other serum components has caused it

to change such that its binding affinity and
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electrophoretic mobility are altered. BSA has a

dissociation constant of 8.9uM for the binding of ANS

which means that it has a threefold greater affinity for

ANS than the serum.
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5.11 Conclusion

It is therefore proposed that the 130kDa component

from trout serum is HDL because

1. It is stained by Sudan Black, implying that it is

lipid associated.

2. It binds to Cibacron Blue F3GA. This column is known

to bind human lipoproteins, 80% of alpha lipoproteins

and 20% of beta lipoproteins (Naval et al., 1982).

3. It reacts with antibodies raised against rainbow trout

HDL.

4. It reacts with a monoclonal antibody raised against

human apo Al, which is the major apoprotein of HDL.

5. It is composed of at least cholesterol, triglyceride

and protein in concentrations which have been reported

for rainbow trout HDL.

6. It has a protein concentration of 780mg/dl, which is

similar to that reported for trout HDL (Skinner &

Rogie, 1978).

As will have become apparent from the foregoing

discussion none of these results are, on their own

conclusive but taken together they are fairly convincing.
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Appendix

Determining the quantum yield of a fluorescent protein-

ligand complex

(Note- The theoretical work in this Appendix was

initially done by Dr I A Nimmo and not by the author of

the Thesis. )

A.01 Introduction

Before one can use fluorimetry to determine the

binding of a ligand to a protein one needs to know the

fluorescence quantum yield of the complex, so that the

absolute concentration of the complex can be calculated.

This is straightforward if a solution of the protein

exists which is sufficiently concentrated to ensure that

when ligand is added to it essentially all the ligand is

bound, because the quantum yield is then the (increase

in) fluorescence divided by the concentration of ligand

added.

In practice the solution of protein may not be

sufficiently concentrated and an extrapolation procedure

has to be used instead (Davenport, 1971). The

fluorescence is measured of a series of solutions of

decreasing protein but fixed ligand concentration, and

the fluorescence at infinite protein concentration

calculated from the intercept of a double-reciprocal plot
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of fluorescence against protein concentration.

Unfortunately the work described in chapter 5

demonstrated that in certain circumstances the

extrapolation procedure overestimates the fluorescence of

the fully-bound ligand so that any binding constants

subsequently derived from it are incorrect. In this

Appendix these conditions are defined and a suggestion is

made for minimising the problem.

A.02 Determination of quantum yield: theoretical

considerations

Suppose the binding protein, total concentration [ P] ,

has n identical binding sites of dissociation constant Kit

for the ligand, total concentration [L]. The

concentration of bound ligand, [P], is given by:

(n[P] - [B]).([L] - [ B] ) = Krt.[B] (1)

If the quantum yield of the bound ligand is qy and

that of the free ligand zero, the fluorescence of the

solution, F, is:

F - qy[B] = 0.5 qy( b - sqrt ( b2 - 4n[P][L])) (2)

where b = Kt +n [ P] + [ L] .

The quantum yield may be found by extrapolation,

preferably using a dilution titration (e.g., see section

5.03). In this a solution of protein and ligand, initial

total concentrations [ P] o and [L]o, is serially diluted

with ligand of concentration [L]o. The total

concentration of ligand therefore remains the same
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whereas after i dilutions that of protein has fallen to

[P]; . The fluorescence Fi is measured after each dilution

and 1/Fi plotted against l/[P]i (see fig 5.03.01). The

intercept on the ordinate, int, is a measure of the

fluorescence at infinite protein concentration; i.e.,

when all the ligand added is bound. Hence the quantum

yield is:

qy - 1/(int[L]o) (3)

It follows from eqn. (2) that when the total

concentration of ligand is held constant at its initial

value of [L]o the double-reciprocal plot will only be

linear if [L]o is much less than n[P], . If it is not the

plot will curve upwards, int will be underestimated and

qy overestimated. For example, fig A.02.01 shows plots

for BSA and ANS when the inequality appears to hold

(panel(a)) and when it does not (panel (b)). The line in

panel (a) is essentially straight whereas that in panel

(b) curves upwards.

The magnitude of the error in int and hence qy

depends on the precise values of n[P]j and [ L]o relative

to Kd and on how the line is extrapolated. To find out,

experiments were simulated in which the protein, initial

concentration [P]o, was diluted 20 times in succession by

8% each time and the total concentration of ligand was

kept constant at [L]o . Values for Fi at each [ P] i and a

range of values of [L]o were calculated from eqn. (2)

assuming qy = Kb = n - 1, and int was found for each [L]o

from the least-squares regression of 1/Fi against l/[P]i .
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The estimated value of qy was derived from eqn. (3) and

expressed as a percentage of the true value. Table

A.02.01 shows that int was substantially overestimated

unless [P]o was at least 10 times [L]o, and that even

then it might be overestimated by as much as 5%. In every

instance the coefficient of variation of the slope of the

plot was 1% or less, implying that any curvature would be

hard to detect.

An attempt was made to extract a better estimate of

qy by fitting eqn. (2) directly to the data for F\ and

[P]i using a non-linear regression program based on the

algorithm of Marquardt (1963). The program gave the right

answer for qy when the data were perfect provided that

the initial values of the parameters to be estimated were

close to the true ones. If they were not the program

usually failed to converge. It also failed to converge

when real data or data with small simulated errors were

used.

A.03 Determination of dissociation constants: effect of

error in quantum yield

The binding parameters Kd and h can be found by

another sort of dilution titration (Davenport, 1971). The

procedure is to make successive dilutions of a buffered

solution of protein and ligand, and measure the

fluorescence at each stage. The dilutions are made with

buffer so in this instance the total concentrations of
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protein and ligand decrease in parallel. If these are

initially [P]o and [L]0 respectively their values after i

dilutions, [P]i and [L]j , can be calculated. The

concentration of bound ligand is F, /qy and that of free

ligand ([L]i -Pi /qy) . The binding parameters are then

derived from a Scatchard plot of the data.

Experiments were simulated in which the solution of

protein and ligand was diluted by 8% 50 times in

succession. Pi was calculated from eqn. (2) for chosen

values of [ P] o , [L]o and qy, and with Kn - n - 1. Pd and

n were estimated by fitting a least-squares regression to

the Scatchard plot and expressed as percentages of their

true values. The results for them in Table A.02.01 were

derived using the value of qy obtained with the

corresponding values of [ P] o and [L]o • It can be seen

that when [P]o was large compared with [L]o (e.g., 10

times it) then Kd and n were overestimated even though

there was only a small error in qy. Presumably this is

because under these conditions most of the ligand is

bound, so that a small percentage error in qy leads to a

large percentage error in the concentration of free

ligand. When the initial concentrations of ligand were

both 10 times Pd (i.e., [L]o=10, [ P] o / [ L] o =1 ) , the

overestimate of qy (407%) had little effect on Pd but

caused n to be underestimated. On the other hand when qy

was set to 105% instead of 407%, P'd = 104% and n = 95%

(not shown in Table). In every case the coefficient of

variation of the slope was never more than 2%, so any
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non-linearity in the Scatchard plot would be hard to

detect.

A.04 Conclusion

1. The calculation by extrapolation of the

fluorescence quantum yield of a ligand bound to a protein

is not entirely straightforward because if the

concentration of the protein is not high enough the

quantum yield may be substantially overestimated.

2. To minimise the error in quantum yield the

concentrations of protein and ligand should be

respectively as high and as low as possible, and the

double-reciprocal plot of fluorescence against protein

concentration should be inspected critically for

curvature.

3. Fitting the theoretical equation directly to

experimental data was not successful because the final

values of the parameters depended on the starting ones.

4. The binding parameters should be estimated in a

dilution titration with [ P] o =[L]o° = Kx> and using the

fluorescence quantum yield determined as in point (2)

above.
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Table A.02.01 Determination of quantum yield from

double-reciprocal plot of fluorescence against protein

concentration, and of binding constants from Scatchard

plot

The quantum yield qy was estimated from simulated

dilution titrations (see Section A.02) and is expressed

as a percentage of its true value.

The binding parameters were estimated from simulated

dilution titrations (see Section A.03) and are expressed

as percentages of their true values.

[L] o

n

0.1

167

1

328

10

857

qy

0.1

Kb n

[ P] o / [ L] o

1 . 0

qy Kb n

10

qy Kb

110 101 92 109 108 99 105 178

195 103 52 162 132 74 105 396

1012 99 407 114 21 101 1122
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Fig. A.02.01 Double reciprocal plot of fluorescence

against BSA concentration for different concentrations of

BSA and ANS

A solution of BSA and ANS (in 50mM potassium

phosphate buffer pH 7.6; 3.1ml) was serially diluted by

replacing 0.5-0.6ml with an equal volume of a solution of

ANS of the same concentration. The fluorescence was

measured after each dilution (excitation and emission

wavelengths 385 and 468nm respectively). The blank was a

solution of BSA; the fluorescence of ANS alone was

ignored.

In (a) the initial concentrations of BSA and ANS were

respectively 4.4uM and 0.19uM. Since BSA binds 5mol of

ANS per mol with a dissociation constant of 3.2uM (Weber

& Young, 1964) these conditions are equivalent to [L]o =

0.06 and n[P]o/[L]o = 116.

In (b) the initial concentrations of BSA and ANS were

respectively 0.88uM and 0.95uM. These conditions are

equivalent to [L]o = 0.28 and n[P]o/[L]o = 4.6.
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Chapter 6

Characterisation of the 70kDa-BCG Binding Component
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Summary of the properties of human serum albumin

1] Soluble in half-saturated ammonium sulphate (2.03M) at pH values
above 6.

2] Migrates as the most mobile of the serum components on
electrophoresis in barbital buffer at pH 8.6.

3] Cross-reacts antigenically with albumins from other mammalian
species.

4] Is free of carbohydrate by customary tests.

5] Has a characteristic amino acid composition with 35 cysteine
residues per molecule.

6] Is the main protein constituent of normal blood plasma or serum.

7] Is monomeric with a molecular weight of about 65 OOODaltons on gel
diffusion analysis.

8] Complexes with several endogenous ligands eg. bilirubin, free fatty
acids (FFA) and exogenous ligands eg. bromophenol blue,
bromosulphophthalein.

9] Binds to Cibacron Blue F3GA.



Figure 6.01.01

Summary of the properties of human serum albumin
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6.01 Introduction

At the end of chapter 3 it was concluded that in

human serum there is a component of molecular weight

70kDa which binds both ANS and BCG whereas in trout- serum

ANS is bound by a component of molecular weight 130kDa

and BCG by a component of molecular weight 70kDa. In

chapter 5 it is argued that the 130kDa species is trout

HDL. This section will examine the component of molecular

weight 70kDa which binds BCG.

Since its molecular weight and ability to bind BCG

are reminiscent of an albumin it was originally thought

that the trout species might be its equivalent of

albumin. The experiments to be described were designed,

in part, to test this hypothesis, essentially by

comparing its physico-chemical properties with those of

mammalian albumin. These properties have already been

described in table 1.07.01 which, for convenience, is

reproduced here (table 6.01.01).

6.02 Variation in the electrophoretic profiles of trout

serum

Serum samples from individual rainbow trout were

electrophoresed on 1% agarose as soon as possible after

the serum had been collected and in every case prior to

freezing of the samples. The components were stained with
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Figure 6.02.01

Variation in the electrophoretic profiles of

individual trout

Serum samples from two female trout were

electrophoresed on agarose and stained with

Coomassie Brilliant Blue (lanes a and b). The two

samples were mixed and run in lane c.
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Coomassie Brilliant Blue.

It was noted that there was variations between the

staining patterns for different fish, particularly in

regions 6a' and 6b'. An example is shown in fig 6.02.01

which compares the profiles of two immature female fish.

In sample "1" region 6a' is more densely stained than

region 6b'. In sample "2" the opposite is true- region

6a' is weakly stained whereas region 6b' is very densely

stained. When the two samples were mixed prior to

electrophoresis the pattern showed that regions 6a' and

6b' are stained approximately equally. Similar variations

were observed for comparisons on male trout serum

samples. The results imply that there is variation in the

concentrations of the components of 6a' and 6b' between

individual trout, and that it is not sex-linked.

To assess the extent of variation further a batch of

18 trout of each sex was killed, and their serum

electrophoresed. The electrophoretograms were stained and

scanned and each profile was classified according to its

relative abundance of the two bands. Of the 18 trout,

three had band 6b' only, six had more band 6b' than 6a',

five had equal amounts of the bands, four had more band

6a' than band 6b', and there were none which had only

band 6a'.

Thurston (1967) investigated the electrophoretic

profiles of a number of farmed rainbow trout and noted

significant differences in regions which are comparable

to regions 6a' and 6b' recognised in this study. These
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differences were significantly related to the stage of

sexual maturity of the fish but not to the sex.

Although no significance tests were applied to

analyse the variability in this instance, there appeared

to be no correlation between the sex of the fish or its

stage in maturity with the relative concentrations of 6a'

and 6b'.

6.03 BCG assay for albumin

The BCG assay has been characterised and is described

in chapter 3. The dye is used in clinical laboratories to

assay for human albumin because an increased difference

absorbance at 628nm is observed when it complexes with

albumin. In this project the BCG assay is employed to

identify components in trout serum which also bind the

dye and therefore might tentatively be labelled "albumin¬

like". Absorbances were read after 30 min to allow

sufficient time for the dye to react with serum

components. The absorbance of both human and trout serum

remained stable for periods up to 1 hour (results not

shown). After this time it increased gradually,

presumably because the dye reacted non-specifically with

other serum components (Doumas et al . , 1971).

Serum (20ul) was added to 2.5ml of BCG working

solution and the absorbance read at 628nm after 30 min

(method 2.17). It was calculated that the albumin

concentration of human serum was 4.0;K).8g/dl
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(meanj^SD, n=3) and of trout serum was 1.8+_0.5g/dl

(meanjdBD , n=49). It was shown that added haemoglobin

interferes with the BCG assay (section 6.05) which is

contradictory to the results of section 4.05. The results

presented_here have not been corrected for haemoglobin

interference.

Human serum contains approximately twice as much

albumin as trout serum, at least as estimated by the

binding of BCG, and this constitutes approximately 60% of

its total serum protein. The value quoted in the

literature for the albumin concentration in a healthy

human male is 4.2^0.4g/dl (range = 3.5-5.0g/dl) (Peters,

1970). If the results are taken at face value it can be

said that, despite being present in lower concentration

than its human counterpart, the putative albumin of

rainbow trout constitutes approximately 55% of the total

serum protein.

