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ABSTRACT

During the course of adaptive synthesis in the rat,
it is known that hepatic fatty acid synthetase activity
increases significantly (2, 4I, 42) and that this is
due to an increase in enzyme content (2, 3, 43, 44) . It
is also known that the leve1 of the liver synthesized.,

serum acute phase reactant¡ o1-âcid glycoprotein increases

in response to experimentally-índuced inflammation

(96, 111, 164-166, 175). The studies within this thesis
show that experimentally-induced inflammation during the

earlier stages of adaptive synthesis (less than 10 h

after refeeding with a fat free diet), interferæ with
the rise of rat l-iver fatty acid synthetase activity
normally observed during adaptive synthesis. Conversely,

it was found that adaptive synthesis in its intermediate

stages interfers with the rise in the levels of qt-acid

glycoprotein normally observed in response to

experimentally-induced in f lammation .

It has been established that fatty acid synthetase

is primarily synthesized on "free" ribosomes (32) and

o1-acid glycoprotein on "membrane-bound" ribosomes (175) .



The distribution of hepatic RNA between "free', and.

"membrane-bound." ribosome fracti-ons \{as determined. and.

suggests that the mutual interference between the

synthesis of fatty acid synthetase and o1-acid glyco-
protein is dependent on the state of committment shown

by the protein synthesizing mechanism towards the syn-

thesis of either protei-n. The observation that hepatic
glycogen levels are decreased with the onset of inflam-
mation regardless of the stage of adaptive synthesi-s,

suggests that the synthesis of o¿r-acid glycoprotein,
fatty acid synthetase, and glycogen are controlled by

distinct but related mechanisms. However, the nature
of the controlling mechanisms remains obscure.
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INTRODUCTTON

Fatty Acid Synthetase; The Tntracellular protein

Rat liver fatty acid synthetase (FAS), a multienzyme

complex which catalyzes the de novo synthesis of long chain
fatty acids, has been shown to be one of severar lipogenic
enzymes in the mammalian liver to have it's activity
regulated by nutritional factors (1-3). Starvation results
in the depletion of several lj-pogenic enzyme activities
while refeeding restores activi-ty to normal or in some

cases supranormal levels (4). Hormonal factors have also
been implicated in hepatic lípogenesis (5-11) 

"

The Reaction Catalyzed by FAS

The overall reaction catalyzed by FAS i-s as foll-ows;

Acetyl CoA + 7 Malonyl CoA + L4 NADPH + 14 H+

-> 

palmitic acid + 14 uAop+ + B CoA-SH + 7 co2 + 6 H2O

The covalent binding of acetyl and malonyl groups to the

enzyme, in the presence of NADpH, initiates their conver-

sion to palmitic acíd (21¡. The mechanism of this reaction
proposed by Porter for pigeon liver (28) and Lynen for



yeast FAS (29) consists of a number of sequential
reactions elongating acyl chain intermediates bound to
the 4'-phosphopantetheine (4'-pp) prosthetic group of
the enzyme. This prosthetic group transports the inter-
mediates to various catalytic sites on the enzyme. The

enzyme is reputed to have seven sites at which the dif-
ferent reactions leading to the synthesis of fatty acj_ds

occuï (30). These site reactions are as foll-ows;

1. The Acetyl transacylase site
Acetyl-CoA + I'-4t -pp + Acetyl-4' -pp-E + CoA-SH

2. The Malonyl transacylase site
Malonyl-CoA + E-4' -pp + Malonyl- ' -pp-E + CoA-SH

3. The Condensation-decarboxylation site
Acetyl-4'-pp-E + E-Scys-H ----------+ Acetyl-Scys-E + 4'-pp-E

or

Acyl-4'-pp-E + E-Scys-H 

-> 
Acyl-Scys-E + 4'-pp-E

3.' ß- ketoacyl synthetase

Ace,tyl-(or acyl:) Scys-E + Malonyl-4'-pp-E

--------* Acetoacetyl- (or ß-ketoacyl-) 4'-pp-E + co2 +

E-Scys-H

4. The ß-Ketoacyl reductase site
g-KetoacyI-4'-pp-E + NADPH + H+

-+ 
D (-) -e-nydroxyacyl-4'-pp-E + NADp+



The ß-Hydroxyacyl dehydrase site

D (- ) - ß-Hydroxyacyl-4 ' -pp-E ----------+ trans

Unsaturated acyl-4'-pp-E + H20

The Enoyl reductase site
trans - o.¡ ß-Unsaturated acyl-4'-pp-E + NADPH + H+

-------+ 
Acyl-4 '-pp-E + NADp+

The Palmityl deacylase site
palmityl-4'-pp-E 

---> 
palmitic acid + 4'-pp-E

Structural Properties of FAS

Generally FAS has been found to exist either as a
multienzyme complex such as for animals and other higher
organisms or as a system of separate enzymes such as for
Escherichia coli. The latter system consists of at least
six separable enzymes and an acyl carrier protein con-

taining the 4'-pp prosthetic group. The investigations on

FAS from animal tissues and yeast have revealed multi-
enzyme complexes with molecular weights of about 500,000

and 2,300,000 respectively (13-18) " Using chicken, rat
and yeast FAS complexes as model systems, investígators
are currently attempting to solve the question of whether

the mul-tienzyme complex is composed of seven individual
enzyme peptides tightly held together by non-covalent
j-nteractions or if in fact it is an aggregate of two

polypeptide chains as proposed by Schweizer et al (19).

5.

6.

7.



Tnitial investigation of the purified yeast FAS complex

identified seven different N-terminal amino acids and

the isolation of a 4'-pp containing acyr carrier protein
component by guanj-dine-HCl treatment has been accomplished
(20). studies on avian synthetase using affinity chromato-

graphic and preparative disc-gel electrophoretic techniques

have led to the isolation of two half-size subcomplexes

which dissociate upon aging into individual proteins some

retaining their enzymatic activit.y (2I-23) " This is the
point where the controversy occurs as Stoops et al (24)

claims that contamination by proteolytic enzymes is the
cause of the apparent spontaneous dissociation despite the
contrary claims of Bratcher and Hsu (25) " The laboratories
of Schweizer et al (19) and Stoops et al (24), using mild
conditions of low ionic strength to dissociate chicken and

rat liver FAS complexes found. that only when proteolytic
activity was detected did the subcomplexes dissociate into
smaller components. Furthermore, the discovery of proteoly-
tic activity in FAS prepared by the normally used purifica-
tion methods and it's subsequent eliminatíon in modified
procedures (24) spurred a reassessment of the 4'-pp
content of chicken on rat l-iver FAS by Arslanian et al (26) 

"

Preparations of FAS i-n which proteolytic activiLy was

absent had a higher content of 4'-pp per mol of complex

than protease containing preparations. The data indicated
the presence of two prosthetic groups per FAS complex.

Previously one 4'-pp per mol FAS was the accepted value.



Either value ís consistent with the observed lack of
synthetase activity of the monomeric subunits and the
dependence of the ß-Ketoacyl synthetase (the cond.ensing

reaction) on the existence of the dimer. This dual
prostheti-c aroup hypothesis, one binding acetyl-CoA
(or acyl-CoA) and the other malonyl-CoA does not
significantly alter the accepted mechanism of the con-

densing reaction or any other step as previously described.
rn addition to the two polypeptide hypothesis there

are three other significant properties of the purified FAS

preparation. The first \,vas reported by Burton et al (2)

indicating the presence of a protein that accompanied the
synthetase complex through each step of it's purification
from fasted rats. This contaminating protein was shown

to be immunologically unrelated to FAS and acetyl-coA
carboxylase, it could not bind acetyl nor malonyl grou¡rs

and has no known function (31). More recently, yu and

Burton (32, 33) have demonstrated that a holo-apo enzyme

relationship exists between FAS and. it's biosynthetic
precursors. confirmation of this was achieved through

the separation of pigeon liver apo- and hol_o-FAS by

affinity gel chromatography (34). Thirdly, the observed.

variation in specific activity of avian and mammalian

liver FAS with varying nutritional or hormonal states,
coupled with the observation that an apo-enzyme-1ess FAs

preparatíon showed variation in specific activity at two

different places in the protein peak eluted f.rom the



affinity chromatographic column, led to a search for the

existence of more than one form of holo-enzyme (35) " As

a result, a high specific activity holo- a form and a

1ow specific activíty holo- b form of FAS, interconvertible
by phosphorylation-dephosphorylation, v/ere isolated.

Biosynthesis of FAS and Fatty Acids

The synthesis of fatty acids is of major metabolic

ímportance as they can be utilized via oxidation for
energy in liver, heart, skeletal muscle, and other tissues,
and also may be incorporated into various lipíds for
energy storage or cellular structures. Thus the control
of FAS is a critical process as demonstrated by the

marked changes in fatty acid synthesis in various nutritior¡al
states and developmental stages. It has been well estab-

lished that starvation and insulin deficiency in animals

are associated with impaired lipogenesis in the liver
(1, 2, 36). Refeeding after starvation or insulin therapy

after insulin deficiency restores the ability to convert

carbohydrate to triglycerides (I, 2, 36)" These fatty
acid-synthesízi'ng reactions occur in the soluble cell sap

portion of the hepatocyte excepting the generation of
acetyl groups from mitochondria and fatty acyl chain

desaturation or elongation. Several lipogenic enzymes

have been shown to have activities which fluctuate with



lipogenesis according to the nutritional- status of the
animal. These lipogenic enzymes include acetyl-coA
carboxylase (37) , cítrate cleavage enzyme (38), malic
enzyme (38), glucose-6-phosphate dehlrdrogenase (39),

6-phosphogluconate dehydrogenase (40¡ and. of course

fatty acid synthetase (3).

The effect of the nutritional state on lipogenic
enzymes of the liver is exemplified by the reduction of
FAS activity in fasting rats and. itrs subsequent return
to normal upon refeeding of a normal balanced diet. How-

ever', if a high carbohyd.rate, fat-free díet is used for
refeeding then the activity rises to even higher than

normal t oy supranormal, levels (2 , 4I, 42) . ïnj_tial
indications that this increase in activity was due to an

increase in de novo s¡rnthesis as opposed to activation of
pre-existing enzyme were observed by Hicks et al (43) who

used puromycin or actinomycin D at the beginning of the
refeeding period and found it to prevent the increase

in act.ivity. Burton et al (2) demonstrated by direct
purification that the 1evel of FAS was considerably lower

in livers of fasted rats as opposed to fat-free fed. rats.
Also Låc-leucine \,ras shown to be readily incorporated
in vivo into purified FAS formed six hours after refeeding
commenced. Tweto and Larrabee (44) , studying the rate of.
synthesis of rat liver FAS with u-l4c-amino acid pulse

1abel1ing, found that after sixteen hours of fasting the



values were the lowest. Immunological technigues, or more

specifically quantitative precipitin analysis, indicated

that equivalence points were the same for FAS obtained

from rats fed a normal diet or starved then refed a fat-
free diet (3). Thus the differences in activity after
changes in the diet of the animal are accompanied by

proportionate changes in the quantity of immunoprecipitable

FAS as opposed to a change in catalytic activity.
Craig and Porter (6) used rat liver cells, in a

basic maintenance medium, which \4rere isolated from rats
under various nutritional states to investigate the

ad.aptive synthesis of FAS in a cell suspension" They

found the cells to retain the same properties in respect

to the adaptive synthesis of FAS as if the experiment.s

h/ere done using the whole animal. Nepokroeff et al (45)

demonstrated the presence of apo- and holo- formsof FAS

for an in vitro cell-free rat hepatic polysome system.

Alberts et a1 (46) also used a ceIl free system when rat
liver polysomes were isolated. r.d 125t-1-b"11ed antibody

against FAS was used to identify the FAS polysomes

isolated from various nutritional states" Their results
also conformed to those found from in vivo experiments

as the level of FAS polysomes \4ias the highest for the

starve-refeed condition. Following this work, Strauss et al
(47) used in vitro protein synthesis to demonstrate that the

levels of previously isolated FAS polysomes correspond to



proportionate enzyme content.

The Regulation of FAS Biosynthesis

The study of the conditions of diabetes and starva-
tion has 1ed to the implication of hormonal_ factors,
especially insulin, in the control of hepatj-c lipogenesis
(2, 48, 49) . Burton et al (2) , demonstrated that insulin
restored rat liver FAS activi-ty to normal after depression

of activity in the alloxan-diabetic condition. Lakshmanan

et al ( S ), showed that insulin is essential for the

dietary induction or adaptive synthesis of FAS by increasing

the rate of synthesis while studying the streptozotocin-
induced diabetic condition. Glucagon and dibutyryl c-AMp

were also shown to inhibit the increase in FAS activity.
Dietary induction of FAS, acetyl-coA carboxylase, citrate
cleavage enzyme, malic enzyme, glucose-6-phosphate

dehydrogenase and glucokinase in diabetic rats \¡rere aIl
shown to be dependent on insulin treatment ( I ). The

dietary inductions of these enzymes in normal- rats were

shown to be inhibited by glucagon treatment. rn add.ition
Nepokroeff et al ( I ) demonstrated that serine dehydrase,

selected as a model gluconeogenic enzyme, was shown to
increase in diabetic rats but decrease upon insul_in

treatment.
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Vüith the implication of insulin and glucagon, two

physiological antagonists, in the control_ of hepatic

lipogenesis, control mediated via c-AMp is a logical
possibility. Several investigators have found that
glucagon and dibutyryl-c-AMp inhibit the adapti-ve synthesis

of FAS under in vivo conditions using intact rats (5,7 , II ).

It is known that the hepatic levels of c-AMp can be in-
creased. by glucagon ( SS ) and various studies in vitro
with slices of rat or avian l-iver or with curtured liver
cells have shown a decrease in fatty acid synthesis from

acetate or glucose in the presence of c-AMp ( 50, 5f, 54 ) "

Raskin et al ( 53 ) questioned the significance of c-AMp

inhibition studies because a higher than physiorogical

range of concentratíons \,vere used ( 32 ) " Using the

perfused, intact rat liver, they demonstrated that glucagon-

induced changes in intracellular c-AMp caused negligible
effects on fatty acid and cholesterol biosynthesis.
Using this l-ine of thought, McGarry et al ( 56 ) have given

evidence to support the idea of an extra hepatic factor
which acted to stimulate carnitine acyl transferase in
glucagon, c-AMP or anti-insulin serum induced ketogenesis.

The ß-oxidation sequence was found to be governed, ât
least in part, by the concentration of carnitine.

Recently, Okajima and Ui ( 59 ) have outlj_ned

evidence concerning the lack of correlation between

hormonal effects on c-AMP and glycogenolysis in the rat
liver. They have found that by using a more sensitive
method to assay for c-AMP, a radioimmunoassay, they:could
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detect changes in the concentration of c-AMp at doses

of glucagon which were previously thought not to stimulate
adenylate cyclase. Whether or not this has any implica-
tions regarding the observations of Raskin et al ( 53 )

remains to be seen, =in"" they used a dose of glucagon

known to give a fifty-fold increase in the 1evel of c-AMp.

They found glycogenolysis to be affected but not fatty
acid oxidation, cholesterol biosynthesis or fatty acid

biosynthesis.

Nevertheless, the finding that there exist two

dif ferently phosphorylated forms of h.olo FAS, suggests

strongly a phosphorylation-dephosphorylation form of
control inevitably influenced by insulin and glucagon

levels ( 35 ). This introduces the concept of short-term
and long-term regulation of hepatic lipogenesis. Short-

term would imply chang.es in FAS activity or other lipo-
genic enzyme activities for immediate and short tÍme

intervals. There is much evidence to implicate acetyl-
coA carboxylase as being under the influence of short-term
control ( 63-70 ). The enzyme is activated by citrate and

inhibited by long chain fatty acyl-CoA ( 63, 67 , 68) "

Phosphorylation catalyzed by a c-AMp-independent protein
kinase was shown to inactivate the carboxylase while a

LaMg'' requiring phosphatase was shown to reactivate it
(69,70) which is similar to the findings for FAS phosphory-
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lation-dephosphorylation (35) " Long-term would imply

changes in the rates of synthesi-s of FAS or other

lipogenic enzymes for extended time periods such as

the diabetic and starvation-refeeding conditions ( 1-It ) "

Despite all the evidence indicatingi an absolute

requirement of insulin for the adaptíve synthesis of FAS,

Volpe and Vagelos ( g ) claim that insulin ís not

directly required for the regulation of FAS synthesis"

Insulin administration to normal rats causes a fluctuation
ín their food consumption which correlates to fluctuations
in FAS activity but not of the same magnitude as for
dietary induction. Instead Volpe a Vagelos suggest that a

number of glycolytic pathway intermed.iates may play a role.
This idea was based on observations of an experiment using

glucose or fructose as sole source of carbohydrate for
normal and diabetic rats. FAS activity in livers of

diabetic rats was found to be restored by fructose to the

same ]evel as for normal rats and. thus indicates insulin
has a, secondary effect on FAS synthesis" This observation

v/as not found with adipose tissue. Volpe also suggests

that alterations by c-AMP of activities of glycolytic

pathway enzymes, such as shown for glucokinase ( g ) ,

would be expected to reduce the hepatic concentration of

glycolytic pathway intermediates and lead to a decrease

in the synthesis of FAS ( 11 ) . The proposed mechanism

of stimulation by fructose is that in the diabetic state,
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grucose can not be converted to fructose-l-phosphate since

glucokinase activity is suppressed by cAMp. However

fructokinase is not affected, and. so fructose can be con-

verted to fructose-l-phosphate which can proceed through

the glycolytic pathway to produce 40 to 70e" higher levels
of pyruvate, acetyl-CoA, and malate in comparison to
glucose feeding ( 18 ). Volpe theorizes that it may be

possible that an intermediate(s) at the triose phos-

phate stage or beyond, l-eads to the induction of FAS

synthesis, but no suggestion as to the possible mechanism

of the proposal- was presented.

Various other hormones have been investigated in
respect to the regulation of hepatic FAS. Glucocorticoids
have been investigated and it was found that administration
of hydrocortisone d.ecreased FAS synthesis whi-le adrenalect-

omy causes a two-foId increase ( ff ¡. Adrenalectomy in
diabetic rats show a return of hepatic FAS to norma] revers

suggesting that insulin negates any depressive effect by

glucocorticoids. The thyroid hormones, L-thtrrroxine and

L-triiodothyronine have been found to increase FAS

activity for both in vivo conditions using the i¿ho1e rat
( 60, 61 ) and in vitro conditions in isolated cer-I lines
( 62 ). Roncari and Murthy ( fO ) have shown by immuno-

chemical methods that this increase in activity is due to
an increase in content and not catalytic activity"
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Thus the nature of the regulatory mechanisms for
FAS biosynthesis is far from being clearly understood.

Whether various hormones act by controlling the synthesis

of FAS di-rectly or indirectly through some secondary

effect remains in controversy.
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ïntracellular and secretable proteins; their synthesis in
relation to free and membrane bound protein synthesis

There are two general classes of ribosomes found

in the cytoplasm of eukaryotic ceIls, free (i.e. non

membrane bound), ribosomes and membrane bound ríbosomes.

These two classes of ribosomes have been shown to possess

similar morphological and biochemical properties ( 7r, 72 ).
several- investigators have suggested that membrane-bound

ribosomes synthesize secretory and membrane proteins
while free ribosomes synthesize proteins destined for use

in intra-cell metabolism (73-78 ). Other investigators
have found that some proteins such as NADpH-cytochrome c

reductase ( 79, B0 ) , catalase ( 81 ) and serine dehydratase

( 82 ) are synthesized on both classes of ribosomes.

Recently efforts have been made to find a system

whích can effectively show the nature of the free and

bound ribosome interrelationship. progress has been

made utilizing in vitro polysome and membrane systems.