6.04 Staining of gels with BCG

Samples of either trout or human serum were incubated

for 30 min at room temperature with an equal volume of

BCG working solution. The samples were electrophoresed on

agarose gels in Veronal buffer adjusted to pHs of 7.2,

8.0, 8.6 and 10.0 with HC1 and the bands observed for

staining with BCG. Electrophoresis was carried out at a

range of pHs to ascertain whether the binding of the dye

to serum components during electrophoresis was pH
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dependent. No staining of any serum components was

evident and the mobilities of the Coomassie stained bands

were unaltered compared with their standard mobilities

(results not shown). This experiment was repeated for

samples run on polyacrylamide native gels with similar

results (not shown). It was concluded either that binding

of dye to serum does not occur under the conditions

imposed or that the complex has the same mobility as that

of the unbound component. This is unexpected because it

has been reported that BCG co-migrates with human albumin

under these circumstances (Angal & Dean, 1977, cited by

Francis et al. , 1985) .

Samples (lul) of human serum or trout serum were

electrophoresed on agarose or polyacrylamide native gels

(method 2.05.01) and stained with BCG working solution.

The human albumin band was stained instantaneously with

BCG (results not shown). In contrast weak staining of

trout components with BCG was observed only after

incubation times greater than 20 min. Gels were stained

for 30 min because this is the length of incubation used

in the BCG assay (method 2.17).

Gels were not fixed prior to staining with BCG

because this treatment might cause denaturation of

components and therefore modify BCG binding (cf ANS,

chapter 5.02). The aim was to maintain all serum

components in the native form as far as was possible so

that dye binding would reflect that which occurs in the

BCG assay.
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Figure 6.04.01

Staining of trout serum components with BCG

Sample (lul) of trout serum was electrophoresed on

1% agarose and stained in BCG working solution for

up to 30 min. The components which reacted with

BCG were stained too faintly to be detected by

either scanning or photography and so a visual

interpretation of the staining pattern is shown.

The regions which reacted with BCG have been

shaded.

-181A-



The albumin band is the only component of human serum

which was stained with BCG after electrophoresis. Three

bands were stained in trout serum which are in regions

5' , 6a' and 6b' . The components in regions 6a' and 6b'

had similar electrophoretic mobilities to human albumin

but were stained less intensely than it.

Regions 5' , 6a' and 6b' were stained to the same

intensity but this was too low to be detected using the

chromoscan or photography. A visual interpretation of the

pattern is therefore shown (fig 6.04.01). It should be

noted that the three regions of trout serum which stain

with BCG are present in higher concentration than the

other serum proteins. It is therefore possible that BCG

is acting in a non-specific manner and other stained

components were not observed because they were present at

too low concentrations to be detected visually. Indeed,

the binding of BCG to the carp serum putative albumin

has been shown to be less specific than to human albumin

(Yanagisawa et al., 1977).

The BCG-staining pattern for trout serum disappeared

if the gels were left in the stain for longer than 10 min

after the initial staining-pattern became evident. The

reason for this is unclear. Protein diffusion in the

agarose would explain this phenomenon for unfixed gels,

however similar results were obtained for gels which were

fixed prior to staining (data not shown). The BCG working

solution contains the non-ionic detergent Brij which is a

possible candidate for a denaturant. However, in general,
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non-ionic detergents are used in preference to ionic

detergents because they are not as destructive towards

proteins and so the role of Brij as a protein denaturant

can be disputed.

The reason for the disappearance in staining of the

trout component is unknown.

In summary, these results show that both trout and

human serum bind BCG and that components which bind the

dye can be identified after fractionation by

electrophoresis on agarose gels.

Albumin is the only human serum component which is

stained by BCG whereas in trout serum there are three

bands which are all stained to the same intensity by the

dye. It has been reported that BCG has an affinity for

serum components other than human albumin and that

reaction with these components is slow and gives rise to

increased absorbances for incubation times greater than 1

hour (Doumas et al., 1971). It is for this reason that

incubation times are kept to 30 min in the BCG assay. It

has also been noted that haemoglobin binds to BCG (Rice,

1966) and so, because of this, the BCG assay is likely to

overestimate the albumin concentratrion in serum. This

may be important for serum samples contaminated with

haemolysis products and so the relationship between BCG

binding and the haemoglobin concentration is investigated

in more detail in the next section.
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6.05 Haemoglobin interference with the BCG assay

Rainbow trout haemoglobin was released from red blood

cells by alternate freezing and thawing of the packed

cells. It was diluted with an equal volume of distilled

water to give a concentration of 6.87g/dl (estimated by

the Drabkin Reagent, method 2.04).

The stock haemoglobin solution was diluted to

concentrations of 4.6g/dl, 0.8g/dl and 0.03g/dl and its

apparent albumin (method 2.17) and protein concentrations

(method 2.03) measured. A linear correlation was

demonstrated between haemoglobin (y in g/dl) and apparent

albumin (x in g/dl) (y= 0.25 + 2.08x, r = 1.0) and

between protein (y in g/dl) and apparent albumin (x in

g/dl) (y = -0.27 + 2.57x, r = 0.99). This suggests that

the haemoglobin as well as the protein contributes to the

albumin concentration as estimated by the binding of BCG

but contradicts the results of chapter 4 which show that

the albumin and protein concentrations of trout serum are

not correlated with the serum concentration of

haemoglobin.

6.06 Scanning agarose gels

Trout and human serum samples (lul from individual

adult fish fed 2 hours prior to blood sampling) were

electrophoresed on agarose and the separated components

-183-



stained, with Coomassie Brilliant Blue. The dried gels

were scanned using a Joyce Loebl Chromoscan at 530nm

(method 2.10) and the density of each stained region was

computed as a percentage of the total staining material.

Regions 5', 6a' and 6b' of trout serum, that is,

these which stain with BCG, represent 28%, 27% and 32% of

the total staining material respectively (mean of 5

samples). This means that 87% of the total stain is BCG-

reactive material, that is there is approximately 2.8g/dl

of BCG-staining material in trout serum. This does not

agree with the mean concentration of 1.8g/dl estimated

for the same serum samples using the BCG assay (section

6.03) and implies that the reaction of the dye with trout

serum in a test-tube is different to that on agarose

gels. In a similar manner it was calculated from gel

scanning that human serum has 3.7g/dl albumin. This is

comparable with the 4.0g/dl calculated using the BCG

assay (section 6.02). It would appear at this stage that

BCG is not a very specific reagent for detecting the

70kDa component of trout serum because it reacts with

three components. It is however appreciated that each of

these components may have a molecular weight of 70kDa or

be aggregates of the 70kDa species. If there is indeed an

albumin-like protein in trout serum then a more specific

method for its detection seems to be needed. A possible

method might be using an antibody raised against human

albumin. This method is the subject of the next section.
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Figure 6.07.01

Reaction of trout serum components with

anti(human albumin)

Trout serum (lul aliquots from individual fish)

was electrophoresed on 1% agarose and the

components transferred to nitrocellulose (method

2.12.01). The transferred components were probed

with a polyclonal antibody raised against human

albumin which was used at a dilution of 1/10 000

(method 2.23.02). A control experiment showed

that there was no reaction of the second

antibody with serum components at the dilutions

used (results not shown). The diagram indicates

that reaction of the antibody was with two trout

serum components which have been shaded.
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Figure 6.07.02

Reaction of trout components with anti(human albumin)

Sample ( 50ul from individual fish) was prepared for SDS

electrophoresis and fractionated on a 10%

polyacrylamide slab gel (method 2.15). Components were

transferred to nitrocellulose by electroblotting

(method 2.12.02) and probed with anti(human albumin)

used at a dilution of 1/10 000. A control experiment

showed that there was no reaction of the second

antibody with serum components (results not shown). A

single band of molecular weight 70kDa reacted with the

antibody. Its mobility is shown relative to these of

standard molecular weight markers (method 2.05.10)

which were also transferred to the nitrocellulose from

the gel. They have been stained with Amido Black 12B

(method 2.13) .
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6.07 The use of polyclonal antibodies to detect the 70kDa

component

Trout serum (lul) was fractionated by electrophoresis

and the separated components transferred to

nitrocellulose by diffusion (method 2.12.01). The

transferred components were probed with a polyclonal

antibody which had been raised against human albumin. The

antibody was used at a dilution of 1/10 000. After

incubation in second antibody (IgG-HRP) at a dilution of

1/200, bound antibodies were visualised using

chloronaphthol solution (method 2.23.02). Fig 6.07.01

shows that the antibody reacted with two components of

trout serum which are in regions 6a* and 6b'} respectively,

of the electrophoretogram. In comparison the antibody

only reacts with the albumin band of human serum. A

control experiment which involved incubating the

separated components with second antibody/Streptavadin-

HRP or Streptavadin-HRP alone showed no non-specific

reaction of either second or third incubation solutions

with the serum components (results not shown).

To confirm and extend the results, trout serum was

prepared for SDS-electrophoresis (2.05.06) and

electrophoresed on a 10% polyacrylamide gel (method

2.05). The components were transferred to nitrocellulose

(method 2.12.02) and probed with the polyclonal antibody

against human albumin. Fig 6.07.02 shows that the

antibody reacted with only one protein-staining band
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which has a molecular weight of 70kDa.

It can be concluded that, in trout serum, there are

two proteins with similar electrophoretic mobilities to

human albumin and which both have a molecular weight of

7OkDa. These proteins are structurally similar to each

other and to human albumin at the site where an antibody

against human albumin binds. The aim of the remaining

sections in this chapter was to purify both of these

proteins and characterise them further. This was to

determine whether one or both of them is the trout

equivalent to human albumin.

6.08 Purification of the trout "albumins"

There is a wide variety of methods available for

purifying proteins which are based on the characteristic

of the protein such as solubility, density, size,

biological activity and charge.

One of the more specific methods for purifying a

protein is affinity chromatography which exploits the

biological function of the protein. Obviously this

approach is only feasible for proteins where something i

known about their binding properties. By itself affinity

chromatography is rarely powerful enough to purify a

protein completely and so other chromatographic

techniques are normally introduced which exploit

different characteristics of the protein in question.

In chapter 5 Cibacron Blue was discussed as an
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affinity medium commonly used to purify human serum

albumin. It was shown that the BCG-binding species from

trout serum do not bind to this medium and therefore this

technique cannot be employed to purify the putative trout

albumins.

Most of the serum proteins in man are glycosylated

and have specific sequences which can be exploited in

their purification. Lectins, substances similar to

antibodies in that they recognise specific sequences (in

this case of carbohydrates), have been immobilised on

solid supports and so used as affinity media. An example

of a lectin which is commonly used is Concanavalin A (Con

A), molecular weight 104kDa; it binds preferentially to

alpha-mannose and alpha-glucose residues. These

structures are common in serum proteins and so Con A

binds to a variety of human serum components. The bound

components are eluted from the column using a solution of

either alpha-mannose or alpha-glucose.

It was shown by staining with Periodic-Schiff's

reagent (PAS, method 2.07) after electrophoretic

separation that many of the components in trout serum are

also glycosylated. Components in regions l'-4' but not in

regions 6a' or 6b' were stained by PAS (results not

shown). However it must be realised that PAS stain is not

very sensitive at detecting carbohydrates (although no

quantitative value can be given) and only reacts with

diol-carbohydrates. Therefore the more sensitive lectin

blotting technique was applied using Con A-biotin.
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Figure 6.08.01

Reaction of trout serum components with Con A

Trout serum (lul samples from individual fish) was

electrophoresed on 1% agarose and the components

transferred to nitrocellulose by diffusion (method

2.12.01). One lane (a) of the nitrocellulose was

stained with Amido Black 12B (method 2.13) to show

the various serum components. The other lanes (b-d)

were probed with Con A-biotin used at a dilution of

1/40 and then with Streptavidin-HRP at a dilution

of 1/ 1 000 (method 2.23.01). A control experiment

showed that there was no reaction of the

Streptavidin-HRP with any of the serum components

(results not shown).
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a Trout serum

b Trout serum

C density>1-21g/dl

d density >1-21g/dl

e density<1-21g/dl

f density < 1 -21g/dl

g"partially purified material"

h "partially purified material"



Figure 6.08.02

Separation of trout serum lipoproteins from serum

proteins by density floatation

Trout serum was adjusted to a density of 1.21g/ml by

the addition of solid KBr (method 2.21) and

centrifuged for 26 hours at 40 OOOrpm in a Beckman Ti

40.3 rotor. The lipoproteins were confined to the

upper portion of the centrifuge tube whereas the

proteins were in the lower portion. Each component

was collected and dialysed overnight against 50mM

Veronal buffer, pH 8.6 and electrophoresed on 1%

agarose. Separated components were visualised by

staining with Coomassie Brilliant Blue.

Lane a & b

c & d

e & f

g & h

trout serum

trout serum proteins, d>1.21g/ml

trout serum lipoproteins, d<1.21g/ml

"partially purified trout protein"
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Serum components were transferred to nitrocellulose

after electrophoretic separation and probed with Con A-

biotin at a dilution of 1/40 (method 2.23.01). Again

reactivity was with regions l'-4' (fig. 6.08.01).

It was concluded that many of the components in trout

serum, as in human serum, are glycosylated at least with

alpha-mannose or alpha-glucose. However, as neither of

the albumin-like components are glycosylated in this way,

chromatography on a Con A affinity column was judged not

to be a suitable method for purifying each of the trout

components. One could argue that this method could be

used to remove many of the glycosylated components from

serum. However it was not the method chosen because the

Con A affinity medium is expensive. Instead it was

decided to adopt a different approach towards

purification of the trout 70kDa components.