Takagi and Hoagland ( 82 ) used an in vitro polysome-

membrane binding system from the rat liver. They studied
the secretable protein, serum albumin, found consistently on

bound polysomes, but whose mRNA rike ferritin's has been

found on both kinds of polysomes ( AZ, 83 ) . They were

investigating the possibility that polysomes producing
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intracellular proteins on the one hand and export proteins
on the other, may be in dynamic equilibrium between free
and membrane-bound states. rf this were true then one

would expect that some fraction of the free polysome

population is a precursor to membrane-bound polysomes.

using as a source of membranes a sephadex G-25 treated
post-mitochondrial fraction prepared from rat liver and

radioactively-label-led free polysomes prepared from

another rat liver, they found that labetled free polysomes,

prepared in vivo, bound to the membranes without the

requirement of protein synthesis. In addition, they

found that protein synthesis vüas required before the

ribosomes wourd release and leave the nascent chains on

the membrane. A portion of the ribosomes found on mem-

branes in vivo, was found to be rereased from the membranes

during this in vitro incubation when the nascent chains

are left on the membrane. This does suggest the possibility
of a dynamic equilibrium between free and bound ribosomes

and is evidence against the previous hypothesis of the
synthetic roles of free ribosomes to be utilized for only
intracellular proteins and membrane-bound ribosomes to be

utilized for only secretory and membrane proteins. Blobe1

(84), using a salt extract of rabbit reticulocyte free
monosomes or polysomes, found it to contain a factor which

detaches membrane bound monosomes but not polysomes from

dog pancreas rough mícrosomes. This factor was found also
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ln varr-ous cytosol- fractions and could function hetero-
logously in a variety of tissues and species.

Branes and pogo (85) investigated polysome forma-

tion in yeast. using a temperature-sensitive mutant, they
found that ribosomes are assembled with a mRNA which is in
a structure tightry bound to membranes, and. are eventually
rereased into the cytoplasm. They assume that either
there is a precursor-product relationship between free
and bound polysomes or that there is a very rapid turnover
of bound versus free polysomes. They favour the former

hypothesis. schneider et al ( 87 ) studied the distribu-
tion of membrane-bound and free ribosomes in yeast at
various phases i-n the life cycre. They found that the
turnover rate between free and membrane-bound ribosomes

favours a precursor relationship between free and bound

polysomes as suggested by Branes and pogo ( 85 ).
criticism of in vitro experiments with polysome and

membrane systems from the nat liver includes the observa-

tion that most nascent chains transferred from polysomes

to membranes in vitro are sensitive to proteolytic
enzymes and thus the reconstituted complexes are but
artifacts instead of physiological products ( B6 ).
In addition Negishi et al ( 88 ) have reported that nascent

NADPH-cytochrome c reductase found in membrane-bound

polysomes was sensitive to proteolytic enzymes. However

nascent serum albumin was found to be resistant by Takagi
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and Hoagland ( 82). The l_atter group, taking into con-

sideration that part of the membrane-bound polysome popula-

tion is loosely bound while the other part is not,
speculate that only the polysomes loosely bound to mem-

brianes are in dynamic equilibrium with free polysomes j-n the
cytoplasm.

Blobel has postulated that the ribosome membrane

junction is transient in nature and is dependent upon the
translation of mRNA's which contain a specific sequence of
codons adjacent to the initiation codon ( 89 ). ïn Blobe1's :

"signal hypothesis" the. translation of the signal codons

results in a unique amino-terminar sequence of amino acid
residues on the nascent chaj-n. This so-called "sig'nal
sequence" al1egedly triggers the formation of a functional
ríbosome membrane junction in order to transfer the nascent

chains of the secretory protein across the membrane. After
the nascent chain is completed, the ribosome would detach

from the membrane. Thus the property of synthesis .b1z

boundorfreeribosomeswou1dbeafunctionofaspecific
sequence of codons present only on mRNA's of proteins 

:

destined for secretion or for the mem.brane.

Evidence for the "signal hypothesis" comes from

studies on the in vitro transration of rgG light chain mRNA

isolated from marine mylomas. The transration of this
light chain mRNA yields a product which is larger than the
functional light chain by approximately twenty amino acid
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resid.ue,s at the amino terminus. This extra sequence is
postulated to function in the binding of the ribosome

to the membrane. The proteolysis of this extra sequence

has been shown to be a property of the rough microsomes

and is dependent on ribosome binding to the membrane ( 89 ).
Segregation of the transl-ation product in a proteolysis-
resistant space and subseguent attempts at proteolytic
processing utilizing rough microsomes has indicated that
the information is encoded in the mRNA itself and not in
the protein-synthesizíng apparatus ( 90 ).

Thus it seems that the concept of a free ribosome

population for intraceli-ular protein synthesis and a

membrane-bound ribosome population for secretable and

membrane proteins has been rejected in favour of a pre-

cursor model- between the two ribosome populations. whether

a dynamic equilibrium exists or the "signal hypothesis" is
universally applicable remains to be the subject of
further investigation.
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Acute Phase Reactants and the fnflammatory process;

The Secretable Proteins

rnflammation can be caused by chemical inflammatory

agents, tumors and a wide variety of pathological con-

ditions. Generally, independent of the form of injury,
the inflammatory response can be divided into two parts,
the loca1 and the systemic responses ( gL, 92) . The local
response is concerned with events in the. immediate area

of the injury such as the accumulation of various body

agents to remove the inflammatory agent and repair the
tissue damage. The systemic response, induced by the

local response, involves mainly increases in the levels
of a variety of serum proteins. These proteins are often
referred to as "acute phase reactants" and include such

species as s1 acid glycoprotein, o2 macroglobulin,

haptoglobin , fibrinogen, transferrin, ceruloplasmin r

orosomucoid and the y globulins ( 92-94,96 ) "

Structural Properties and Biosynthesis

Of the known proteins present in the serum, only
serum albumin is known not to contain covalently linked
carbohydrate or lipid prosthetic groups. Thus, with
the exception of albumin and seme lipoproteins, almost
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all serum proteins can be considered to be glycoproteins
( 95 ). Investigators have found that most if not al_1

serum glycoproteins, wi-th the exception of y globulins,
are synthesized in the liver ( 97-LOÐ. Since it is not
within the scope of this thesis to investigai.e the biology
of the inflammatory process, only aspects of biosynthesis
and the control of the biosynthesis of liver-synthesized
acute phase reactants will be considered.

The prosthetíc groups of glycoproteins are composed

of one or more heterosaccharides, usually branched, with
a relatìvely low number of sugar residues, lacking a

serially repeating unit, and are covalently bound to the
polypeptide chain ( 95,105 ). One aspect of the biosynthetic
mechanism of importance to the study of glycoprotein struc-
ture is that although a given carbohydrate unit has a basic
structural pattern, it can appear in varying stages of
completion ( f OA ,I07) .

Due Lo the simplicity of the structure and the ease

of purification of serum albumin, many investigators have

used this as a moder to study the subcellular site for
the biosynthesis of serum proteins. rt has been found

that it's polypeptide chain is synthesized on membrane-

bound ribosomes to be subsequently retreased into the

intracisternal space of the rough endoplasmic reticulum.
The polypeptide is then Lransferred through the channels

of the smooth endoplasmic reticul_um and into the Golgi
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complex where it ís concentrated and packaged for secre-
tion ( 108-111 ). Much the same scheme is berieved to
operate for glycoproteins, but in addition the carbohydrate
prosthetic groups must be assembled and attached to the
polypeptide. several investigators propose that the
formation of the oligosaccharide chains results from the
sequential transfer of glycosyl groups from sugar nucleo-
tides to specific acceptors located on the expanding

carbohydrate chains of the glycoprotein by glycosyl trans-
ferases ( 95, 106, I07 tIl.2) .

Glycosyl transferases are located in the mem_branes

of the endoplasmic reticulum as are polyprenol alcohols
and thej-r phosphate derj-vatives. Recently investigators
have found evidence implicating these compounds as inter-
mediates in the synthesis of glycoproteins'. inner core

carbohydrate. Dolichol monophosphate mannose, for example,

hlas found to be involved, by radi-otracer methods, in the
transfer of mannose from GDp-mannose to endogenous protein
and pyrophosphate ( 113-116 ). The presence of a

dolichol oligosaccharide has also been indicated ( rro ).

control of Glycoprotein Biosynthesis and the rnflammatory
Response

The overall control of glycoprotein biosynthesis
involves several factors beyond those suggested for simple
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proteins. some of these factors include the temporal

relati-onship between the synthesis of peptide and. car-
bohydrate components, the intracellular localization
of these two processes, the characterization of the

enzymatic mechanisms i-nvol-ved in carbohydrate unit
assembly and the regulatory factors controlling the
synthesis of Lhese molecules ( 95 ), Again to stay
within the scope of this thesis, only the l_atter two

aspects will be considered.

Kornfeld et a1 ( 130) have demonstrated feedback

control of sugiar nucleotide biosynthesis for sugiar nucleo-
tides involved in hepatic glycoprotein synthesis"

Glutamine-fructose-6-phosphate transaminase, the first
enzyme in the pathway of uDp-N-acetylglucosamine synthesi-s,

was found to be inhibited by the end product of the bio-
synthetic chain it initiates ( 130 ) " Hepatic UDp-N-acetyl

glucosamine-2-epimerase was found to be inhibited by cMp-N-

acetyl neuraminic acid during the formation of N-acetyl
mannosamine which leads to the synthesis of the si-alic
acid nucleotides ( 130 ).

Brew et al ( 131 ) have found that galactosyltransfer-
ase, which attaches galactose to N-acetylglucosamine and is
invol-ved j-n terminal galactose attachment to the above

residue on glycoproteins, can be modified by cr-lactaIbumin"

fnstead of transferring the galactose to the carbohydrate
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chain of a glycoprotein, it transfers galactose to
glucose to form lactose.

The previously outlined control mechanisms have

two possible implications in the control of glycoprotein
biosynthesis. Firstly, the uncompleted carbohydrate

prosthetic groups might. provide a regulatory effect on

glycoprotein secretion. Secondly, the presence of
proteins containing urrcompleted carbohydrate prosthetic
groups could resul-t i-n a loss of biological activity for
the glycoprotein or result in its enhanced catabolism ( 132)

Changes in structural properties is thought to
control insulin secretion from islet cells" steiner's
laboratory first found evidence of proi-nsulin, which had

an extra sequence of amino acids connecting the two

sulphhedral-bound chains of insulin together, and theorized
that the modification of proinsulin by cleavage to insulin
was a controlling factor for its secretion ( 133 ,I34).
corlagen was also found to have a precursor form whicho

by cleavage of a smal-l peptide, leads to the active form.