In section 5.05 the use of density floatation was

discussed for separating lipoproteins from serum

proteins. It was shown (fig 5.05.02) that the BCG-binding

activity was confined to the protein fraction, that is,

to the fraction with a density greater than 1.21g/dl. The

electrophoretic profile of this material is shown in fig

6.08.02. All of the BCG-binding components are present as

well as components which exhibit lesser mobilities than

them on agarose electrophoresis. A significant fraction

of region 6a' and 6b' is also located in the fraction

with a density less than 1.21g/ml. This fraction was

sacrificed in order to prevent contamination of the
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Figure 6.08.03

Fractionation of trout serum by ammonium sulphate

precipitation

Trout serum components were precipitated between 0-

20%, 20-40%, 40-60%, 60-80%, and 80-100% saturated

ammonium sulphate. The precipitates were resuspended

in 50mM Tris/HCl, pH 8.6 and aliquots (lul) from each

solution electrophoresed on 1% agarose. Components

were stained with Coomassie Brilliant Blue.
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fraction with density greater than 1.21g/ml (ie. the

protein fraction) with lipoproteins. It is also evident

that bands 6a' and 6b' are poorly resolved in the

partially purified material (lanes g and h) and that band

5' is more densely stained relative to bands 6a' and 6b'

compared with its staining in serum (lanes a and b). The

reason for the latter is unknown but may be due to the

binding of KBr to bands 6a' and 6b' and therefore a

reduction in their mobilities. Alternatively it could be

due to compacting of1 the serum proteins during

centrifugation. Indeed, a gelatenous pellet was often

found at the bottom of the centrifuge tubes which was

resuspended in the d>1.21g/ml fraction. It has also

already been noted in section 5.06 that the mobility of

the 130kDa component is altered during purification.

Ammonium sulphate precipitation was chosen as the

second step because proteins vary in their solubility in

concentrated salt solutions and hence can be separated

from each other by precipitating at high ionic strength.

Human albumin is characterised by its solubility in

ammonium sulphate (table 6.01.01) Ammonium sulphate was

chosen as the precipitating agent because it does not

appreciably affect the pH of the solution and is very

soluble. It does not destabilise proteins and indeed

sometimes stabilises them. In general the larger the

molecule, the more readily it is precipitated and so one

would expect the 70kDa proteins to be precipitated only

at high concentrations of salt. Fig 6.08.03 shows that
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Purification of trout "albumins"

SERUM

LIPOPROTEINS

spin 40000 rpm
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GLOBULINS
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sulphate
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4

PHASTSTAT 0
TITRATION x

ANION EXCHANGE ON MONO Q

A: Na phosphate (20 mM, pH 6,8)
B: A + NaCI (0.5 M)



Figure 6.08.04

Purification scheme for the trout "albumins"

The diagram outlines the procedure adopted for the

purification of the trout 70kDa "albumin-like"

proteins.
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these proteins are precipitated by 60-80% saturated

ammonium sulphate as are regions 1', 2' and 5'. Human

albumin, in comparison, is also precipitated between

these concentrations of saturated ammonium sulphate

(results not shown).

Ammonium sulphate at 50% saturation was therefore

used to precipitate globulin-like material to leave

components from regions 5', 6a' and 6b' in solution. This

solution ("partially purified trout albumins") was the

starting material for the subsequent purification of the

trout 70kDa proteins. The method used to obtain the

"partially pure trout albumins" is summarised in fig

6.08.04.

The component which is located in region 5' is worthy

of discussion since it appears to have some of the

properties of 6a' and 6b', namely a similar density,

solubility in ammonium sulphate and behaviour on ion

exchange. When the partially purified material was passed

down the Superose column there was a large peak with a

molecular weight of 70kDa and a very small peak

(approximately 3% of the 70kDa peak) with a molecular

weight corresponding to 700kDa. There was no peak present

which corresponded to band 5' in relative amount. This

suggests that band 5' has a molecular weight of 70kDa or

that it has been altered during passage down the

Superose. Another possibility is that this band is an

aggregate of one or other of the 70kDa components which

has been dissociated by passage down Superose. If this
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were so then one might expect it to react with the

anti(human albumin), which it did not (fig 6.07.02).

However it is possible that the aggregate does not have

an exposed antibody binding site. Although the identity

of this component has not been determined it is clear

that it resembles the 70kDa components. It is also

interesting to note that there is no comparable region of

similar electrophoretic mobility for human serum. Even

so, as pointed out in section 1.04, in man alphai-

antitrypsin is difficult to separate from albumin

because it has a similar molecular weight and isoelectric

point. It would clearly be worthwhile testing band 5' for

antitrypsin-like activity.

Electrophoresis on agarose separates serum

components according to their size and net charge at pH

8.6. It has been shown that the proteins from regions 6a'

and 6b' of trout serum which bind BCG both have molecular

weights of 70kDa, and so it can be assumed that their

differing mobilities on agarose are due to differences in

their net charges at pH 8.6 (assuming that they have the

same shape). A plausible method for their separation

might therefore be ion exchange chromatography.

The principle of ion exchange is that fractionation

is on the basis of the charges carried by the solute

molecules. This means that molecules with small

differences in charge can be separated and so the

technique has a high resolving power. At any pH a

component will have a net charge which depends on the
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Elactrophoretic Titration Curves

Anode pH

Generation of titration curves by 2D
electrophoresis is useful for prediction of
chromatographic pH-dependent charge mobil¬
ity. pH gradient is formed by carrier ampho¬
lytes in an electric field in the horizontal
dimension followed by sample application in a
central trough. Electrophoresis is then done in
the vertical dimension. The titration curve of
the mixture indicates the pH for optimal sepa¬
ration and the ion exchanger which should be
used.



Figure 6.08.05

The principles of electrophoretic titratiojn curves

*

The diagram is a copy of that shown in the Pharmacia

Technical Review Series (1973).
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Figure 6.08.06

Separation of "partially purified trout albumins" on an

electrophoretic titration #-€l

The components were electrophoresed as described in

method 2.09 and stained with Coomassie Brilliant Blue.

The optimum pH for separation of the components was

determined to be between pH 6.5 and 7.0.
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charges of each amino acid at that pH. By manipulating

the pH or the ionic strength of the eluting buffer the

net charge of each component can be altered such that

they will adsorb or be eluted from the ion exchange

medium.

Anionic and cationic media are available for ion

exchange and their suitability for purifying a component

depends on the charge which the molecule of interest

carries at the working pH. It is possible to determine

the optimum pH for separation of a mixture of components

using a so-called electrophoretic titration curve (ETC)

(fig 6.08.05). The principle of this method will be

discussed with reference to separation of the trout 70kDa

proteins.

A pH gradient (pH 3-9) was formed in the horizontal

dimension of a gradient polyacrylamide gel using the

Phaststat apparatus (method 2.09). Sample (3ul) of

"partially purified trout albumins" was applied to the

gel in a central trough and electrophoretic separation

carried out in the vertical dimension. The principle of

the technique is shown diagrammatically in fig 6.08.05.

Proteins are separated according to their net charge at

each pH encountered across the width of the gel.

It was determined from the ETC that the optimum pH

for separation of the three components which constitute

"partially purified trout albumins" is between pH 6.5 and

7.0 (fig 6.08.06). Between these pHs maximum separation

of each component from the other was obtained. Protein
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Figure 6.08.07

Fractionation of "partially purified trout albumins" on

Mono Q HR5/5

Sample (2ml) of "partially purified trout albumins" was

fractionated by anion exchange on a column of Mono Q

(Pharmacia) in 20mM sodium phosphate, pH 6.8 (method

2.15.03). Bound protein was eluted using a gradient of

0-0.5M NaCl and 0.5ml fractions of eluent collected.

Each fraction was electrophoresed on a 1% agarose gel

and stained with Coomassie Brilliant Blue{(jeiS QjbjCOOdcl).
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bands which appeared fuzzy were poorly soluble or

unstable at that pH and so, from the ETC one can predict

possible solubility problems.

The results from ETCs can be correlated with the

chromatographic behaviour of proteins on the high

performance ion exchangers Mono Q and Mono S (Pharmacia

Review Series, 1983). The strong anion exchanger, Mono Q,

is selected when the ETC shows optimum separation of

proteins at the pH where the titration curve crosses the

application trough and the proteins are negatively

charged. It is therefore the medium of choice for

separation of the "partially purified trout albumins".

Sample (2ml) of "partially purified trout albumins"

was equilibrated with an equal volume of 20mM sodium

phosphate, pH 6.8 and passed down a column of Mono Q

HR5/5. Bound protein was eluted using a gradient of 0-

170mM NaCl and collected as 0.5ml fractions. The elution

profile (fig 6.08.07) shows that 3 peaks of protein

emerged, of which the first two were sharp (at 60mM and

120mM NaCl) whereas the third was diffuse (145-170mM

NaCl). The areas in each peak are consistent with the

order of elution predicted above, namely region 5', 6a'

and 6b'.

To confirm the composition of the peaks aliquots

(2ul) of each fraction were electrophoresed on agarose

gels which were then stained with Coomassie Brilliant

Blue (fig 6.08.07). The mobilities of the bands suggested

that the order of elution was in fact region 6a' followed

-193-



by region 5' and finally region 6b'. However the data

were not conclusive because the gels did not run as

orthogonally as usual. When the whole experiment was

repeated the results were equally inconclusive.

Unfortunately the only assay which was available for

the 70kDa components was their mobility on

electrophoresis. The problem associated with this method

of assay is evident: namely that it is very difficult to

distinguish the two proteins because they have very

similar electrophoretic mobilities. It had been hoped

that the binding of BCG would have been a suitable

alternative, but it turned out to be neither specific nor

sensitive enough. The binding of a fluorescent fatty acid

analogue 11—((5-dimethylaminonaphthalene-1-

sulphonyl)amino)undecanoate was also investigated as it

has been used successfully with fatty acid binding

proteins from rat liver (Wilkinson & Witton, 1986).

However it appeared to bind to all of the trout serum

components and therefore could not be used as an assay

for the 70kDa components (results not shown).

At this stage of the project the decision was taken

not to continue further with the attempt to purify large

quantities of the proteins. Instead sufficient quantities

for determining amino acid compositions were prepared

using gel electrophoresis and binding properties were

inferred using partially-purified material.
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AMINO ACID TROUT
REGION 6a' REGION 6b'

TROUT*
ALBUMIN

HUMAN
ALBUMIN

asx 62 66 53 54

thr 39 32 35 30

ser 39 29 32 22

glx 81 74 52 83

pro 13 23 26 25

giy 30 37 22 12

ala 65 57 53 63

cys 10 9 19 34

val 43 43 48 39

met 18 15 14 6

ile 24 23 35 8

leu 51 43 52 61

tyr 17 19 14 18

phe 26 35 24 30

his 32 40 23 16

lys 56 52 59 58

arg 24 19 22 23

TOTAL 630 616 585 582



Figure 6.09.01

The amino acid composition of the trout "albumins" and

of human albumin

The results are expressed as number of whole residues

per molecule of albumin and are based on a molecular

weight of 70kDa for regions 6a' and 6b', 68kDa for

human albumin (cited by Peters, 1970) and trout albumin

(determined by Davidson et al., 1988).
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6.09 Amino acid composition of the trout 70kDa components

The partially purified trout material was

electrophoresed on a native polyacrylamide preparative

gel which was stained with Coomassie Brilliant Blue to

show the position of regions 6a' and 6b'. These regions

were excised from the gel, the proteins eluted into 50mM

Tris/HCl, pH 8.6 (method 2.05.03) and prepared for amino

analysis. Samples were prepared in duplicate both with

and without the addition of performic acid and the amino

acid composition determined (method 2.24).

The amino acid compositions of 6a' and 6b' are shown

in fig 6.09.01 and compared with that of human albumin.

The trout components differ from human albumin in

their compositions of gly, ala, val, met, ile, his and,

most significantly cys. The trout components have low

levels of cysteine compared with human albumin. In all of

the albumins so far analysed (from both mammalian and

non-mammalian species, see Francis et al., 1985) cysteine

is the most conserved amino acid. Of the 35 cysteine

residues 34 are involved in the formation of 17

disulphide bonds which are important in maintaining the

structure of the molecule (cited by Kragh-Hansen, 1981).

After this part of the project had been completed

Davidson et al. (1988) published the amino acid

composition of one of the putative albumins from rainbow

trout. They also showed that their component had a lower

composition of cysteine than human albumin and similar
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amounts of the other amino acids. The lower composition

of cysteine in the trout may mean that the putative

albumins have a different structure to that of other

albumins. However it must be appreciated that cysteine is

the most difficult amino acid to quantify (section

2.02.24). The analyses were performed using the performic

acid method to quantify the cysteine residues and a

sample of human albumin analysed at the same time

(results not shown). It was calculated that there were 34

cysteine residues in the human albumin sample and so it

would appear that the low number of cysteine residues in

the trout components is not an experimental artefact.

The compositions of the two trout components are very

similar and, using the statistical test of Cornish-Bowden

("weak" and "strong" tests) (1980), it was shown that a

relationship was likely. This is further evidence that

the 70kDa components are possibly variants of the same

molecule.

6.10 Delipidation of trout albumins

It is known that a variety of fatty acids bind to

human albumin extremely tightly. These bound ligands may

affect the physico-chemical properties of the molecule,

in particular its mobility on electrophoresis and ability

to bind other ligands (Chen, 1967). In addition, the

phenomenon of "transient bisalbuminaemia" as it has been
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Figure 6.10.01

Delipidation of trout serum

Trout serum was delipidated by the method

of Chen (1967) and samples (lul) of

delipidated (a) and non-delipidated (b)

serum electrophoresed on a 1% agarose gel.

Separated components were

stained with Coomassie Brilliant Blue and

the gels scanned using a Joyce Loebl

Chromoscan at 530nm (method 2.10).
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called has been observed in the serum of some humans and

is caused by ligands such as penicillin binding to a

population of albumin molecules and altering their

mobilities on electrophoresis (Arvan, 1968). This is a

reversible phenomenon and the mobility of the albumin is

returned to normal when drug treatment is stopped.

Therefore the binding of fatty acids to trout

components was investigated to determine whether bound

fatty acids were responsible for the different mobilities

of bands 6a' and 6b'.

"Partially purified trout albumins" (0.5ml) was

treated with charcoal at pH 3.0 to remove bound fatty

acids (Chen, 1967). After removal of the charcoal by

centrifugation at 10 OOOg, the pH of the supernatant was

readjusted to pH 7.2 using 0.2M NaOH. Samples (lul) of

treated and untreated material were electrophoresed on

agarose and the Coomassie-stained protein bands

quantified by densitometery (method 2.10).

The densitometric traces for delipidated and native

serum suggest the mobility of region 5' has been

decreased by delipidation whereas that of 6b' has been

increased or of 6a' decreased (fig 6.10.01a, b). The

percentage of stained material in regions 5, 6a' and 6b'

was not altered appreciably by delipidation. For native

serum regions 6a' and 6b' were not distinguished by the

Chromoscan whereas they were after delipidation (fig

6.10.01a and b).