However, this cleavage was found to occur extracellularly
( 135 ). Glycosylation of S-hydroxy-L-lysine in chick
embryonic collagen plays a role in its extrusion from

the cell ( 136,L37) as does the stereochemistry of a

hydroxproline residue of collagen ( I3B ). Judah's group

( I3g-142) have found a proalbumin form and have proposed

a theory of a precursor model similar to that for pro-
insulin-insulin. More work is needed to find the real
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significance of structural modification as a
controlling factor in glycoprotein biosynthesis and if
it affects the systemic response of infl_ammation.

There is a wide variety of chemical mediators

involved in the inflammatory response. The loca1

response involves histamine and serotonin release which

causes vasodilation and increased vascul-ar permeability
( 117 ). Elements of the small polypeptide, kinin system

have also been implicated in the local_ response of
inflammation ( 118 ). There is some evidence that the

precursors of kinins, kininogens, are modifications of a

single plasma kininogen glycoprotein ( 1I9 ). Enzymes

known as kininogenases are capable of forming kinins
from kininogens, such as for kallid.in or bradykinin.( 120 ).
The control of kinin production in plasma is rerated. to
coagulation and fibrinolysis whil_e kininases, which

hydrolyze kinins in the blood, mediate their degradation

such as to give a half-life of less than 15 second.s ( 121 ) "

KininS are also found in elevated l_evels for a wide

variety of pathological conditions ( L22 ) .

Di Rosa et al ( 123 ) found that after the induction
of inflammation by injection of carrag-eenan into the rat's
foot, histamine and serotonin initially appeared, followed
by an increase in kinins, then by release of a third
mediator suspected to be a prostaglandin. They postulated

that these observations reflect three phases of inflam-
ation with components of the comfrlement system involved

throughout the reaction.
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Despite all these recent ad.vances, there ís ritt.le
evidence to implicate kinin involvement in the systemic

response of inflammation ( r22 ) . However, recently Hong

and Levine ( 143 ) found that bradykinin and thrombin

induced prostaglandin synthesis in a malignant l-ine of
mouse fibroblast cells ( 143 ). They theorize that brady-
kinin and thrombin bind to celr membrane receptors which

somehow affect phospholipases and ultimately prostaglandin
synthesis.

Prostaglandins can be defined as a group of pharma=

cologically active lipids widely distributed throughout

various mammal-ian tissues and body fl-uids. only recently
have prostaglandins been investigated in respect to
inf lamr-nation and have been found to induce some of the

symptoms of the local response to inflammation ( I44 ) .

In addition Blumenkrantz and Sondergaard ( 145 ) have

found that two prostaglandins increase collagen synthesis
in chick embryo tibiae. Tn endeavours to understand how

the message for the induction of the systemic response is
telegraphed from the area of local response, it may be

sigrnificant to note that certain kinins can induce syn-

thesis of prostaglandins which in turn are closely as-

sociated with cAMP ( 146-148) and also with the bio-
synthesis or release or action of various hormones in-
cluding growth hormone, corticosteroids and thyroid
hormones ( 149 ). This could compose a cascading series
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of messengers to inevitably lead to the induction of
various acute phase reactants.

However work from the laboratory of Darcy has

indicated that a factorr present in blood from rats
subcutaneously injected with turpentine, stimulates
the incorporation of L{c-leucine, supplied in a con-

tinuous perfusion of blood, into o1-globulins but not
into albumin or transferin in the intact in vitro rat
liver (I24). This has been contradicted by other
authors (I28, I29) .

Darcy's group have also demonstrated that when

a second injection of turpentine \rras given a month after
the first, a greater increase in cx1-gl-ycoprotein synthesj_s

occurred. (L25). This enhanced response \¡¡as a attributed.
to an íncrease in the number of liver parenchyma cells
capable of synthesis of cr1-glycoprotein (I2S). In search

for this stimulatory factor for the systemic response,

Darcy Èuggested that proteolytic enzymes from lysosomes

in polymorphonuclear leucocyLes might be responsible
since these cells are predominant at the initíal stages

of the local inflammatory response (126). The subcutane-

ous injection of whole rat leucocytes resulted in
moderate increases in o1-glycoprotein levels, however

when lysosomal preparations hrere used, again only a small

response resulted in comparison to results obtained when

cell supernatant or microsome preparations were used (126) 
"
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When liver fractions were tested for effects on cr,1-

glycoprotein l-evels, it was found that a factor present in
or associated with the microsomal fraction of disrupted
cells had the greatest stimulatory effect, followed

closely by the supernatant (I27).

several studies on the effects of various hormonal

factors on the biosynthesis of acute phase reactants have

included corticosteroids, i_nsulin, growth hormone and

the thyroid hormones (128,150-158). There is confusing

evidence for the role of corticosteroids ín inflammation,

as cortisol seems to be required for the maximal induction
of acute phase plasma proteín synthesis in vitro and for
at least that of o2-globulin in vivo ( 150,151). However,

a high cx.1-acid glycoprotein concentration has been found

in blood along with enhanced response to injury for
adrenalectomized. rats ( 109 ). rn ad.dition an increased

rate of l4c-1"rr"irr" incorporation into o t-acid glyco-
protein ( 11,l-28,L52,153) has also been observed in adren-

al-ectomized rats. John and Miller ( 154) have found by

in vitro liver perfusion experiments that cortisol
decreases 14c-l-y=irr" incorporation into total hepatic
protein and increases the net synthesis of acute phase

proLeins.

rnsulin alone was found to enhance lfc-lysine

incorporation in total hepatic protein without sig-
nificantly increasing the net synthesis of specific
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plasma proteins in perfused liver ( 154 ). Since no

relative difference !ì/as found in the rate of secretion

of acute phase proteins in insulin treated as opposed to

cortisol treated perfused liver, it was assumed. by John

and Miller ( 154 ) that the hormones affect biosynthesis

of hepatíc proteins differently rather than effecting
secretion. Evidence has been presented that the

insulin requirement for maximal induction of acute phase

plasma protein is partially due to insulins promotion of

a positive nitrogen balance in perfused. liver (154,155 ).
Growth hormone has been shown to have a negligible

effect on albumin synthesis in normal rat livers perfused

for 12 hours with a mixture including the hormone ( tSq ) ,

and when hypophysectomized donor rat liver was used

there was still no effect on albumin synthesis. However

hypophysectomized rats have smaller quantities of albumin

in their liver than normal rats and treatment with cortisol,
insulin or triiodothyronine has little restorative effect
( 155 ). Also, È! vivo experiments v/ith whole hypophysectom-

ized animals have shown growth hormone to partially

all-eviate the repression of albumin synthesis ( 157 ). The

contrasting effects of growth hormone in these two situa-

tions is suggested, by John and Miller ( 156 ), to be due

to a secondary multiglandular effect consequent upon

hypophysectomy. Growth hormone, however was shown to be

required for the maximal rate of fibrinogen ( 155rl5B),
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o1-acid glycoprotein ( 154 ), and haptoglobulin (154)

synthesis in normal rat livers" This was also found to
be the case when the livers from hypophysectomized rats
were used ( 155 ).

The thyroid hormones, triiodothyronine and

thyroxine were both investigated with respect to the

biosynthesis of acute phase plasma proteins O54-156 ).
Livers from hyperthyroid. donors had increased albumin

synthesis while hypothyroid donors showed the contrary.
However thyroxine administration to livers from normal

donors showed lesser enhancement of arbumin synthesis"

Fibrinogen biosynthesis was not affected by any of the

above conditions, while o1-acid glycoprotein, cr2 globulin,
and haptogloburin biosynthesis increased when thyroxine
was administered to livers from normal donors. fnsul-in

and cortisol were required to obtain the maximal increase.

Thus, the nature of the mechanism of hormonal

action on acute phase plasma proteins is far from being

understood. A general hypothesis has been advanced

which suggests that hormones selectively derepress

specific portíons of the genome thus stimulating synthesis of
mRNA which then determines the synthesis of specific
proteins ( 159 ). The work of O'Ma11ey on esterogens with
the chick ovid.uct model system offers support for this
hypothesis (160 ). As pointed out by Darnell et al_ (fef ),

research on the mechanism of hormonal action should be

interpreted cautiously with respect to the control of
protein synthesis since possible control l-evels include
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transcriptional regulation, post-transcriptional
regulation and translational modulation. The work

on tyrosine aminotransferase emphasizes this cautionary

note, since actinomycin D given to rat hepatoma ce1ls

after induction with corticosteroids results in a

superinduction of this enzyme's level suggesting a

possible deviation from transcriptional control ( 162 ) .
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Introduction to Work presented in this Thesis

The information presented in this thesis marks

the beginning of a study on the interrel-ationship of
two important metabolic processes, lipogenesis and in-
flammation, or specifically the adaptive synthesis of
hepatic FAS and the biosynthesis of serum acute phase

o1-acid glycoprotein. since FAS has been found to be

synthesized by free polysomes and a1-acid glycoprotein
by membrane-bound polysomes, this rat l-iver model system

promises to be interesting with respect to the control
of synthesis of these two proteins.

Tmmunological methods to quantitate cll-acid
glycoprotein and albumin from rat liver are readily
available (96, l-11,164-166 ) , however the quantitatíon of
FAS poses a problem. A practical immunologica] method to
quantitate FAS has not yet been developed. An indirect
method has been used in which the immunological equiva-
lence points of purified FAS from control and experimental

rats are compared to determine,if a change in catalytic
activity has occurred (3). Once the problem of non-

specific precipitation with the FAS-anti-FAS complex is
overcome then it will become practical to quantitate FAS

in experimental animals.
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Another aspect of this model system is the

provision of an opportunity to test what would happen to
the free and bound populations of ribosomes under con-

ditions where there exist metabolic demand.s, one

involvíng the synthesis of a membrane-bound polysome

synthesizíng protein and the other a free polysome

synthesized protein.

An additional important metabolic process in
the liver is the biosynthesis and catabolísm of glycogêD,

which is known to be under various nutritional and

hormonal controls ( l-67 ). rt would also be interesting
to see the effect of two stress situations occurring
simultaneously on hepatic glycogen leve1s.
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EXPERIMENTAL PROCEDURES

Materials

The animals, male Long-Evans (hooded) rats of

150-200 grams each, were purchased either from Canadian

Breeding Farms, St" Constance, Quebec or North American

Laboratory Supply, Gunton, Manitoba. The rats rtrere

routinely maintained on Lab Chow from Victor Fox Foods.