It would be surprising if the mobility of 6b' were
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increased by delipidation because the loss of negatively

charged fatty acids should decrease the mobility of the

component. However a decrease in the mobility of

delipidated 6a' is not entirely expected as it may not be

the major fatty acid carrier (section 6.15).

It can be concluded that bound fatty acids are not

responsible for the differences in the electrophoretic

mobilities of the two components, assuming that the

delipidation procedure is effective. Indeed, improved

resolution of these protein bands was obtained when the

sample was delipidated prior to electrophoresis. This was

perhaps due to the increased mobility of region 6b',

perhaps because the conformation of the protein had been

altered. This might occur either as a result of the loss

of bound fatty acid and therefore a destabilisation of

the molecule, or as a result of exposure to a pH as low

as 3. It can also be concluded that the differences in

the mobilities of the trout TOkDa proteins is not

attributed to transient bisalbuminaemia.

6.11 The binding of ligands to trout serum components,

BSA and human serum

Some of the many ligands which bind to human serum

albumin have already been discussed in chapter 1. It was

thought that, if the trout 70kDa proteins are indeed

equivalent to human albumin, then they will also show an

affinity for some of the endogenous and exogenous
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compounds which bind to human albumin. Some of these

compounds are presented in table 6.01.01. Both of the

70kDa proteins have already been demonstrated to resemble

human albumin in binding BCG but differ from it in not

binding the ligands Cibacron Blue and ANS (chapter 5). It

can therefore only be speculated as to whether they will

bind to some of the physiological ligands which are known

to bind to human albumin such as FFA and bilirubin.

An important role of human albumin is in the

transport of FFA between tissues and of bilirubin to the

liver for excretion (chapter 1). One would expect that

this important function would be conserved between

albumins from different species assuming that they

excrete bile. For this reason the binding of bilirubin

and fatty acid (palmitate) to the 70kDa components of

trout serum are investigated in this section. In

addition, the binding of selected non-physiological

anionic dyes is described. The binding of such dyes to

human albumin has been well documented, especially that

of bromosulphophthalein (BSP), which is used to test

liver function in man because it is excreted exclusively

in the bile (Goresky, 1965).

The methods which could have been used to test

quantitatively or semi-quantitively for the binding of

ligands to proteins include equilibrium dialysis,

spectroscopy, fluorescence, gel filtration and

electrophoresis. Equilibrium dialysis necessitates high

concentrations of both protein and ligand in order to
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test for binding at a variety of concentrations. In

particular it is unsuitable for testing the binding of

bilirubin to serum components because it is time-

consuming and bilirubin is labile. An assay system is

also necessary to identify bound and unbound ligand.

Spectroscopy has the advantage over equilibrium dialysis

in that it is much less time-consuming and on the whole

easier to carry out. However, it relies on there being an

appreciable shift in the absorbance maximum of the

complex compared with that for the free ligand and

protein. In practice there is often only a small change

in the wavelength of maximum absorption which merges with

that of either the free ligand or protein. Fluorescence

has similar drawbacks to spectroscopy but the advantage

that it is a very sensitive assay system which

necessitates the use of only small amounts of each

component. The principle is that the binding of the

ligand to the protein causes a change in the observed

fluorescence. This might be due to a change in the

intrinsic fluorescence of the ligand upon binding the

protein or a change in the fluorescence of the protein

because it has undergone a conformational change upon

binding the ligand. These changes are associated with

either shifts in the maximum wavelength of emission of

the complex compared with that of the free ligand, or

changes in the quantum yield.

Gel filtration only finds application in situations

where the binding of ligand to protein is relatively
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strong so that the complex does not dissociate during

filtration and is only semi-quantitative. There are

several approaches which can be adopted. In one, the

protein and ligand are mixed prior to filtration, passed

over the medium in a suitable buffer and the complex is

detected using a suitable assay; in the other the protein

is passed over the medium which has equilibrated and is

eluted with buffer containing the ligand (which is

usually radioactive). The former method necessitates a

strong affinity of protein for ligand so that

dissociation of complex does not occur during passage

over the medium. Dissociation would occur if the free

ligand in association with the complex were progressively

removed either by adsorption to the support or by its

lower rate of flow through the column. The latter is

impracticable for insoluble ligands such as fatty

alcohols and probably also for fatty acids (Bauermeister

et al., 1984).

Electrophoretic separation works well in practice but

its application is limited by the same conditions as gel

filtration. To detect bound ligand the mobility of the

complex must differ from that of the free protein. The

affinity of the protein for the ligand must also be great

enough for the complex to survive electrophoresis. Thus a

positive result indicates ligand binding whereas a

negative result does not mean that the protein does not

bind to the ligand. The advantages of gel electrophoresis

are that it is quick, easy to perform and requires little
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of the protein or of the ligand.

The methods which were chosen for analysing the

binding of anionic dyes to serum components were

electrophoresis, gel filtration and spectroscopy.

Quantification by fluorimetery was attempted but proved

unsuitable because large correction factors had to be

used to allow for the intense colours of the dyes. The

methods were also chosen because they have all been

characterised and are used in other parts of this project

for analysing serum components.

6.12 The effects of bound dyes on the mobilities of human

and trout serum components

Human and trout serum samples were incubated for 10

min at 20°C with 0.05% each of the dyes methyl orange,

bromophenol blue (BPB), ruthenium red,

bromosulphophthalein (BSP), nitro blue tetrazolium (NBT)

and phenolphthalein. Samples (lul) of each solution was

electrophoresed on agarose at pH 8.6 and stained with

Coomassie Brilliant Blue.

The mobility of the human albumin band was not

altered in comparison to that of untreated serum when

serum was pre-incubated with any of the dyes. Similarly,

the mobilities of all the major components of trout serum

were not altered by pre-incubation with the dyes (results

not shown). One would expect that, if any alterations in

the mobility of human or trout serum components were to

-202-



be observed, then it would be an increase due to the

increased net negative charge of the complex compared to

that of the component alone. All of the dyes which were

tested have been reported to bind to human albumin

(Kragh-Hansen, 1981) and, indeed the binding of BPB to

human albumin on electrophoresis using the same dye to

protein ratios as these described here has been reported.

However under the conditions employed in this experiment

none of the dyes seemed to bind to either human or trout

serum components.

However it has already been noted that the trout

70kDa components and human albumin do not bind BCG during

electrophoresis although they stain with it after

electrophoretic transfer (section 6.03) and this has been

attributed to weak binding of the dye to the proteins and

therefore dissociation of the dye-protein complex during

electrophoretic migration. It is possible that a similar

phenomenon occurs in these instances. To test this^trout

serum or human serum was pre-incubated for 10 min at 20°C

with either BPB, ruthenium red or BSP and the components

fractionated on Superose 12 (method 2.15.02). Fractions

(0,5ml) of eluent were collected and observed for colour

(blue for BPB, purple for ruthenium red and pink for

BSP) .

For human serum the blue colour of BPB was observed

in a fraction which was eluted after 12ml and corresponds

to albumin (results not shown). It was therefore

concluded that BPB binds to human albumin. For BPB pre-
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incubated with trout serum the BPB migrated as two

diffuse bands which were eluted after two column volumes

of buffer (after 20ml of effluent had passed down the

column, see fig 3.07.02). It was concluded that BPB does

not bind to any of the trout serum components. Ruthenium

red co-eluted with the trout 70kDa eluent peak and human

albumin. In contrast the pink colour of BSP was

associated with a peak in human serum which had a

retention time of 12ml and is consistent with its being

albumin. The pink colour was weakly visible in some of

the other fractions collected after gel filtration of

trout serum (fractions eluted between 8 and 12ml in fig

3.07.02) .

It was therefore concluded that;

a) BPB binds to human albumin but not to any of the

trout serum components.

b) Ruthenium red binds human albumin and to the

trout serum 70kDa component(s).

c) BSP binds to human albumin and to many of the

trout serum component(s).

Conclusion a) is not expected by analogy with human

albumin which binds BPB strongly with a dissociation

constant of 36uM (Peters, 1975).

The binding of ruthenium red and of BSP was

investigated further and an attempt made to determine the

binding isotherms for each dye. This is described in the

next section.
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6.13 Calculation of the binding isotherm for the binding

of ruthenium red and trout serum

The principle of the method was to separate bound

from free dye by gel filtration.

Sample (50ul) of either BSA or rainbow trout serum

was incubated for 10 min at 20°C with varying amounts of

0.05% ruthenium red or BSP (lOul, 20ul, 50ul , 70ul and

lOOul) and the resulting solutions fractionated on 1ml

mini-columns of P6 desalting gel in 50mM Tris/HCl, pH

8.6. Fractions (1ml) of eluent were collected and assayed

at 280nm for protein and at the wavelength of its maximum

absorbance for the dye (BSP: 579nm; ruthenium red;

532nm). Since the dyes absorbed appreciably at 280nm and

the protein (albeit minimally) at 500-600nm, a pair of

simultaneous equations was constructed for calculating

the concentrations of dye (Cd) and of protein (CP) in

each fraction from the two absorbances. For example, for

BSP:

A280 = C p • P2 s 0 + Ca . D2 8 0

As 7 9 = CP . P5 7 9 + Cd • Ds 7 9

where P2 so and P579 are the absorbance coefficients of

the protein at 280nm and 579nm respectively; and D2e0 and

D579 are those of BSP (all in suitable units).

The absorbance coefficients of BSP were determined by

fitting straight lines to the absorbances measured at

280nm and 579nm of solutions of BSP (in 50mM Tris/HCl
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buffer pH 8.6) whose concentrations ranged from 5uM to

500uM. A similar procedure was followed for ruthenium red

(concentration range 2.5uM-25uM) and serum (concentration

range up to 1.5mg protein/ml).

When ruthenium red/trout serum mixture was passed

down the desalting gel at least half of the dye remained

bound to the gel and could not be eluted by prolonged

washing with buffer. This was reflected in low recoveries

of dye from the columns.

Neither BSA nor trout serum was saturated with

ruthenium red over the concentrations of dye used in the

experiment. The data (not given) showed that for both

proteins the dissociation constant must be a few

micromolar and that more dye was bound to the desalting

gel than to protein.

The binding isotherm for BSP was calculated in the

same manner as that described for ruthenium red.

Unlike ruthenium red all of the applied BSP was

eluted from the column; in fact dye recoveries were

greater than 100%, the reason for which is unknown. This

meant that dissociation constants could only be

calculated approximately.

The value for trout serum was or the order of lOuM,

compared with something less than 30uM for BSA (data not

given) .

It is evident from the experiments that both dyes

bind to components in trout serum with a molecular weight

of about 70kDa. Clearly it would be appropriate to repeat
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the experiments using purified protein, especially for

BSP as it bind to several components in trout serum

(section 6.12). It is also evident, particularly with the

advantage of hindsight, that the experiments to quantify

binding were not designed as well as they could have been

and did not give conclusive answers. For example, it

would have been better to have used a wider range of dye

concentrations (geometrically-spaced) and to have

collected smaller fractions (say 0.5ml) to improve

resolution. However the experiments were not repeated as

it was judged that they made their point, albeit semi¬

quantitative rather than quantitative as had been hoped.

6.14 The binding of serum components to bilirubin

The rainbow trout used in this project had bile which

was usually dark green in colour, turning more browny-

green when diluted with distilled water. Its absorption

spectrum had maxima at 410nm with a distinct shoulder at

approximately 455nm which is close to the 460nm of

bilirubin in serum (Dawson et al., 1974). This is

consistent with bilirubin's being a main product of haem

catabolism in trout.

Bilirubin (lOul of a freshly-prepared ImM stock) was

added to 0.5ml of trout serum so as to give a final serum

concentration of 40uM. The mixture (200ul) was passed

down Superose 12 HR10/30 in 50mM Tris/HCl, pH 8.6 + 50mM

NaCl and fractions of eluent (0.5ml) assayed using a
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Figure 6.14.01

Fractionation of trout serum-bilirubin on

Superose 12 HR 10/30

A mixture of trout serum and bilirubin was passed

down Superose 12 and the effluent assayed for the

binding of bilirubin (method 2.09).
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Sigma kit for bilirubin as described in 2.09. This method

was chosen to assay for the binding of bilirubin to trout

components because the measurements were made at 600nm

which is well away from the maximum absorbance of

wavelength of haemoglobin. Therefore the interference of

haemoglobin in haemolysed samples could be avoided. It

was shown that trout serum did not absorb light at 600nm

(results not shown).

Fig 6.14.01 shows that maximum bilirubin binding was

to fraction 8 from the molecular exclusion column. This

fraction is from peak C which contains the 130kDa ANS-

binding component. One can therefore conclude that the

130kDa component is the major bilirubin binding component

in trout serum. In addition there is some binding of

bilirubin to peak D, that is to one or both of the 70kDa

components.

A lul aliquot of the above bilirubin/serum mixture

was electrophoresed on a native agarose gel at pH 8.6

(2.05.01). The gel was stained with Coomassie Brilliant

Blue and the mobilities of the separated components

compared by densitometery to these of the components

electrophoresed without prior incubation with bilirubin.

There was no alteration in the mobilities of any of the

serum components (results not shown).

The major bilirubin binding component in trout serum

is that tentatively identified as HDL which has a

molecular weight of 130kDa. In contrast the major

bilirubin binding component in human serum is albumin
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Figure 6.15.01

Fractionation of trout serum-palmitate mixture on

Superose 12 HR 10/30

Trout serum was mixed with palmitic acid and the

mixture fractionated on Superose 12. Fractions of

eluent were collected and assayed for radioactivity

(method 2.20) .
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which binds at least 3 molecules of bilirubin (cited by

Fellows & Hird, 1982). The results obtained in this

experiment contrast those of Fellows & Hird (1982) who

found that bilirubin was not bound to any of the serum

components of trout. They proposed that the binding of

bilirubin is restricted to the more evolutionary-advanced

warm-blooded species.

6.15 Palmitate binding to trout serum components

Trout serum (0.5ml) was incubated with lOul of [9,10

(n) 3H] palmitate. The specific activity was 40-

60mCi/mmole and the solution was diluted 10 fold before

use. The mixture (200ul) was passed down Superose 12

HR10/30 in 50mM Tris/HCl + 50mM NaCl and 0.5ml fractions

of eluent were collected. The radioactivity of 200ul

aliquots of each fraction were counted in 1ml of Cocktail

T for 1 and lOmin (method 2.20).

Maximum radioactivity was associated with fraction 12

which was from peak D (fig 6.15.01). This suggests that

the major component in trout serum which binds palmitate

(and possibly other fatty acids) has a molecular weight

of 70kDa. Which of the two 70kDa components binds the

fatty acid could not be determined in this experiment.

Peak C containing the 130kDa component also binds a

large amount of palmitate (14% of the total recovered

radioactivity is in peak 11). Peak A, molecular weight

approximately 706kDa is also associated with the fatty
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Figure 6.15.02

Electrophoresis of trout serum-palmitate on

agarose electrophoresis

Trout serum was mixed with [3 Hf-palmitic acid and
the mixture electrophoresed on agarose. The

unstained gel was cut into a series of strips,

each comprising a region of the electrophoretogram

(the gel to be analysed was compared to a gel

electrophoresed at the same time and stained with

Coomassie Brilliant Blue) and the radioactivity of

each strip counted (method 2.20).
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acid (6% of the total recovered radioactivity is

associated with fraction 4).

In another experiment lul of the palmitate/trout

serum mixture was fractionated by electrophoresis at pH

8.6 on 1% agarose. The gel was sliced into 2mm portions

and the radioactivity of each portion counted for lOmin

(method 2.20) .

Of the radioactivity recovered from the gel, 85% was

associated with region 6b' and 12% with region 6a' (fig

6.15.02). This implies that the major carrier of

palmitate in trout serum is the albumin-like protein of

molecular weight 70kDa which has the greatest mobility of

the major serum components on agarose electrophoresis

(region 6b').

On the assumption that the most mobile band (region

6b') represents 40% of the total Coomassie-stained

material (rounded up to the nearest ten percent) and that

it is this band which is the predominant palmitate

binding component in the serum, it was calculated that 1

molecule of the 70kDa component binds 0.5 molecules of

palmitate. It was calculated that the amount of

radiolabelled palmitate which had been added to the trout

serum was not sufficient to saturate the fatty acid

binding sites on the trout 70kDa component, thus

accounting for the apparent binding of less than one

molecule of palmitate to the component. This is verified

by the fact that all of the added palmitate is bound by

the 70kDa components. It has been reported that human
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albumin has 6 binding sites for fatty acids including

palmitate (cited by Kragh-Hansen, 1981).

Fellows et al. (1980) looked at the binding of j*4 c|-
oleate to serum components in a number of species

including the rainbow trout. They concluded that there

was a component in lipoprotein free-serum which bound 52%

of the radioactivity and had a molecular weight similar

to that of human albumin (60-70kDa). They chose to do

their assays on lipoprotein-depleted serum to avoid the

release of lipid into the serum from lipoprotein

breakdown. However it has been shown in fig 6.15.01 that

a significant amount of binding of palmitate to the

lipoprotein component of molecular weight 130kDa occurs.

Recently Davidson et al. (1988) incubated the sera from

several fish species with |3 H]-palmi tate and separated the

components on native polyacrylamide gels. He comments on

the presence of 2 components in rainbow trout serum which

have similar mobilities to HSA and bind |3 H]-palmitate.
Taken together the results of both Davidson et al.

(1988) and of Fellows & Hird (1980) agree with the

results obtained in this project regarding the binding of

palmitate to trout serum components. The major fatty acid

binding component, at least under the conditions used

here, has a molecular weight of 70kDa and is identified

as an albumin-like protein. However an additional

component of molecular weight 130kDa which is believed to

be HDL also binds the fatty acid when the serum-palmitate

mixture is fractionated by molecular exclusion on
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Superose 12. Such a component is not identified by either

of the aforementioned authors.

6.16 Concentration of free fatty acids in trout serum

One way of assessing the likely importance of the

70kDa protein in transporting FFA in serum is to estimate

the concentration of FFA there and compare it with that

of the protein.

The concentration of FFA was measured by extracting

rainbow trout serum manually using Trout's modification

of Dole's procedure and employing an automated

titrimetric method to determine the extracted acids,

essentially as described by Nimmo et al. (1973). For

convenience standard solutions of palmitate were

dissolved in heptane and not put through the extraction

procedure. This means there may be a systematic error in

the values calculated for the serum FFA concentrations

but experience suggests that it is no more than 10%.

(Since the estimations were actually done by Mrs Judy

Velcova on the equipment used in the Department's medical

classes, the protocol has not been given in chapter 2.)

Serum from a single batch of 6 fish was assayed and

found to have an FFA concentration of 1.27j^0.45 mM

(mean^SD). For comparison, Nimmo et al. (1973) quote a

range of 0.36-0.72 mM for 6 fasting men using the method

employed here and Fellows & Hird (1980) 0.26 mM for

immature starved rainbow trout. The value determined is
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higher than that for both starved trout and fasting men.

However the plasma FFA concentration is sensitive to the

nutritional state of the subject and rises to upto 2mM in

fasted and stressed man (cited by Passmore & Robson,

1968) .

If the 70kDa binding species is assumed to represent

40% of the total protein in serum (section 6.15) then its

concentration there is about 0.2 mM. Furthermore, if it

is similar to human albumin in being able to bind the 6

molecules of FFA per molecule cited by Kragh-Hansen

(1981), then it should be able to carry up to 1.2 mM of

the FFA in serum. Thus it seems that the 70kDa protein

can account for the transport of FFA in trout serum.

6.17 Discussion

There are two proteins in trout serum which have a

molecular weight of 70kDa and resemble human albumin in

some of their physiological properties. The relative

proportions of the two proteins varies between fish,

though what determines it is not known. The proteins have

been partially purified, though complete purification on

a large scale was not achieved. Consequently some of

their properties have been inferred from these of serum

rather than of homogeneous preparations.

The proteins differ from human albumin in not binding

to Cibacron Blue or to the cationic dye BPB. It is

striking that they have a much lower content of cysteine

-213-



Summary of the properties of the trout 70kDa proteins

1] Soluble in half-saturated ammonium sulphate (2.03M).

2] Migrates as the most mobile of the trout serum proteins on
electrophoresis in barbital buffer at pH 8.6.

3] Cross-react antigenically with albumins from mammalian species.

4] Are free from carbohydrate by customary tests.

5] Have amino acid compositions which are related to each other but not to
human albumin.

6] Are the main components of trout serum.

7] Both have a molecular weight of 70kDa.

8] Complex with bilirubin, palmitate, ruthenium red and
bromosulphophthalein but not with bromophenol blue.

9] Do not bind to Cibacron Blue F3GA.



Figure 6.17.01

Summary of the properties of the trout "albumins"
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residues than human albumin and indeed than any other

albumin so far investigated. Perhaps of more

physiological significance, they bind to palmitate and

perhaps other fatty acids. In contrast to human albumin

the 70kDa components bind only a small percentage of the

bilirubin added to the serum in vitro. Bilirubin is bound

predominantly to a component of 130kDa. The properties of

the trout 70kDa proteins are summarised in fig 6.17.01.

On the basis of the definition of an albumin given in fig

6.01.01 it is proposed that the trout 70kDa proteins are

serum albumin and therefore that the rainbow trout is

bisalbuminaemic.
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6.18 Conclusion

1 ) There are two proteins in trout serum which resemble

each other and human albumin in a number of chemical

and physical properties.

2) The amino acid compositions of the two proteins are

very similar and are weakly related as judged by the

statistical analysis of Cornish-Bowden (1980). It is

therefore concluded that the 70kDa components are

different forms of the same molecule.

3) The rainbow trout has two albumin molecules.
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Chapter 7

A Preliminary Investigation of Serum from Pre-spawning

Atlantic Salmon
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7.01 Introduction

Chapters 3, 4, 5 and 6 have concentrated on

components from rainbow trout serum, in particular of

with molecular weights of 70kDa and 130kDa which bind to

the dyes BCG and ANS respectively. In this chapter serum

components from the Atlantic salmon (Salmo salar) will be

described, in particular those which bind BCG and ANS.

The Atlantic salmon and rainbow trout are both

members of the salmonid family (Chapter 1). However the

life cycle of the salmon differs from that of the trout

in that the former spends part of its adult life in sea

water and migrates to fresh water to spawn (section

1.03). One might therefore expect to observe differences

in the serum proteins of salmon compared with trout and

further between fresh- and sea water-adapted salmon. In

particular, if the salmon has a putative serum albumin

which is involved in maintaining the colloid osmotic

pressure (c.f. human albumin, Chapter 1), its serum

concentration might be expected to differ between sea-

and fresh water-adapted fish. This would be in response

to the differences in the osmotic environment of salt

water compared with fresh water salmon and in the

nutritional state of the fish.

The fish which are described in this chapter were

caught by fly-fishing from the River Oykel during

September 1987. They represent a population of pre-

spawning adult male and female fish which have migrated
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Fig 7.02.01

Scatter diagram showing the distribution of serum protein

and "albumin" for individual salmon

The protein concentration was determined for the sera

from a mixed population of salmon caught in the estuary

of the River Don, Aberdeenshire. The protein

concentrations were determined by the method of Bradford

(method 2.03) and are expressed in g/dl. Albumin

concentrations were determined by the binding of BCG

(method 2.17) and are also expressed in g/dl. The data

are from D. Groman (personal communication).
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from the sea back to fresh water and are almost certainly

not feeding. Unfortunately serum samples from farmed and

sea adapted salmon could not be obtained for comparison.

It must also be appreciated that there were only samples

from five fish available (three males and two females),

in part because of the fortuitous nature of angling. To

amplify them some unpublished data kindly provided by Dr

D. Groman for a larger population of fish from the River

Don are also presented.

After a brief description of the protein and

"albumin" concentrations of salmon serum, components

binding ANS and BCG are described. Some characteristics

of these components are compared with those of the trout

130kDa and 70kDa components.

7.02 The protein concentration of salmon serum

The protein concentration of the serum from some of

the Oykel fish was determined using the method of

Bradford (method 2.03). A typical concentration was

3.7g/dl (for one of the female fish). This is comparable

with that of 3.8i0.4g/dl (mean+SD, n=21) for a mixed

population of salmon caught from the River Don,

Aberdeenshire and assayed for protein using SMAC (Groman,

personal communication). The protein concentrations of

the individual Don serum samples are shown in fig

7.02.01. For comparison, the concentration of protein in

trout serum (section 3.02) was 3.2jd).2g/dl (mean^fSD,
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n=10) and for human serum 6.5jf0.4g/dl (mean+SD, n=3).

It can be concluded that salmon serum contains

approximately the same concentration of protein as trout

serum and approximately half as much as human serum.

This result is somewhat unexpected because it implies

that the concentration of serum proteins in a starved

fish (ie. the salmon) is the same as that of a fed fish

(ie. the trout). Assuming the concentration of serum

protein is the same in fed salmon and fed trout, it

follows that the situation in salmonids is different to

that in humans where a pronounced effect of starvation is

a reduction in the levels of all serum proteins, in

particular of albumin (Peters, 1975).

7.03 The BCG assay for salmon serum albumin

The BCG assay was performed as described in method

2.17 and the same conditions imposed as for assaying

trout serum (section 6.02). It was shown that, as for BSA

and trout serum, salmon serum with added BCG has an

absorbance difference maximum at 626nm. This was close to

628nm that was used to detect bound BCG.

The albumin concentration of salmon serum was

determined for the same mixed population of Don salmon

in section 7.02. The concentrations are shown

diagrammatically in fig 7.02.01. The albumin

concentrations were not Gaussian-distributed suggesting

at first sight that some other variable such as the sex
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or stage of sexual maturity was influencing them. However

a similar bimodal distribution of albumin was found for

rainbow trout (section 4.04) which did not seem to be

caused by either of these variables.

The albumin concentration was 1.9;+0.2g/dl (mean±SD,

n=21). Similar values were determined for a male fish

(1.6g/dl) and a female fish (1.5g/dl) from the River

Oykel. Thus 50% of the salmon serum protein apparently

reacts with BCG. This is within the range given in

section 4.04 for trout serum (1.8+0.5g/dl, mean^SD, n=46)

and approximately half that for human serum (4.0M).8g/dl,

meanj^SD , n= 3 ) .

If one assumes that fed rainbow trout and fed salmon

have similar concentrations of BCG-reactive protein in

serum, then it appears that starvation has no affect on

them. If one also assumes that the BCG assay is specific

for an albumin-like protein (c.f. human albumin) then it

is inferred that salmon "albumin" does not decrease in

concentration in response to starvation. However BCG has

already been shown to react with several proteins in

trout serum (section 6.04) and so it might also be

reacting in a non-specific manner with salmon serum

components. The specificity of BCG for salmon serum

components is investigated in section 7.06.
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Fig 7.05.01

Electrophoresis of salmon serum on agarose

Salmon serum (lul from 2 adult female and 1 adult

male fish) was electrophoresed on 1% agarose in

50mM Veronal buffer, pH 8.6 (method 2.05.01) and

stained with Coomassie Brilliant Blue.
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Fig 7.05.02

Identification of salmon serum components after

electrophoresis on agarose

Samples (lul) of male and female salmon serum were

electrophoresed on 1% agarose and stained with

Coomassie Brilliant Blue (method 2.05.01). The

percentage of each stained region was calculated

relative to that of the total stained area by-

scanning (method 2.10).
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7.04 Haemoglobin interference with the BCG assay

Haemolysis was observed in all of the Oykel serum

samples. As salmon haemoglobin was not available it was

not possible to test for a correlation between the

haemoglobin and the albumin concentration as was

described for the trout (section 6.04). Nevertheless it

must be borne in mind that haemoglobin might interfere

with the BCG assay.

7.05 Electrophoresis of salmon serum

Samples (lul) of salmon serum from a pre-spawning

adult male and two female fish (each from the River

Oykel) were electrophoresed on 1% agarose and the

proteins stained with Coomassie Brilliant Blue (method

2.05.01). Fig 7.05.01 shows the electrophoretic profiles

and compares them with those of the trout and the human.

The profiles for the male and female salmon along with a

table showing the mobilities relative to that of human

albumin and the percentage staining of each protein band

are shown diagrammatically in fig 7.05.02.

The most striking feature of salmon serum is the

variation in the electrophoretic profiles between the

male and the female. By far the most abundant region in

female serum is the diffuse band c' which has a mobility

the same as that of human VLDL and represents 86% of the

protein-staining material as determined by gel scanning

-221-



(method 2.10). In the male fish this band is faintly

stained and represents only 13% of the protein-staining

material (determined by gel scanning). It would appear

that band b,' with a mobility the same as that of human

LDL, is more predominant in the male than the female.