In many experiments, the rats vrere starved 48 h then fed

a fat-free diet (FFD) obtained fron Nutritíonal

Biochemicals.

Acetyl-CoA, malonyl-CoA and NADPH were purchased

from P-L Biochemicals Tnc. while glutathione, HEPES, and

dithiothreitol \^tere purchased from Sigma Chemical Co.

The radioactive compounds ft-14c1-acetyl-CoA, i3Hl-acetyl-
't ¿.

CoA and l2-" ^Cl -malonyl-CoA vrere obtained from New

England Nuclear Corporation or Amersham-Searle Ltd.

Other chemicals \^Iere obtained from various commerciaf

sources, and were of analytical grade.

Physical and Chemical- Methods

Protein concentration was determined by the method

of Lowry et al ( f0g) . Glycogen assays v/ere performed
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fol-lowing the method of Hassid and Abraham ( l-72).
Measurements of radioactivity were conducted with a

Beckman liquid scintillation spectrometer. Absorbances

in the visible region of the spectrum were determined

using a Unicam SP505 spectrophotometer or a Klett-
Summerson colorimeter.

Treatment of Animals

Two sets of rats, previously maintained on a
normal balanced diet, were chosen. one set was starved

for 48 h, then refed on FFD and kil1ed at various times

after refeeding. The other set was treated in the same

way except that, ât a selected time for each experiment,

the animals \¡/ere given a subcutaneous Ínjection of oil_

of turpentine (0.5 m1 per 100 9 body weight) into the

dorsolumbar region ( 171 ). Rats from either set \,üith a

common length of refeeding were appropriately marked

on the tail and kept in the same cage. The rats were

killed via cervical dislocation or by a blow on the head

followed by severing the jugular vein. The livers were

perfused in situ with 0.15 M NaC1, except for ribosome

studies where a perfusion mixture of 0.25 M sucrose, and

1 mM MgCl, was used, before l_ivers were excised and placed

onto ice. The livers \^/ere then blotted and weighed

where required..
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Subcel-lular Fractionation

Once the perfused liver was excised and weighed,

2-0 g vras removed to be frozen and saved for a glycogen

assay unless otherwise stated. The remaining liver was

minced, then 5.0 g of the mince \^¡as homogenized with
3 volumes of buffer containing, 50 mM Tris-HCl, pH 7.4,
25 mM KCl , 7.5 mM MgC1r, 0.25 M sucrose, and 2.5 mM DTT,

with a motor-driven Potter-Elvehjem type homogenizer

with a polytetrafluoroethylene pestle. The pestle was

rotated at 2500 rev/min with l0 up and down strokes

being used for homogenization. The vor-ume of homogenate

!üas recorded, then 5.0 ml was taken and 4.0 ml of ZZ

Lubrol was added. Following centrifugation using a 50Ti

rotor at 40,000 rpm (106,500 gav) for 2 h, the super-

natant was drawn off, and stored frozen as "Total Liver
Lubrol Extract". The remaining homogenate was centri-
fuged at 10,000 rpm (7,!00 gav) for 10 minutes, the

supernatant was removed and centrífuged using a 60Ti

rotor at 40,000 rpm (113,700 gav) for t h, while the

pellet containing ce11 debris was d.iscarded. The

resulting supernatant was retained, its volume measured,

then it was stored frozen as "Ce1l Sap Fraction',.
Before freezing a 1"0 ml sample \,vas removed to be

separately sLored for subsequent assay of FAS activity.
The pellet was resuspended in reo Lubrol via homogenization
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followed by centrifugation j-n the 60 Ti rotor at 40,000 rpm

(113,700 gav) for 2 h. The resultant peIlet was discarded,
while the supernatant v¡as saved, its volume was measured,

then it was stored frozen as "Microsomal Lubrol Extract',.
All fractions \¡/ere kept frozen at -2ooc unLil required
for analysis. A flow diagram of the above scheme appears

as figure 1.

Assay for FAS ActiviLy

The method used involves the íncorporation of
1At1--^C1-acetyl CoA, unless otherwise stated, into long-

chain fatty acids as outlined by Hsu et al ( 169 ) and

modified by Butterworth et al (170). However the reaction
cocktail used contained tt-14CI-acetyl CoA, l-5 n mols

and 48.6 nCi, malonyl-CoA, 60 n mols, NADPH, 0.1 pmoIs,

dithiothereitol, 1 umol, EDTA, pH 7.0, 3 u mo1s,

potassium phosphate buffer, pH 7.00 2OO umols, and.

50 ul of cell sap in a final volume of 1.0 ml. On oc-
.)

casion, ['H]-acetyl-CoA, 15 n mols and I7g nCi, \¡ras

substituted for tl-14c1-acetyl-CoA or tz-74cJ-malonyl-

coA, 60 n mols and 20.7 nci, h/as substituted for malonyl-

coA with unlabelled acetyl-coA substituting for its radio-
active form. rncubations were carried out for 6 minutes

in a water bath at 37oC, and stopped by addition of 30 ul-

of 602 perchloric acid. Fatty acids were extracted by
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containing' supernatant
is saved and 3 mls 4
used for the discon-
tinuous sucrose gradient

Liver-is perfused in sj_tu
with 0.25 M sucrose,
1 mM eigÇ12

\
Liver-is "*.rku and weighed --+ 1 g

[ **oI
Sr

remainder is homogenized in
3 vo1s of "polysome Buffer"

I

an aliquot orvrZ.5 m1s is centrifuged
at 2000 rpm (740 gav) for 2 mins then
increased to 27 ,OOO rpm (l_31,000 gav)
for 12 mins il a Beckman SVü 27.I rotor

t
Iv

the "membrane-bound "polysome containing pellet
is suspended via homogenization with 16 ml- of
50? cell sap contai-ning 250 mM KCl

I/9 volume of I0Z w/w triton X-100 is added
and the mixture homogenized

saved for total
analysis

f,

&

(,
\o



3 ml of this "membranerbound"
polysome containi-ng fraction
is used for the discontinuous
sucrose gradient €--*

mixt.ure is
for 5 min i

supernatant
I/9 vol of

I

{"
centri
naHB

t
].S SA

I3Z w/

f uged
4so

eda
sod

at l-470 gav
rval rotor

nd mixed with
ium deoxycholate

V

w

.Ê..

O
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three extractions with petroleum ether after ad.dition of
1.0 ml ethanol-. The pooled petroleum ether extracts
were evaporated to dryness in a counting vial, and

radioactivity was determined foll_owing ad.dition of
scintillation solution.

Ribosome Distribution Study

The animals r^/ere treated as previously stated,
except that the livers hrere homogenized in a buffer
("Polysome Buffer") containing HEpES, 50 mM pH 7.4 at
Loc, Kcl, 75 mM, Mgcrr, 5 mM, glutathione, 3 mM, and

sucrose , 0.25 M. The method used to separate and

quantitate the rat liver polysomes was that of Ramsey

and Steele ( 173 ). Briefly, the procedure consists of
centrifuging the homogenate for 12 minutes at 27,000

rpm (131,000 gav) using a Beckman SW 27.L rotor. The

supernatant from this is then used for the purification
of "free polysomes" and the pellet is suspended via
homogenization in 50? cell sap as a natural source of
RNase inhibítor. Triton x-100 is then used to solubilize
the membranes and the mixture is centrifuged. at l-470 g

for 5 minutes to sediment nuclei. The resultant super-

natant is mixed with sodium deoxycholate to facilitate
detachment of "bound polysomes" from the membranous

material.
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Both "free" and "bound" types of polysomes were

purified by layering 3.0 mls of the appropriate suspension

over a d.iscontinuous density gradient comprised. of 3.0 ml

each of 1.38 and 2.0 M sucrose both made in the previously

mentioned polysome buffer. Following centrifugation at

43,750 rpm (L47,000 gav) for 20 h in the 50 Ti rotor,

the upper 2/3 of the supernatant was aspirated and d.is-

carded. The remaining supernatant or heavy layer was

saved for analysis. The polysomal pellets were suspended

in polysome buffer and homogenized. The fractions were

either frozen for no more than one week or immediately

assayed for RNA content using the ultraviolet absorptíon

method as described by Fleck and Munroe (I7 4). A flow

diagram of the above scheme appears as figure 2.

Assay of a1-Acid Glycoprotein and Albumin

These assays were done on the "Total Liver Lubrol

Extracts" by Dr. J.C. Jamieson. A radial immunodiffusion

method was used for albumin while quantitative immuno-

precipitin analysis was used for the u1-acid glycoprotein

( 96, 111, 764-766).
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RESULTS

rnflammation Experimentally-rnduced 5.0 h after refeeding
during the Adaptive Synthesis of FAS.

In attempting to determine whether experimentally-
induced infl-ammation influenced the adaptive synthesis of
FAS, inflammation was initiated at a point in the adaptive

synthesis of FAS where enzyme activity is just beginning

to rise as the apo-form of FAS is being converted to the

holo-form (32,33). Total cell sap protein (fig. 3), ce1l
sap FAS activity (I'ig. 4) , and hepatic glycogen levels
(Fig. 5) \^/ere investigated and compared for both the

adaptive synthesis of FAS alone and with experimentally -
j-nduced infl-ammation. Although the total ceIl sap protein
increased slightly, FAS activity was found to be

significantly reduced when experimentally-induced

inflammation was present. Hepatic arycogen levels were

found to drop even below the starvatj_on 1evel. These

results gave good indication that indeed_ the ada.ptive

synthesis of FAS was interfered, with by the experimental-

induction of inflammation.
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Determination of "Baseline Data" for the effects of
experímental inflammation on liver FAS activi-ty and

glycogen, o1-acid glycoprotein and serum arbumi-n levels.