There is a densely-stained region visible in male

serum which corresponds in mobility to human albumin

(band e'). It represents 56% of the total stained

material as determined by gel-staining. This region is

only weakly stained in female serum (fig 7.05.01) and

represents 0.5% of stained material. In the female serum

shown in fig 7.05.01 it is stained to a greater extent

than 0.5% of the total relative to the other serum

proteins. This suggests that the concentration of band e'

may vary between females. It would therefore appear that,

at least as judged by electrophoretic mobility, salmon

have a serum albumin. However the distribution of the

molecule differs between the sexes of the pre-spawning

fish and is much more prevalent in the male.

Three poorly stained bands are observed in female

serum which have mobilities ranging from 0.85-1.10. The

fastest of them (band f') has a mobility equal to that of

human prealbumin although it is much mPre densely stained

than the latter. This implies that this component is

present at a greater concentration in the serum of female

salmon compared with the corresponding protein in both

human and male salmon serum.

One can tentatively conclude that the distribution of
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Fig 7.06.01

Staining of salmon serum with BCG

Female salmon serum (lul) was electrophoresed

on 1% agarose and stained for 30 min in BCG

working dye solution (method 2.05.01).

Background staining was removed by incubating

the gel in distilled water for 15 min.
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serum components differs between male and female salmon.

In females the predominant component has a mobility

approximately equivalent to that of humanVLDL (band c')

and represents 86% of the protein-staining material. In

males the predominant component has a mobility the same

as that of human albumin (band e') and represents 56% of

the total staining material.

It must be recognised that serum from only one male

and three females was electrophoresed in total, and so it

is not necessarily fair to attribute the differences

between the male and female patterns to the sex of the

fish. Nevertheless, because of the big physiological

differences between males and females at this stage of

the life cycle it is tempting to speculate that the

differences in electrophoretic profiles are indeed sex-

determined .

7.06 Staining of gels with ANS and BCG

Samples (lul from two individual pre-spawning female

fish from the River Oykel) were electrophoresed on

agarose gels and stained with either 6uM ANS or BCG

working dye solution (method 2.18 and 2.17 respectively)

as described in section 5.02 (ANS) and section 6.05

(BCG). Unfortunately it was not possible to repeat the

staining using male serum.

Band c' was the only component stained with BCG in

female serum (fig 7.06.01). The staining was specific and
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did not disappear on prolonged exposure of the gel to the

dye. Thus, the reaction of the dye with serum components

from salmon differs to that for trout. In the trout serum

multiple components were only stained weakly and the

staining pattern disappeared on prolonged incubation of

the gel in the dye (section 6.05). It has already been

stated that band c' is a very prominent protein-stained

band in female serum which represents only 13% of the

total protein-staining material in the male fish. Thus,

if BCG is reacting with this component alone, one would

expect there to be a noticeable difference in the

concentration of BCG-reactive material between the sexes.

Fig 7.02.01 shows that the population of salmon

investigated did not have a Gaussian albumin

distribution. However because many variables (such as the

sex and stage of maturity of the fish) were not known one

cannot assume that the non-Gaussian distribution is

attributable to differences in the sex of the fish.

Indeed, albumin concentrations low enough to account for

13% of the total serum protein (corresponding to an

approximate serum albumin concentration of 0.5g/dl) were

not detected. It was therefore concluded that there are

additional components in male serum which react with BCG

but are absent from female serum. A candidate for a male

specific BCG-binding component might be band e' which

represents 56% of the total protein-staining material and

has a mobility similar to that of human albumin. The

binding of BCG to this component is described in the next
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Fig 7.07.01

Fractionation of female salmon serum on

Superose 12 HR10/30

Female salmon serum was passed down Superose 12

in 50mM Tris/HCl, pH 8.6 + 50mM NaCl at a flow

rate of 0.3ml/min (method 2.15.02). Fractions

(0.5ml) were collected and assayed for the

binding of ANS and BCG in a plastic cuvette (1cm

path length) (methods 2.17 and 2.18).
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section.

Gels were incubated in 6uM ANS and the fluorescence

viewed using a transilluminator at 365nm. All of the

protein-staining bands with the exception of the supposed

gamma globulins fluoresced. This suggests that the

supposed gamma globulins may be more resistant to

denaturation than the other serum components. Salmon

serum components therefore react.similarly to trout serum

components with ANS after fractionation on an agarose

gel.

7.07 Fractionation of serum components by molecular

exclusion

Female salmon serum (separate lOOul portions of serum

taken from two fish) was fractionated on Superose 12 in

50mM Tris/HCl + 50mM NaCl, pH 8.6 and 0.5ml fractions

were assayed for the binding of ANS and BCG (method 2.18

and 2.17 respectively). Fig 7.07.01 shows that they are

fractionated into six main peaks which are labelled A'-F'

and have approximate molecular weights of 780kDa, 570kDa,

145kDa, 70kDa, 46kDa and 4kDa respectively. The molecular

weights could only be determined approximately by

comparing their mobilities to those of trout serum

components which were passed down the column at the same

time as the salmon serum. This was because the column was

being heavily used by other research groups and, as a

result, the Superose medium had become compressed and
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Fractionation

Fig 7.07.02

of female salmon serum on

Superose 12 HR10/30

Female salmon serum (lul) was passed down

Superose 12 in 50mM Tris/HCl, pH 8.6 + 50mM NaCl

at a flow rate of 0.3ml/min (method 2.15.02).

Fractions (0.5ml) were collected and assayed for

the binding of ANS and BCG in a plastic cuvette

(path length 1cm).
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the column packing distorted. The effect of column

compression was to alter the retention times for elution

of separated components between successive runs.

In one of the female samples assayed both ANS and BCG

showed greatest binding to fraction 4 which corresponded

to peak B' (fig 7.07.01). In contrast the maximum binding

of BCG and ANS did not coincide for the second female

sample (fig 7.07.02). Maximum fluorescence was in

fraction 3 which corresponds to peak A from the Superose

column. Maximum absorbance at 628nm was in fraction 4,

that is in peak B'.

There is a second component in both samples which

binds BCG, that is peak D'. It also binds ANS. Peak D' is

described in section 7.13. However, it should be noted

that if peak D' is largely composed of "albumin" then it

comprises much more than the 1% or so of the total

protein expected on the basis of the electrophoretograms.

It may be that the albumin has not stained well on the

electrophoretogram because, for example, it is saturated

with a lipid. Alternatively of course peak D' may contain

other components besides the "albumin".

It can be concluded that there might be a difference

between individual female salmon serum components in

reactivity towards ANS and BCG. In one of the samples

fractionated and assayed both ANS and BCG bound

predominantly to a serum component of molecular weight

570kDa whereas in the second sample BCG bound

predominantly to a component of molecular weight 570kDa
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Fig 7.07.03

Fractionation of male salmon serum on Superose 12 HR10/30

Male salmon serum (50ul of a 3.85g/dl solution) was

fractionated by molecular exclusion on Superose 12 at a

flow rate of 0.3ml/min in 50mM Tris/HCl, pH 8.6 + 50mM

NaCl.
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and ANS to a component of molecular weight 780kDa. The

maximum BCG activity per mg of protein was approximately

twice as great for sample 2 (fig 7.07.02) as sample 1

(fig 7.07.01). Conversely the maximum ANS activity per mg

of protein was greater for sample 1 as for sample 2. The

apparent binding of both ANS and BCG to peak B' in the

second serum sample might alternatively be caused by

cross-contamination of peaks A' and B' when fractions

were collected (note how the peaks are better resolved in

fig 7.07.02 than 7.07.01).

The identity of the ANS binding component is at

present unknown and is the subject of the next section.

A sample of male salmon serum fractionated on

Superose 12 showed a contrasting profile to those of the

females (7.07.03). In the male peaks A' and B' were

reduced in height relative to the other serum components

and the relative amounts of protein in peaks C' and D'

were much greater than in the female. Maximum ANS

activity was associated with peak C' and maximum BCG-

binding activity with peak D'. This is reminiscent of the

binding of ANS and BCG to trout serum components (section

3.07). However BCG also bound to peak C' and E' (results

not shown). There was little binding of BCG and of ANS to

peaks A' and B'.

It would appear that female salmon contains

relatively greater amounts of peaks A' and B' than male

salmon serum. In male salmon peaks C' and D' predominate.

The latter peaks are just identifiable in females. Peaks
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A' and B' in the female bind BCG and ANS as does peak D'.

By comparing the molecular exclusion trace with the

electrophoretic patterns for male and female salmon one

can conclude that peak D' contains band e' and that

either peak A' or peak B' or peak C' band c'.

The aim of the subsequent sections of this chapter was

therefore to characterise the ANS and the BCG-binding

components further so that their properties could be

compared with those of the trout 130kDa and 70kDa

components. The experiments were only performed on female

serum due to lack of sufficient quantities of male serum.

Some of the characteristics of the ANS-binding species

are described first and this is followed by the

characteristics of the BCG binding component. The chapter

will conclude with a description of the binding of some

physiological ligands to salmon serum.

7.08 Calculation of the binding isotherm for the salmon

ANS-binding component

The binding isotherm for the salmon ANS-binding

component was determined so that it could be compared

with that of the trout 130kDa component which is the ANS

binding species in trout serum. The experiment was

carried out using serum from a female fish and performed

as described in section 5.03.

Using non-linear regression analysis a binding

constant of 25.5+2uM and a maximum fluorescence of 417+12
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Figure 7.08.01

Calculation of the binding isotherm for salmon serum

The experiment was conducted as described in section

5.03. The fluorescence was read for each solution and

corrected for the inner filter effect (method 2.18.01).
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Fig 7.09.01

Fractionation of salmon serum on Cibacron Blue F3GA

Female salmon serum (lOOul) was fractionated on

Cibacron Blue in 50mM Tris/HCl, pH 8.6 + 50mM NaCl at

a flow rate of 0.3ml/min. Bound components were eluted

using 0.3M NaCNS and effluent (0.5ml fractions) was

collected (method 2.15.01). The collected effluent was

fractionated further on Superose 12 (0.5ml) at a flow

rate of 0.3ml/min in the above buffer (method

2. 15.02).
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was calculated for the binding of ANS (fig 7.08.01). This

means that the salmon component or components have the

same affinity as one another for ANS and the same as that

of the trout 130kDa component (whose binding constant was

26.3uM). Of course it may be argued that the major binder

(peak B') obscures the contribution of the minor one

(peak DM.

7,09 Attempted purification of the ANS-binding component

The predominant ANS-binding component from female

salmon serum is similar to the 130kDa component from

trout serum in its affinity for ANS but differs in that

its molecular weight is greater (570kDa). It was however

postulated that these two components are equivalent and

so the purification of the salmon component on Cibacron

Blue was attempted using the conditions applied in the

purification of the trout component (fig 5.04.05).

Female salmon serum (lOOul) was passed down a column

of Cibacron Blue in 50mM Tris/HCl + 50mM NaCl, pH 8.6,

and bound components were eluted using 0.3M NaCNS. The

sample used was sample 1 described in section 7.07. Fig

7.09.01 shows that some of the material bound to the

column. This material bound ANS but not BCG (results not

shown). The BCG-reactive material did not adsorb to the

column (results not shown) and so can be likened to the

trout 70kDa component regarding its behaviour on Cibacron

Blue .
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Fig 7.10.01

Electrophoresis of the purified salmon component

The component which was isolated from salmon serum

(section 7.09) was electrophoresed on agarose (lul)

for 1 hour at 70V in 50mM Tris/HCl, pH 8.6 + 50mM

NaCl (method 2.05.01). Separated components were

stained with Coomassie Brilliant Blue.
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The protein yield of purified component which was

obtained from salmon serum was twice that obtained from

an equivalent volume (and protein concentration) of trout

serum. This suggests that the salmon component has a

greater affinity for the column than the trout 130kDa

component or that it is present at a greater

concentration in the serum compared with the trout

component.

7.10 Electrophoresis of the purified salmon component

Sample (lul) of the salmon ANS-binding component

which had been isolated from serum on Cibacron Blue was

electrophoresed on 1% agarose and stained with Coomassie

Brilliant Blue. The diffuse stained component had a

mobility which differed from that of the trout 130kDa

component (fig 7.10.01). Two bands were seen, one with a

mobility of 0.13 relative to human albumin (roughly

equivalent to LDL) and the other, a diffuse band with a

mobility of 0.28 relative to human albumin (roughly equal

to VLDL).

It was concluded that purification on Cibacron Blue

is not as specific for salmon serum as for trout serum.

This might be because salmon serum contains greater

amounts of other lipoproteins which also bind to the

Cibacron column (for example of beta lipoproteins). None

of the components isolated from salmon serum had the same

mobility as the purified trout 130kDa component.
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Therefore the ANS binding components from trout and

salmon serum must differ in their net charge on

electrophoresis. Alternatively, the mobility of the

salmon component on electrophoresis had not been altered

during the purification (cf. the trout 130kDa component,

section 5.05)

7.11 The apoprotein content of the salmon ANS-binding

component(s)

It is concluded that there is a component in salmon

serum which binds ANS with the same affinity as that of

the trout 130kDa component and which has a diffuse

mobility on agarose electrophoresis. By analogy with the

trout 130kDa component it is therefore proposed that this

component is a lipoprotein. To test this proposal further

the putative apoproteins were investigated. Sample (lul)

of the putatively purified salmon ANS-binding component

was delipidated and the apoproteins prepared for SDS-

glycerol electrophoresis (method 2.05.09). It was shown

in section 5.07 that SDS-glycerol electrophoresis

separates apoproteins much better than straight forward

SDS-electrophoresis. Proteins were stained with Coomassie

Brilliant Blue and their molecular weights determined

relative to standard molecular weight markers (method

2.05.10) .

Protein bands with molecular weights of 85-78kDa, 72-

64kDa, 29-22kDa and 21-19kDa were obtained. They were
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transferred to nitrocellulose by electroblotting and

probed with anti(human apo Al) used at a dilution of

1/1 000 (method 2.23.01). A control experiment showed

that there was no reaction of the second antibody (IgG-

biotin) nor of the streptavidin-HRP complex with any of

the proteins. Reaction of the antibody was with a single

band of molecular weight between 22kDa and 29kDa which i

therefore implicated as being salmon apo Al. Salmon apo

Al has been reported to be very similar to human apo Al

in its amino acid composition (Nelson & Shore, 1974) and

so one might expect a monoclonal antibody against human

apo Al to react with it.

To verify the identity of this component it would

have been useful to have quantified the cholesterol and

triglyceride content of it. This could not be done due t

lack of sample.

It would appear that one of the components of salmon

serum which binds Cibacron Blue is HDL on the basis of

its apoprotein content and cross-reactivity with a

monoclonal antibody raised against human apo Al. It

migrates with a mobility equivalent to that of either

human LDL and VLDL and in this respect it differs from

both trout and human HDL. The purification procedure is

not as selective for the salmon components as it is for

the trout 130kDa component because two components are

isolated from salmon serum on the Cibacron column. It is

not known which of these two components is the one

containing apo Al. The component has a dissociation
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constant for ANS of 25.3uM, which is similar to that of

the trout 130kDa component for ANS.

The early pre-spawning salmon has been reported to

have highest concentrations of HDL in their serum

although the levels of VLDL and LDL. are also high (Nelson

& Shore, 1974). In contrast LDL predominates in the late

pre-spawning salmon. The stage of pre-spawning could not

be determined for the fish sampled in this project and so

it is possible that the population was mixed. Therefore,

the contradicting results of section 7.07 in which ANS

and BCG were observed to bind to peak B' in one female

but to both peak A' and B' in a different female might be

due to differences between the females in the stage of

spawning. The raised levels of LDL in all pre-spawning

fish may explain why the "purified" ANS-binding component

was so heterogeneous because 20% of serum LDL is known to

bind non-specifically to Cibacron Blue (Naval et al.,

1982 ) .

7.12 Summary

1 . There are two ANS-binding species in salmon serum with

molecular weights of 70kDa and 570kDa.

2. The binding isotherm of salmon serum for ANS is

comparable with that of trout serum for ANS.

3. The material purified from female salmon serum on

Cibacron Blue is heterogeneous. It contains two

components which have mobilities on agarose reminiscent
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Figure 7.13.01

Reaction of salmon serum components with anti(human

albumin)

Serum from a male and a female salmon was

electrophoresed on 1% agarose in 50mM Tris/HCl, pH 8.6

(method 2.05.01) and the separated components

transferred to nitrocellulose (method 2.12.01). The

transferred components were probed with anti(human

albumin) which was used at a dilution of 1/10 000

(method 2.23.02). Lanes A and B show that the salmon

components of band e' reacted with the antibody. Lane

c shows that there was a strong reaction of the

antibody with human albumin.
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of human LDL and VLDL.

4. A component of the heterogeneous mixture reacts with

anti(human apo A1). This implies that one of the

components isolated on Cibacron Blue is HDL.

7.13 Characterisation of the salmon BCG binding component

Samples of salmon serum (lul from both male and

female fish) were electrophoresed on agarose and the

components transferred to nitrocellulose (method

2.12.01). Transferred components were probed with

anti(human albumin) used at a dilution of 1/10 000 and

bound antibody was visualised by staining with

chloronaphthol solution (method 2.23.02). A control

experiment showed that there was no reaction of the

second antibody with serum components (results not

shown). Figure 7.13.01 shows that a band equal in

mobility to that of band e' reacted with the antibody in

both males and females. This band has a similar mobility

to that of human albumin and is therefore presumed to be

the salmon albumin-like protein. It is a major component

of male salmon serum but present in lesser quantities in

the female (section 7.05). Indeed, in the female it is

only faintly detected by Coomassie Brilliant Blue-

staining and not at all by BCG-staining on gels. This

implies that the female does have an albumin-like

protein, albeit present at too low concentrations to be

detected readily by Coomassie-staining or BCG-staining on
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gels .

One can tentatively propose that salmon have an

albumin-like protein in their serum which is similar to

the human counterpart in its mobility, and reactivity

with anti(human albumin). It differs from human albumin

in that it is not stained by BCG. Its level varies

between male and female salmon; in females it represents

less than 1% of the protein-staining material after

separation of serum components on agarose gels, whereas

in males it represents about 54% of the staining

material. However it has already been pointed out that

this component may not be stained by Coomassie Blue

(section 7.07) and so its concentration in female serum

might actually be a lot higher. Despite its apparent low

concentration in females it still cross-reacts with an

antibody raised against human albumin implying that it

has homology with the former. Taken together, these

results suggest that there is a sex difference in the

distribution of the molecule between males and females

which perhaps reflects differences in transport

mechanisms between the sexes. It also confirms that the

anti(human albumin) is binding specifically to one

component of the serum and not just to the most abundant

component. If the latter were true then one would expect

it to react with band c' in female salmon serum because

this is the most abundant component present. In fact no

reaction is seen in the region of band c' and the

reaction in the region of band e' is as strong as that
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seen for the equivalent region in the male.

Salmon differ from trout in that the latter has two

70kDa albumin-like proteins, both of which cross-react

with anti(human albumin) and react with BCG. There is

only one albumin-like protein in salmon serum which

reacts with anti(human albumin) but not with BCG on gels.

7.14 The binding of palmitate and bilirubin to salmon

serum components

The binding studies to be described were carried out

using female salmon serum only because a sufficient

quantity of male serum sample was not available. Due to

limited quantities of the female sample, it was decided

to test only the binding of a fatty acid, palmitate, and

of the haem breakdown product, bilirubin, to serum

components because these compounds are physiological

ligands for human albumin. Also, if one assumes that

there is much fat mobilisation from adipose tissue in

spawning fish and that this is used as an energy source

for the laying down of gonadal tissue (Nelson & Shore,

1974), then one might expect the female salmon to have

raised levels of fatty acids in her serum. Because fatty

acids are relatively insoluble one would postulate that

there is a fatty acid binding component for the transport

of the fatty acids in the serum. Palmitic acid was chosen

as the fatty acid to use on the assumption that, as for
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Fig 7.15.01

Separation of salmon serum components on

Superose 12 HR10/30 after incubation with j3 Hl-Palmitate

Salmon serum (0.5ml) from an adult pre-spawning female

salmon was mixed with [9,10 (n) [3 F^-Palmi tate ] and a

200ul aliquot fractionated separately on Superose 12

HR10/30 in 50mM Tris/HCl, pH 8.6 + 50mM NaCl at a flow

rate of 0.3ml/min (method 2.15.02). Fractions (0.5ml)

of effluent were collected and 200ul of each counted

for 10 min in 1ml of Cocktail T (method 2.20). The

counts were corrected for background but not for

quenching.
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Figure 7.15.02

Separation of salmon serum components on

Superose 12 HR10/30 after incubation with |~3 H|-Palmitate

Salmon serum from an adult pre-spawning female salmon

was mixed with [9.10 (n) |3 Hj-Palmi tate ] and a 200ul

aliquot separated on Superose 12 in 50mM Tris/HCl, pH

8.6 + 50mM NaCl at a flow rate of 0.3ml/min (method

2.15.02). Fractions (0.5ml) of eluent were collected and

200ul of each counted for 10 min in 1ml of Cocktail T

(method 2.20). The counts were corrected for background

but not for quenching.
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the trout, it is a major fatty acid in the serum of the

salmon.

7.15 The binding of 13 Hl-Palmi tate to salmon serum

components

|3 H)-Palmi tate (lOul, specific activity = 40-

60mCi/mmole) was added to 500ul of salmon serum (female

salmon samples 1 and 2 described in section 7.02) as in

method 2.20 and 50ul of the mixture fractionated by

molecular exclusion on Superose 12 in 50mM Tris/HCl +

50mM NaCl, pH 8.6. Fractions (0.5ml) were collected and

200ul of each added to 1ml of Cocktail T. The

radioactivity was counted for 10 min.

The main peak of radioactivity was in fraction 9,

which corresponds to peak D' and there was a shoulder at

peak 5, ie at peak B' (fig 7.15.01). It has previously

been shown that peak B' has a molecular weight of 570kDa

and perhaps contains band c' whereas that peak D'

contains band e'. When this experiment was repeated using

female serum sample 2 (fig 7.15.02) it was shown that the

main peak of radioactivity was in fraction 4 which

corresponds to peak B' and that there was also peaks of

radioactivity associated with fractions 6 (peak C') and

fraction 11 (peak D')> This is consistent with there

being a greater absolute concentration of peak B' in the

second sample which consequently binds a greater

proportion of the radioactivity (Nimmo & Bauermeister,
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Fig 7.15.03

Separation of salmon serum components by electrophoresis

on 1% agarose after incubation wi th i3 Hj-Palmi tate

Salmon serum from 2 adult prespawning female fish were

mixed with [9,10 (n) [3 Hj-Palmi tate ] and lul of each

electrophoresed on agarose at pH 8.6 (method 2.05.01).

Two lanes of each were run, one stained with Coomassie

Brilliant Blue and the other cut into a series of strips.

Each strip was incubated in 2ml of Flourosol at 50°C for

2 hours and the radioactivity counted for 10 min. The

radioactive counts were corrected for background and are

expressed as a percentage of the total counts.
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1978 ) .

The serum-palmitate mixture (lul) was fractionated by

electrophoresis on agarose and the gel cut into a series

of strips (fig 7.15.03). Each strip was mixed with 2ml of

Fluorosol for 2 hours at 50°C and the radioactivity

counted for 10 min (method 2.20). One lane of the gel was

stained with Coomassie Brilliant Blue to show the

positions of the separated components.

Fig 7.15.03 shows that approximately 43% of the

radioactivity counts are associated with slice 4 which

contains the most densely-stained region of the serum

proteins (band c'). When compared with a native gel of

salmon serum it was apparent that the mobility of this

region has been increased by pre-incubation of the serum

with the fatty acid (results not shown). A further 25% of

the activity is associated with band e', despite the fact

that there was no protein-staining associated with this

region. Again it is suggested that the main fatty acid

binding components in salmon serum are bands c' and e'.

It is therefore implied that peak C' contains band c' and

so proposed that this region is composed of a

heterogeneous mixture of components which migrate in

different peaks on molecular exclusion (peaks B' and C').

The relative percentages of radioactivity associated

with both peaks B' and D' (and therefore with bands c'

and e') vary in both experiments. This is what one would

expect if it is assumed that the faster moving component

loses bound fatty acids during migration and that these
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fatty acids are picked up by the less mobile component

(Nimmo & Bauermeister, 1978). For electrophoresis the

more mobile component is band e' and one therefore

observes greater amounts of radioactivity associated with

the lesser mobile band c' than with it. Band c' (a

component of peak B') emerges before band e' (a component

of peak D') during chromatography and so, in this

experiment, one observes a greater amount of

radioactivity associated with the latter.

One can conclude that there are two components in

female salmon serum which are carriers of fatty acids :-

a component associated with band e' which is also a

candidate for an albumin-like protein (section 7.13), and

a component associated with band c'.

7.16 The binding of bilirubin to salmon serum components

The binding of bilirubin to BSA causes an absorbance

shift with a difference maximum at 462.4nm (results not

shown). This difference maximum was also observed for the

binding of bilirubin to salmon serum and so was used to

assay for the binding of bilirubin to salmon components.

For the assay lOul of ImM bilirubin solution was added to

50ul of serum (method 2.19).

The experiments described in this section were only

performed once on a male serum sample. Therefore the

conclusions may not hold for a larger population of fish

nor for female salmon. Nevertheless they were judged
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Fig 7. 16.01

The binding of bilirubin to salmon serum components

Male salmon serum (50ul) was incubated with lOul of

ImM bilirubin which was in lOmM NaOH and lul of the

mixture fractionated by electrophoresis on 1% agarose

at pH 8.6 (method 2.05.01). The separated components

were stained with Coomassie Brilliant Blue (a) and

their mobilities compared with those of the components

which had not been incubated with the bilirubin but

fractionated on agarose (b). The gels were compared by

scanning (method 2.10).
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Fig 7.16.02

The binding of bilirubin to salmon serum components

Male salmon serum (50ul) was fractionated on Superose

12 HR10/30 at a flow rate of 0.3ml/min in 50mM

Tris/HCl, pH 8.6 (method 2.15.02). Fractions (0.5ml)

of effluent were collected and mixed with lOul of ImM

bilirubin. The absorbance of each fraction was read at

465nm in a quartz cuvette (path length 1cm) against a

reagent blank of lOul ImM bilirubin in 50mM Tris/HCl,

pH 8.6. The absorbance of each solution at 280nm was

also read.
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worthy of interpretation and discussion.

Male serum (50ul) was pre-incubated with bilirubin

(lOul) and lul of the mixture fractionated on agarose.

The separated components were stained with Coomassie

Brilliant Blue. An altered band pattern was observed

which was attributed to the binding of bilirubin (fig

7.16.01). Scanning of the gel confirmed the visual

impression that pre-incubation with bilirubin increased

the mobility of band e' ie. of the albumin-like protein.

This is reminiscent of the situation seen in humans with

hyperbi1irubinaemia (Williams & Marks, 1983). The

smearing of band c' which was also observed is harder to

interprete because it could have been due to a decrease

in the mobility of components of this band or an increase

in the mobility of a component of the band running slower

than it ie. band b'. The mobility of band e' had

increased.

Fractions (500ul) of effluent which had been eluted

from the Superose column were assayed for the binding of

bilirubin. Activity was maximal in peak C' but was also

high in peak D' (fig 7.16.02). This implies that

bilirubin binds to components in salmon serum with

molecular weights of 145kDa and 70kDa respectively and

confirms the results of the electrophoresis which showed

that bilirubin bound to bands b' or c' and e'. However

some binding of bilirubin to peak E' is also observed

vrhich might be due to the interference of haemoglobin

with the bilirubin assay because haemoglobin has an
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absorbance maximum around 420nm which is very close to

the difference maximum for bilirubin.

It is concluded that bilirubin binds to both bands e'

and b'/c' in male salmon serum. The low levels of binding

to peaks A' and B' might be due to non-specific binding

to components. Band e' is the putative albumin protein

which chromatographs as a component of peak D'. The

identity of band c' has previously been determined. It is

component of peak C' which has a molecular weight of

145kDa.

In male salmon serum there are two components which

are the predominant bilirubin binding species:- a

component of molecular weight 70kDa and one of molecular

weight 145kDa. This is different to the situation in

humans where the predominant bilirubin binding components

has molecular weight 68kDa. It is reminiscent of trout

serum which has a component of molecular weight 130kDa

which is the predominant bilirubin binder.