To find the effect, if âny, of adaptive

synthesis of FAS on experimentally-induced inflammation,
3 sets of rats prevíously maintained on a normal

balanced diet were chosen for the control or reference
experiment. one set underwent a subcutaneous injection
of turpentine to ind.uce inflammation, another set was

injected with saline and the third left untreated.

while being maintained on a normal balanced diet to
ensure constant level-s of FAS activity, ât various times

two rats from each set were killed and treated as

previously outlined in Methods. celr sap FAS activity
(Fig. 6) , glycogen t_evels (rig. 7) , and total liver
lubrol extract o1-acid glycoprotein and albumin revels
(l'ig. B) r{ere investigated. The cell sap FAS activity,
as expected, remained relatively constant for all three
experimental sets. The hepatic alycogen level-s were

constant for the sal-ine treated and the untreated

experimental sets, however for the experimentally-

': inflammed set the levels decreased.. As expected, the

a1-acid glycoprotein levels increased for the experiment-
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ally-inflaned set while in the other two sets it
remained relatively constant. Albumin levels decreased

in the experimentally-inflarned set while remaining

relatively constant in the other two sets.

Using the above resultsr wê now have a standard

for o1-acid glycoprotein and albumin in the absence of
adaptive synthesis, with which we can compare these

trends to those of similar experj-ments in the presence

of adaptive synthesis. From this comparison, we can

determine the effect, if âny, of adaptive synthesis

of FAS on experimentally-induced inflammation.
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Inflammatíon Experimentally-Induced 10. 0 h after

refeeding during the Adaptive Synthesis of FAS.

Since the initial experiment had indicated

adaptíve synthesis of FAS was affected by experimentally-
ind.uced inflammation 5.0 h after refeeding, a later
time for inflammation was selected, namely 10.0 h.

Cel1 sap FAS activity (rig. g) , glycogen l-evel-s (Fig. 10),

crj-acid glycoprotein and liver albumin 1evels (Fig. ll)
were determined. They lvere compared for both the

conditions of adaptive synthesis of FAS alone and. with
experimentally-induced inflammation. At this stage of
adaptive synthesis, FAS activity was not suppressed as

significantly by inflammation compared wíth the 5.0 h
inflammation experiment. Glycogen levels, however did

undergo immed.iate depletion when inflammation was

experimentally-induced. The levels of cr1-acid glyco-
protein normally increase with the onset of experimentally-
induced. inflammation while albumin levels decrease as

shown in the control experiment (see Fig. B). However

when inflammation is induced 10.0 h after refeeding

during adaptive synthesis of FAS, the 1evels of o1-acid

glycoprotein are repressed J-n comparison to the control
experiment.

At. t.his point it is significant to discuss the

variation in FAS activity, glycogen leve1s a1-acid
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glycoprotein and albumin level-s from experiment to
experiment for similar conditions. There are several

variables whieh make it. difficult to compare corres-
ponding absolute values for the same conditions from

one experiment to another. A major variable is the

length of frozen storage for samples from different
experiments. Another variable, for glycogen d.etermina-

tions only, is the area of the l-iver from which the

1.0 g sample for glycogen analysis was taken. For

albumin assay results in particular, the extent of the

perfusion of blood from the l-iver was a variable
difficul-t to standardíze. The conditions for the assay

of cell- sap FAS activity were constant for samples from

a given experiment, however samples from another ex-

periment could have been under slightly different
conditions, such as the type of labelled substrate used.

Thus one can compare values within an experiment,

however too many variables exist to allow comparison

of absolute values from one experiment to another.

Thus for this type of investigation, trends are of the

most importance.



54

g'F soo
ð
L
(>
ê
lÉOT(J!-
e(l)

ë

ð r- 5CICIc).;.ts
ãu,&¿Dqc¡b

F*l.rcJ loo

o5totsza25
ï¡rne eften Refeeding (hours)

( eoch point represents cn overc ge

result from 2 rots )

I



55

2.4
o

ö-

o
.þ

.8

I

o

¡

o)
.z

(Ð

g
q)
Ðr
o
C)

å
(9

o5tot5a0a5
Ttme sftcn Rcfeedíng (hours)

( eoch point represents on overoge
result f rom 2 rats )



cr
 I 

oc
¡d

p
o

J 3 (Ð o cù .\ Ð (Þ (Þ (Þ q (e () @

Ä

gl
yc

op
no

te
ir¡ ;-
- ru

( 
*g

 to
to

l l
iv

er
-l 

)
ÍÐ b

O
I

lu o f\) O
l

o
o'

 
c¡

t
þb

A
[b

um
is

r 
( 
*g

 to
tq

! e
¡v

en
-l 

]
(-

¡l o'
\



57

rnflammation Experimentally-rnduced 7.5 h after refeeding
during the Adaptive Synthesis of FAS.

Knowing that experimentally-induced infl_ammation

5.0 h after refeeding during the adaptíve synthesis of
FAS resul-ted i-n suppressed FAS activity generatíon,

whereas induction of inflammation lo.0 h after refeeding
produced a less significant inhibition, an intermediate
time of 7.5 h for inflammati-on was chosen. Again cell
sap FAS activity (Fig. 12) , glycogen tevels (rig. 13),
ai-aci-d glycoprotein and albumin l-evers (Fig. 14) were

investigated. The cell sap FAS activity was suppressed

to a g'reater extent by experimentally-induced inflammation
at 7.5 h after refeeding as compared to inflammation at
10.0 h. However, the suppïession was less than that
resulting from induction of inflammation 5.0 h after
refeeding- Glycogen levels again were depleted when

inflammation was present. when compared to the control
experiment results, a1-acid glycoprotein l_evels rÂrere

inhibited by the adaptive synthesis of FAS but by a

lesser degree than for the inflammation 10.0 h after
refeeding experiment. Albumin levels again were decreased

upon the onset of inflammation.
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rnfl-ammation Experimentally-rnduced 2.s h after refeeding
during the Adaptive Synthesis of FAS

To determine whether a greater degree of inhibition
of FAS acti-vity by experimentally-induced inflammation
would result from the use of an earlier injection time
after refeeding than 5.0 h, a z.s h injection Lime was

chosen- Again cell sap FAS activity (rig. 15), glycogen

1evels (fig. 16) , cxt acid glycoprotein andialbumin levels
(Fig. L7) were investigated. As expected cell sap FAS

activity was suppressed by inflammation at this time.
However at the poi-nt when it seemed. that the levels
would recover to that of the "no-inflammation" condition,
an unexpected drop in FAS activity occurred.. Glycogen

levers were again depleted by inflammation. The level_s

of o¿1-acid glycoprotein were not affected by adaptive
synthesis during this period, whereas albumin levels
again showed a decrease upon the onset of j-nflammation.



62

c
.9
(J
Lo
o-
L-^o
C)

I
L.

L
a)

oC)t
E

>ì L-

o) tÍ,();
t-

v

C)g
I

5tot5
Trme sfter Refeeding

20
( hours )

( eoch point represents 0n overCIge
result from 2 rats



63

I

c)

+
(Þ
:-

G)
@
Q
(J

ca ,a

/
,./ 

-*--*
'/ 6¡------6

5

Tlme

20 25

after RefeedinE ( hours )

( each point represents cn overcge

result from 2 rots



@
t 

cc
id

o

_-
!

(Ð ß + @ T
1

(?
)

-î
t

G
¡

@ n =
'

@ J L {t
,

gl
yc

op
no

te
in

p

õ

( 
rn

g 
to

tq
l l

iv
er

 -l
 )

6 f\) o

lu b

t'ü ül

;- e A
lb

um
ir¡

($
¡ b

( 
m

g 
to

ts
l l

iv
er

 -l
 )

C
il b

'tl .¡r
.



65

g
E
L-
o
,ã^
OTi.J s-
-C) è''s
æ
"!. II
)'E
åq oDC
)þê
d

500

3001

i loo

oIcn304A50

Trme after Refeeding ( hours )

( eqch point represents CIn cveroge

result fro¡'n 2 rots )



66

Inflammation Experimentally-Induced 2.5 h after
refeeding during the Adaptive synthesis of FAS over

more extensive periods.

In following up the observed and unexpected

drop in celI sap FAS activity occurring in the latter
stag'es of the previous experiment, it was decid.ed to
repeat the experiment and include more extensive re-
feeding periods. Only cel1 sap FAS activity was

investigated (Fig. 18). On this occasion the previously
observed d.rop in FAS activity 24 h from refeeding did
not occur, however at 42 h and 48 h from refeeding the
activity again deviated from approaching the levels
observed for the uninflamed condition.

Inflammation Experimentally-Induced 2.0 h after
refeeding during the Adaptive synthesis of FAS over

more extensive periods.

In endeavouring to explain the contradictory
results for cell sap FAS activity observed in the 2.s h

injection time experiments, an injection time of 2.0 h
following refeeding includingi more extensive refeeding
periods was chosen. Only cell sap FAS activity (fig. 19)

and glycogen levels (f':-g. 20) \,veïe investigated. This

time cel1 sap FAS activity was totally suppressed by
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inflammation and remained comparable to the starvation
level. Since the time difference between the Z.O h

and 2.5 h ínjectíon times is sma11, it is entirely
possible that the discrepancies observed between the
2.5 h injection time experiments were due to experimental

error in that the actuar time of injection in these

particular cases r4ras closer to 2.0 h than 2.5 h. At

the time of conducting these experiments the very signi-
ficant difference between the degree of effect for
these two injection times was unexpected. Again the
glycogen levels were depleted upon the onset of
inf l-ammation.

The Distribution of RNA in "Free" and "Membrane-Bound,'

Ribosome Fractj-ons in relation to Experimentally-Tnduced

Inflammation 2.5 h after refeeding during Adaptive

Synthesis of FAS.

As previously stated in Methods, the procedure

used to isol-ate the "Free" and "Membrane-Bound,' ribosome

fractions from the rat liver was that of Ramsey and

Steele (173). fn their procedure they used fasted rats
in order to minimize liver glycogen levels which can

interfere with the celI fractionation procedure. To

test the application of this procedure with glycogen
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present \^/e used rats previously maintained on a normal

bal-anced diet without being starved. prior to use and

thus having the normal l_eveI of glycogen present
(Table r). These results were sufficientry satisfactory
to support the application of the procedure to the

analysis of ribosome fractions for one of the experiments

involving símultaneous adaptive synthesis of FAS and

induction of inflammation.

since three rats were required to prepare sufficient
503 celI sap containing RNase inhíbitor to al_row the use

of one experimental rat (see Methods), only one injection
time was investigated. The results are presented in
Tables rra and rrb. Not.e in particular the "free"- to
"bound" - ribosome ratios. rt is clear that adaptive

synthesis of FAS resulted in an increase in the proportion
of "free" ribosomes as compared. to the normal condition
(Tab1e r), and that this proportion increased as adaptive

synthesis proceeded. However, when inflammation was

induced during adaptive synthesis, the increase in the
proportion of ribosomes found in the "free" fraction \,vas

much smaller. An attempt to correlate these observatíons

with FAS activity and a1-acid grycoprotein levels is
made in the Discussion section of the Thesis.
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TABLE I

The Distribution of RNA in t'Free" and "Boundt' Ribosome

ToTal RNA
(ug/e liver)

ttFree"'Ribosome I
Fractíon

426

Heavy Layer
and Pellet RNA
0e/e líver)

426

101.4

ttFreelt

Toy'al
Ri.bosomes

x100

1*ibo"or. fractions r¡/ere

tBoundtt Ribosome 1

Fraction

94 .6

Average

Heavy Layer
and Pellet
RNA
(ue/g líver)

23.8

Fractions From Liver of Normal Rats.

22.2

23.0

170. 0

ttBoundlt

Total
Ríbosomes

xl00

isolaËed and prepared as prevíously outrined ín Methods.

247.6

Recovery
of Total

RNA
o/

39 .9

58.1

49.0

ttFreett 
/ tlBoundtt

Ribosomes

63.7

80.3

7 2.0

.60

.38

.49

.*j
l.J



The Effect
fractions

Time on
FFD (h)

TABLE II

of experimental ínflammation on the dístrÍbution of RNA in "Free" and "Bound." Ribosome
of rat liver during adaptive synËhesis of FAS.

ToËa1 RNA
(ug/e liver)

0

0

ttFree" Ríbosomel
FractÍon

Heavy Layer and
Pellet RNA

fue/e liver)

2.5

2.s

270

153

2TB

266

6

6

67 .4

34.2

a

"Freett,
Tordl

Ríbosomes
xl00

No

15

15

l_

302

3L6

100. 7

r11. 3

lRibo"or" fractions were

tíon

Heavy Layer and
Pellet RNA

0e/e liver)

25.0

22.4
23.7

ttBound." Ribosomel
Fraction

235

249

85.8

106.1

46.2

41. I
44 .0

84.2

46.9

87 .3
89. B

ttBourtdtt,
I

Total
Ribosomes

xl00

isolated and prepared as previousry outlíned in Methods.

28.4

33.6

31. 0

37 .L
36.1

36 .6

46 .9

68. s

Recovery

of total
RNA

/"

3r.2
30.7
3r.0

2L,5

25.8

23.7

18.5

10. 8

L4.7

L2.3
10.0
LL.2

55. 8

34. 0

ttFreett,

ttBouftdtt

Ribosomes

56.r
53. 0
s4.6

67 .7

67 .6

67 .7

46.9

44 .3

4s .6

49 .4

46.0
47 .7

28.8

24.8

.80

.73

.77

2.L

r.6
1. B5

1.5

3.1

2.3

3.0
3.6
3.3

\(/)



Hrs. on
FFD

Total RNA

Ge/e líver)

6

6

"Free" Ribosomel
Fraction

fleavy Layer and
Pellet RNA

fue/e liver)

15

15

15

346

36s

IIb. r¿ith inflammation

138.0

LL7.3

300

4]-7

378

1*ibo"or"

"Free','
rorár

Ribosomes
xl00

725.2

T7O.L

110. 5

fractions were isolaËed

(injection time Z5h)

40. 0

32.L

36.1

4L.7

40. B

29.2

37 .2

ttBound" Ribosomel
Fraction

Heavy Layer and
Pellet RNA
(uglg liver)

80. 0

70.9

and prepared as previously ouËlined ín Methods.

t'Boundlt

Total
Ribosomes

Y] nn

53. 9

68.9

TLO.7

Recovery
cf total

RNA
/"

23.L

L9.4

2I.3

18. 0

16.5

29.3

2L.3

"Free|'
ttBoundtt

Ribosomes

63 .0

5L.6

59.7

57 .3

58. 5

sB.5

L.7

r.6
1. 65

2.3

2.5

1.0
L.9

!
F'
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Table IIf. Suppression of FAS activity
of the interval between the
refeed.ing and induction of

as a function
onset of

inflammation. I

Time of
sacrifice
(h after
refeeding)

Time of tur-
pentine in-
j ection
(h after
refeeding)

Interval between
injection and
sacrifice (h)

? suppres- order of
sion of FAS degree of
activity suppres-

sion

10

10

10

12.5
L2.5
12.5

15

24

24

24

24

2.5
5

7.5

5

7.5
10

2

2.5
5

7.5

2

2.5
7.5

10

15

15

15

7.5
5.0
2.5

7.5
5.0
2.5

t3
12.5
10

7.5

22

2L.5
16.5
L4

62

65

10

72

10

I

92

32

52

1B

BB

80

58

35

2

1

3

1

2

3

1

3

2

4

I
2

3

4

Percent suppression of FAS activity was calculated from the
data shown ín Figures 4,9, 12,15 and 19. This shows the
relationship between FAS activities with and without the
turpentine injection for rats with conìmon times of
sacrifice but different times of turpentine injection.
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DÏSCUSSION

From the experimental results in this thesis it is
evident that during the earlier stages of adaptive synthesis,
experimentally-induced inf l_ammation (at 2 .0 h, 2 .5 h, 5 . 0 h
and 7.5 h after refeeding) interfereswith the rise of FAS

activity normally observed during the course of adaptive

synthesís. conversely, adaptive synthesis in i-ts inter-
mediate stages (7.5 h and 10.0 h after refeeding) interfers
with the rise of c¿1-acid glycoprotein levers normarly ob-

served with experimentally-induced inflammation.

This mutual interference between the processes of
adaptive synthesis of FAS and the biosynthesis of acute phase

reactants in response to inflammation is obviously complex.

The complexity can be appreciated by considerirg, for
example, the patterns of variation in the levels of FAS

activity which r^/ere observed in some of the experiments

described herein. When inflammation was induced 2.5 h,

5.0 h or 7.5 h after refeeding (i.e. after the onset of
adaptive synthesis) FAS activities v/ere suppressed below

the levels characteristic of adaptive synthesis in the

absence of inflammation, but recovered somewhat before

level-ling off or dropping (see Fig. 4, L2, 15, 18).
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These observations might be explained either in terms of
a delayed effect due to inflammation t or alternatively
other unknown metabolic factors may come into p1ay.

A comparison of the degree of suppression of FAS

activity in rats refed for identical times, but ín

which inflammation was induced at varying times after
refeeding, may serve to simplify the complexity of the

situation referred to above (see I'ig. 2]-). For rats
killed 10.0 h after refeeding, the degree of suppression

of FAS activity was high when inflammation was induced

2.5 and 5.0 h after refeeding, but relatively 1ow when

inflammation was induced 7.5 h after refeeding.

Similarly, for rats killed 12.5 h after refeed.ing, the

suppression of FAS activity was high when inflammation

r¡/as induced 5.0 h after refeeding, but much lower when

it was induced 7.5 or 10 h after refeeding. From these

results it seems clear that inflammation has a greater

suppressive effect on FAS activity when induced relatively
soon after refeeding.

Rats killed 24 h after refeeding in which in-
flammation was ind.uced at 2.0 h, 2.5 h, 5.0 h and 10.0 h

again illustrate that FAS activity is most sensitive to
suppression in the earlier period.s after refeeding.

However in rats kiIled 15.0 h after refeed.ing, in which

inflammation was induced at 2.5 h, there was a lesser

degree of FAS activity suppression thah was seen in rats
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in which inflammation was induced 2.0 h and 5.0 h after
refeeding. By consideríng the time of access to fat-free
diet (for example, the time between receiving turpentine
injection and sacrifice, table rrr) one can see that the
longer this interval the greater the degree of FAS activity
suppression. The onry exception to this generalization
occurs for rats killed at 15.0 h after refeeding and

turpentine-injected at 2.s h after refeeding. These

confusing observations can be explained by separating the
degree of FAS activity suppression into different phases.

on the basis of the results presented the effects
of experimental inflammation on adaptive synthesis of FAS

can be divided into 3 phases. The first phase occurs

between turpentine-injection times of zero Lo approximately
2-5 h, when FAS activity would be completely suppressed by

inflammation. The second phase occurs between injectj_on
times of about 2.5 h to 7.5 h where FAS activity would be

suppressed initially and then would make a recovery of
varying degree,,r which could possibly account for the

confusing observations previously mentioned. The third
phase would occur between injection times of about 7.5 h
to at least 10.0 h where FAS activity would not be

initially affected but would tend to decrease d.uring

longer peri-ods of refeeding.
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Liver levels of o1-acid glycoprotein are known to
increase as a consequence of experimentally-induced

inflammation while albumin levels decrease slightly (164).

our results are consistent with these observations (rig. B).

Tn addition we have found that adaptive synthesis interferes
with the rise of cr1-acid glycoprotein levels when inflam-
mation is induced 7.5 h and 10 h after refeeding, but not

when it is induced 2.5 h after refeeding. This suggests

that once the process of adaptive synthesis has passed a

certain stage, a significant portion of the protein
synthesizíng machinery is committed to adaptive synthesis.

On the other hand, Lf inflammation is induced early
enough following refeedirg, then the protein synthesizing
mechanisms could favour the biosynthesis of c1-acid
glycoprotein.

The results of the d.istribution of RNA between

"free" and "membrane-bound" ribosome fractions, from an

experiment in which turpentine was given at 2.5 h after
refeeding, support the above claim. Since FAS is known to
be synthesized primarily on "free" ribosomes (32¡ and

o1-acid glycoprotein on "membrane-bound" ribosomes (175),

examination of ribosome distributi-on between "free" and.