7.17 General discussion

It must be appreciated that the studies described in

this chapter were performed on a limited number of serum

samples and therefore provide only preliminary results on

salmon serum components. Nevertheless the results

obtained were judged to be worthy of recording and

discussing.

The protein and albumin concentration in the serum of
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both male and female salmon are similar to those of the

trout. This implies that prolonged starvation of the

migrating salmon does not affect the overall levels of

the serum proteins. This is different to the situation in

humans where prolonged starvation causes a marked

reduction in the concentrations of serum components, in

particular of albumin.

In both male and female serum there is a component of

molecular weight 70kDa which is presumably an albumin. It

binds BCG, ANS, fatty acids (at least palmitate) and

bilirubin and reacts with anti(human albumin). In male

serum it represents approximately 50% of the serum

protein-staining material but in females it represents

less than 1% of the material stained on agarose gels. It

would appear that this component does not stain normally

with Coomassie Brilliant Blue because it is detected by

an anti(human albumin) antibody and binds palmitate. In

some females it was not detected by Coomassie or BCG-

staining. The most prominently stained region in female

salmon serum is band c'. It has a molecular weight of

570kDa and binds BCG on electrophoresis and

chromatography. It is the major ANS-binding species in

the serum of female salmon and its dissociation constant

for ANS is similar to that calculated for the binding of

ANS to the trout 130kDa component. However when it is

partially purified on Cibacron Blue F3GA a heterogeneous

mixture of two components is isolated. These components

have mobilities on agarose electrophoresis which are
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approximately equal to these of human LDL and VLDL. One

of these components contains an anti(human apo Al)-

reactive species which is assumed to be salmon apo Al. It

is therefore concluded that one of the components

isolated on Cibacron Blue is salmon HDL. It is however

not known if this component binds ANS.

Band c' and band e' are the major fatty acid binding

components in female salmon serum. By implication, the

major fatty acid binding component in male salmon serum

is likely to be band e' and perhaps also band c'. Salmon

serum (at least male salmon serum) differs from trout

serum in that the former has two fatty acid binding

components which differ in molecular weight. One of these

components is an albumin-like protein. The trout has two

fatty acid binding components which have the same

molecular weight and similar amino acid compositions and

have been designated as albumins.

Bilirubin binds to bands e' and either band b' or

band c' in male salmon serum. Band c' has a molecular

weight of 145kDa in the salmon and may resemble the trout

130kDa component which is the main bilirubin-binding

component in the serum.

One can conclude that the salmon, like the trout has

a putative albumin molecule. However, this molecule

differs from that in the trout in that it is present in

serum as a single copy and its concentration varies

dramatically between males and females.

The results of this chapter on salmon serum
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Property Mammalian albumin

Electrophoretic
mobility 1

% total stain

(male)

% total stain

(female)

Mol. Wt. (kOa) 66

Reaction with

anti(human albumin) +++

Fatty acid binding +++

ANS binding +++

BCG binding +++

Bilirubin binding +++

Band c' Band e' Band f

0.6 0.97 1.1

13 56

86 0.5 6.0

145/570 70 ?

+++

+++ +++

+++ ++

+++ (+++)?

+++ ++ +++



Table 7.17.01

Summary of the properties of salmon serum components
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components are summarised in fig 7.17.01.

7.18 Conclusion

1. Salmon serum has a similar concentration of protein

and albumin to that of trout serum.

2. The relative amounts of each serum component varies

between the sexes.

3. Female salmon have higher relative concentrations of

serum lipoproteins than males.

4. Salmon have a putative serum albumin.

Its concentration varies amongst the sexes.

5. The putative albumin binds BCG, ANS, palmitate and

bilirubin.
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Chapter 8

Summary and Discussion
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This study has focused on the transport components in

the serum of two members of the salmonid family, the

rainbow trout and the Atlantic salmon. It was initiated

in response to the lack of information available on the

transport of endogenous and exogenous compounds in the

plasma of these fish.

Based on the results of chapter 5 (rainbow trout) and

chapter 7 (Atlantic salmon) it is proposed that salmonids

do have a serum albumin. In fact, there are two proteins

in the serum of the rainbow trout which fit the

definition of an albumin. These proteins resemble human

and other mammalian albumins in their serum

concentration, electrophoretic mobility, solubility in

50% saturated ammonium sulphate, absence of

glycosylation, immunological properties and ability to

bind palmitate, bilirubin and some cationic dyes. They

differ from human albumin in that they do not bind to ANS

or Cibacron Blue F3GA. However it has been shown that

albumins from some mammals of distant evolutionary

relationship to humans do not bind to Cibacron Blue

either (Leatherbarrow & Dean, 1980), suggesting that the

ability to bind Cibacron Blue is not a good definition of

an albumin.

The most significant difference between the trout

and other mammalian and non-mammalian albumins is in

their content of cysteine. The 35 cysteine residues

conserved in all the albumins so far investigated are

involved in the formation of 17 disulphide bonds which
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are important in maintaining the structure and therefore

presumably the function of the molecule (Fellows & Hird,

1984). Each of the trout albumins contains no more than

10 cysteine residues which implies that the structure of

these molecules differs from that of other albumins. This

is such a striking observation that one wonders whether

it could be based on an experimental error, especially as

cysteine is a difficult amino acid to estimate

accurately. However every possible precaution was taken

to ensure the accurate determination of cysteine and its

calculated content is in fair agreement with the 19

mol/mol recently published for rainbow trout "albumin" by

Davidson et al. (1988). It therefore seems permissible to

speculate as to the physiological advantage the rainbow

trout gains in its particular niche through having a low-

cysteine albumin. However no reasons are immediately

evident. The fact that the trout albumins cross-react

with human albumin implies that they have some structural

homology with the latter. It would therefore be of

particular interest to determine the amino acid sequence

of the trout albumins (by micro-sequencing) and their 3-

dimensional structure (by X-ray crystallography) for

comparison with the human and other mammalian albumins.

In section 6.02 it was shown that the relative

proportions of the albumin-like proteins of individual

rainbow trout varies in a continuous rather than a

discrete manner implying that the bisalbuminaemia does

not have a simple underlying genetical basis. If there
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were two different genes for the albumins then the

proteins would be expressed in an all-or-nothing manner.

Of the fish so far investigated the rainbow trout appears

to be unique in having two albumin-like molecules. Farmed

brown trout (personal investigation) and carp (Nagano et

al., 1975) only have one protein-staining band with a

mobility similar to that of human albumin on

electrophoresis. This band has been investigated for

Atlantic salmon and shown to have many of the

characteristics of human and trout albumins, namely

similar molecular weight, electrophoretic mobility,

absence of glycosylation, immunological properties and

ability to bind palmitate and bilirubin. It is however

possible that both brown trout and salmon are also

bisalbuminaemic and that the condition is not recognised

because both of the albumin-like molecules have the same

mobility on electrophoresis (i.e. the mutation is

electrophoretically silent).

In addition to albumin, added bilirubin and palmitate

were demonstrated to bind to serum components of

molecular weight 130kDa (rainbow trout) and 145kDa

(Atlantic salmon) which have been tentatively identified

as HDL. This implies that there are other serum

components which bind some of the ligands said to be

transported by albumin and might explain why humans who

have no detectable serum albumin (i.e. who are

analbuminaemic) are still able to transport mobilised

fatty acids and indeed appear to suffer no adverse
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consequences of lacking albumin. It would imply that

albumin is not such an important transport component as

is often indicated in standard textbooks because in its

absence other components are able to take over its

functions.

Lipoproteins therefore appear to be important

transport vehicles for molecules other than simple

lipids, at least in fish serum. In this project HDL has

been shown to bind to bilirubin, palmitate and ANS. All

of these compounds are hydrophobic which explains why

they bind to lipoproteins but not why they bind only HDL

and not VLDL and LDL. Several lines of evidence lead one

to conclude that the method of binding involves more than

the simple partitioning into the lipophilic core of the

lipoprotein. First, the binding of ANS to partially

purified trout material from a G-100 molecular exclusion

column (PTF) was shown to be saturable and it was

calculated that 0.18 molecules of ANS bind to one

molecule of PTF (section 5.03). The saturability is

reminiscent of binding to a protein and the maximum

amount of ANS bound is less than one would expect if it

were partitioning into the lipid phase. Secondly, the

wavelength of maximum emission for the binding of ANS to

trout serum was 465nm which means that it is not in as

hydrophobic an environment as 40% ethanol. (The emission

maximum for ANS in 40% ethanol was 419nm.) Thirdly,

binding was specifically to HDL; no binding of ANS to

VLDL or LDL was noted. This implies that the mechanism of
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binding involves a feature of HDL which is not shared by

VLDL or LDL. The composition of VLDL and LDL

apolipoproteins have been shown to be similar to each

other but to differ from that of apolipoprotein HDL (see

Chapman, 1980). It is therefore proposed that ANS , and

possibly palmitate and bilirubin, bind to HDL by

interacting with the apoproteins.

All of the binding studies which are described in

this project were carried out in vitro. It must be

appreciated that both bilirubin and palmitate are very

insoluble in buffers of neutral pH and for this reason

had to be dissolved in strong alkali prior to addition to

the serum. The effects of the alkaline solutions on the

serum proteins were not investigated but it must be borne

in mind that the binding characteristics of some of the

components might have been altered by the high pHs to

which they were exposed. Another caveat is that binding

studies in vitro are almost inevitibly carried out at

unphysiological concentrations of proteins, competing

ligands, small ions etc., all of which could alter

binding profiles.

In the restricted population of salmon which was

investigated in this thesis great variation in the serum

concentration of albumin was noted and results indicate

that the pre-spawning male salmon has greater relative

concentrations of albumin than the pre-spawning female.

In some females the Coomassie-staining profile indicated

that there was no albumin band present. Despite this it
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was shown that anti-human albumin and palmitate

interacted with a component in this region. This implies

that female salmon do have an albumin but that it does

not react in the normal manner with Coomassie Brilliant

Blue. A possible reason for the band's not staining is

that it is non-covalently bound to other ligands such as

fatty acids which means that it cannot bind the dye.

Something similar was noted by Ramage & Nimmo (1984) when

attempting to purify the hepatic glutathione S-

transferases of sea water and fresh water Atlantic

salmon. They found that the enzymes for the sea-salmon

bound avidly to an

S-hexyl glutathione affinity matrix whereas those of the

river salmon did not, presumably because these binding

sites were already occupied by endogenous ligands.

It is, nevertheless, possible that the female fish do

have reduced levels of the albumin, perhaps associated

with the changes which occur in preparation for spawning.

In the female this involves the laying down of eggs. It

was originally expected that both male and female

pre-spawning salmon would have very low levels of albumin

because they are undergoing a prolonged fast. In humans

one of the effects of a prolonged fast is a reduction in

the concentration of albumin which is catabolised to

produce amino acids (Peters, 1975). In contrast the male

salmon is able to maintain its serum albumin

concentration and indeed its total serum protein level is

not observed to vary significantly from that of the fed
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rainbow trout (chapter 7). This implies that albumin

plays an important role in the male salmon during

preparation for spawning, perhaps in the mobilisation of

fatty acids from the adipose tissue to be used as an

energy source during swimming and courtship. It was shown

by radiotagging fish in the Aberdeenshire Dee that

spawning male salmon patrol regions of up to 2 miles

whereas female fish tend to remain stationary (Hawkins,

1987 ) .

Albumin is apparently almost absent from the serum of

the female salmon which instead has raised amounts of

components presumed to be lipoproteins (molecular weights

of 570kDa and 780kDa). Babin (1986) showed that the

injection of oestradiol in rainbow trout caused a

substantial increase in the plasma concentration of

vitellogenin. Vitellogenin is synthesised in the liver in

response to increased levels of oestradiol and

transported to the ovary in the serum as a component of

Very High Density Lipoprotein (VHDL). In the ovary it is

cleaved to the egg yolk proteins lipovitellin and

phosphovitellin (cited by Henderson et al., 1984). The

molecular weight of circulating VHDL is between 440 and

600kDa in the rainbow trout (Babin, 1986) and so it is

proposed that the 570kDa and/or the 780kDa components in

salmon serum are VHDL, or components thereof. The precise

energy demands of the various biosynthetic processes

involved in egg formation have not been established;

however, a decrease in the weight of the female (but not

-252-



the male) muscle was detected in the capelin (Mallotus

villosus) prior to spawning (Henderson & Sargent, 1984).

This decrease in weight could not be accounted for by

lipid losses and was proposed to be due to the

mobilisation of protein to provide amino acids for the

formation of ovarian proteins in the liver. It was noted

that there was increased levels of the component of

molecular weight 570kDa in the female serum which bound

palmitate. It is proposed that this is involved in the

mobilisation of fat from the adipose tissue to the liver*

where lipids are processed to phospholipids (cited by

Henderson & Sargent, 1984).

These differences between the serum components of the

male and female salmon and also the differences between

the components of the trout and salmon highlight the

variability in populations. It was shown in section 6.02

that there was variability between individual rainbow

trout in the relative amounts of the two albumins (i.e.

of band 6a' and 6b'). In theory one should therefore

investigate a controlled population of fish but

unfortunately this is rarely possible in practice. For

example, in this study on salmon we relied on the

fortuity of an angling expedition which meant that only a

few serum samples were available. Moreover, because

unequal numbers of each sex were caught our studies were

biased towards female fish. This problem of variability

can be circumvented to a certain extent by using farmed

fish which are reared under defined conditions. However
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farmed trout are not very representative of a wild

population because the aim of fish farming is to inbreed

and treat the fish so as to produce the most economically

marketable product. Examples include the treatment of

female fish with male sex hormones to produce masculinsed

homogametic females (see section 1.01) and the treatment

of eggs to produce tetraploid fish (Bye & Lincoln, 1980).

As far as is known the fish used in this study had not

been treated by such methods. However there is a general

reluctance amongst fish-farmers to divulge any

information regarding the managment of their farms.

Similarity the so-called "standard" conditions under

which the fish are kept are not always known. For

example, the company which supplied the feed for the fish

used in this study would not reveal its composition.

An ideal experimental model would be one in which the

fish are reared from the egg-stage to maturity under well

defined conditions. At Stirling University the facilities

exist for keeping fish for several months although one

still has to rely on local fish farms to supply the fish.

One can optimistically speculate that, when the

importance in understanding the physiology of fish is

recognised, an aquatic unit with proper aquaria will

become commonplace in every research establishment.
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