"bound" fractions provides an indicaÈion of where the

committment of the protein synthesizíng mechanism lies.
During adaptive synthesis alone, the ratio of ,,Free',/

"Bound" increased with the length of refeeding, which
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indicates a rise in the proportion of "free" ribosomes in
response to adaptive synthesis (Table IIa). However when

experimentally-ind.uced inflammation was initiated 2.5 h

after refeed.ing, the ratio of "Free"/"Bound." did not
increase to the same extent as during adaptive synthesis
alone. This is consistent with previously mentioned ob-

servations where FAS activity was suppressed and. cr1-acid

glycoprotein levels increased. Thus the protein synthesis

meçhanism shows its committment to cr1-acid glycoprotein

synthesis through the existence of a greater proportion of
polyribosomes in the "mem.brane-bound" fraction.

In all experiments, independent of adaptive synthe-

sis, liver glycogen levels always decreased rapidly with
the onset of experimentally-induced inflammation. This

suggests that however the secondary response to inflammation

is mediated, adaptive synthesis of FAS and the control of
glycogen levels are not affected in the same manner. Thi-s,

in the authorrs opinion, also suggests that phosphorylation-

dephosphorylation control of FAS activity is not responsible

for the suppression of FAS activity by experimentally-
induced inflammation observed in this work. Sinilarly,
albumin levels always decreased upon the onset of in-
flammation independent of adaptive synthesis of FAS, and

thus the same autonomy of control applies.

There are several conìmon features in the regulation
of FAS and s1-acid glycoprotein biosynthesis. Insulin,
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glucagon, glucocorticoids, thyroid hormones and c-AMP

have al-I been shown to affect FAS activity and or

absol-ute levels of enzyme protein (5-11) . Insulin, in
particular, has been implicated in adaptive synthesis

of FAS (2, 5-7) , however Vo1pe and Vagelos ,(B) claim

carbohydrates such as fructose regulate its synthesis.

Insulin, gilucocorticoid.s, growth hormone and the thyroid

hormones have been studied with respect to the regulation

of glycoprotein biosynthesis (I28, 150-158). Various

mixtures of the above hormones affect glycoprotein syn-

thesis, however none appear to be absolutely essential for

the induction of acute phase reactants. However gluco-

corticoids seem to be of most importance. In ad.d.ition the

biosynthesis of sugiar nucleotides involved in glyco-

protein synthesis is ínfluenced by carbohydrate levels
(130, 131). Subsequent studies on the interrelationship
between adaptive synthesis of FAS and cxr-acid glycoprotein

levels should include consideration of both the ínfluence

of hormones and carbohydrate levels. The fate of various

radioactively-labelled carbohydrates (for example, In"-

glucose) íntravenously injected during adaptive synthesis

of FAS experiments with different times of experimentally-

induced inflammation, also may prove to be interesting.

There is the possibility that the observed

suppression of FAS activity during adaptive synthesis by
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experimentally-induced inflammation, flây be due to a change

in the catalytic activity of the enzyme as opposed to a

change in content. rn view of the ribosome dístribution
study (Tabre Tra, b) and the several studies showing that
increased FAS activity during adaptive synthesis is due to
an increase in enzyme content (2,61 43-47), it seems un-

likely that a change in catal-ytic activity would be re-
sponsible for the suppression of FAS activity observed in
these experiments. subsequent studies should settle this
question. rn this connection it shourd be noted that
immunological techniques provide a relatively simple

avenue of approach to this problem.



B3

REFERENCES

1. Gibson, D.M. (1965) ,f . Chem. Educ . 42 , 236-243.

2. Burton, D.N., Collins, J.M., Kennan, .A,.L., and

Porter, J.Vü. (I969) ¡" Biol. Chem. 244, 4510-4516.

3. Craig, M.C., Nepokroeff , C.M., Lakshmanan, M.R., and

Porter, J.W. (1972) Arch" Biochem. Biophys. I52,

619- 63 0 .

4. Schimke, R.T., Do1zle, D. (1970) Annu. Rev. Biochem.

39, 929- 976.

5. Lakshmanan, M.R., Nepokroeff , C.M", and Porter, J.W.

(I972) Proc. Nat. Acad. Sci. U.S.A. 69, 3516-3519.

6. Craig, M.C., and Porter, J"W. (7973) Arch. Biochem.

Biophys. 159, 606-614.

7. Nepokroeff , C.M., Lakshmanan, M.R., Ness, G.C.,

Muesing, R., Kleinsek, D.4., and Porter, J"W" (I974)

Arch. Biochem. Biophys. L62, 340-344"

B. Vo1pe, J.J., and Vagelos, P.R. (I974) Proc. Nat.

Acad. Sci. U.S.A" 7I, BB9-893.

9. Lakshmanan, M.R., Nepokroeff , C.M., Kim, M., and

Porter, J.!V. (1975) Arch. Biochem. Biophys . 169,

7 37-7 45.

10. Roncari, D.A.K., Murthy, V.K. (1975) J" Bio1. Chem.

250, 4L34-4138.



B4

11. Volpe, J.J., and Marasa, J.C. (1975) Biochim.

Biophys. Acta 380, 454-472"

12. Hsu, R.Y. and Yun, S.L. (1970) Biochemistry g

239-245.

13. Joshi , V.C. , Plate, C.A. , and lVakil, S"J" (L970)

J. Biol. Chem. 245, 2857-2867.

14. Kumar, S., Muesing, R.4., and porter, J.W. (1972)

J. Biol. Chem. 247, 4749-4762.

15. Yun, S., and Hsu, R.y. (1972) J. Bio1. Chem. 24j,
2689-2698.

16. Smith, S., and Abraham, S. (I970) .f . Bíol" Chem.

245, 3209-32l-7 .

I7. Burton, D.W., Haavik, 4.G., and. porter, J"W" (1968)

Arch. Biochem. Biophys . 126, l-4J-I54.

18. Lynen, F. (1961) Fed. proc. 20,941-951.

19. Schweizer, 8., Kniep, 8., Castorph , H., and Holzner, U.

(I97 3 ) Eur. ,l . Biochem . 39 , 353-362 .

20. Vüillecke, K., Ritter, E., and Lynen, F. (1969)

Eur. J. Biochem. B, 503-509.

2I. Lornitzo, F.4., Qureshi. 4.4., and porter, J.W. (Lg74) .

J. Biol. Chem. 24g, 1654-1656.

22. Bratcher, S., and Hsu, R.y. (1975).Biochim. Biophys.

Acta 4L0, 229-235.

23. Qureshi, 4.4., Lornitzo, F.A., and porter, J,W.

(I974) giochem. Biophys. Res. Commun. 60, 158-165"



B5

24. Stoops, J.K., Arslanian, M"J", Oh, Y.H", Aune, H.C.,

Vanaman, T"C", and Walcil-, S.J" (1975) proc" Nat.

Acad. Sci. U.S"A. 72, 1940-1944"

25. Bratcher, S.C., Hsu, R.Y. (I976) Arch. Biochem.

Biophys. L74, 136-142.

26. Arslanian, M.J., Stoops, J.K., Oh, Y.H., and. Wakil-, S"J.

(I97 6 ) ,r. Biol . Chem . 25I , 3I9 4-319 6 .

27. Brodie, J.D., Wasson, G", and Porter, J.W. (7964)

J. Bio1. Chem. 239, 1346-1356.

28. Phillips, G.T., Nixon, J.8., Dorsey, J"4., Butterworth,

P.H.W., Chesterton, C"J", and porter, J.W" (1970)

Arch. Biochem. Biophys. 138, 380-391.

29. Lynen, F. (1967 ) Biochem. J" L02, 381-400.

30. Katiyar, S.S., Cl-e1and, !V"Vt., and Porter, J"W. (1975)

J. Biol. Chem" 250, 2709-27L7.

31. Collins, J.M., Craig, M.C", Nepokroeff , C"M., Kennan,

4.L., and Porter, J.tV. (L97L) Arch. Biochem. Biophys.

L43,343-353.

32. Yu, H.L., and Burton, D.N. (I974) arch. Biochem.

Biophys. 161, 297-305.

33. Yu, H.L., and Burton, D.N. (1974) Biochem. Biophys.

Res. Commun. 6I, 433-438.

34. Qureshi, 4.A.., Kim, M., Lornitzo, F.A., Jenik, R.A.,

and Porter, J.Vü. (I975 ) Biochem. Biophys. Res.

Commun. 64,836-844.



86

35. eureshi, A.A., Jenik, R.A., Kim, M., Lornitzo, F.A.,
and porter, J.W. (1975) Biochem. Biophys. Res.

Commun. 66,344-35L.

36. Gellhorn, A., and. Benjamin, W. (l-964) Science L46,
116 6-116 B .

37. Majerus, p.!{., and. Kilburn, E. (Lg6g) ¡. Biol. Chem.

244, 6254-6262.

38. Gibson, D.M., Lyons, R.T., Scott, D.F., and Muto, y.
(L972) in Advances in Enzyme Regulation,
Ed. G. Weber, pergamon press, Oxford, Vol. 10r pp. IB7_

204.

39. Rudack, D., Chrisholm, 8.M., and. Holten, D. (LglL)
J. Biol. Chem. 246, I24g-L254.

4A. Rudack, D., Gozukara, 8.M., Chrisholm, 8.M., and

Holten, D. (L97I) Biochem. Biophys. Acta 252,

305-313.

41. Gibson, D.M., and. Hubbard, D.D. (1960) Biochem.

Biophys. Res. Commun. 3, 531-535.

42. Hubbard, D.D., ir{cCaman, R.8., Smith, M.R., and

Gibson, D.M. (1961) Biochem. Biophys. Res. Commun.

5, 339-343.

43. Hicks, S.8., Allmann, D.!V., and Gibson, D.M. (1965)

Biochem. Biophys. Acta 106, 44I-444.
44 . Tweto, J. and Larrabee, A. R. (rg7 2) ,r. Biol. Chem.

247, 4900-4904.

45. Nepokroeff , C.M., eureshi, A.A., and porter, J.W.

(1975) Biochem. Biophys. Res. commun. 67, 34s-352.



87

46. Alberts, 4.W., Strauss, A.W., Hennessy, S., and.

Vagelos, P.R. (I975) proc. Nat. Acad. Sci. U.S.A.

72 , 3956-3960.

47. Strauss, A.Vt., Alberts, A.W., Hennessy, S., and

Vagelos, P.R. (I975) proc. Nat. Acad. Sci. U.S.A.

72, 4366-4370.

48. Stetten, D., and Boxer, G.E. (l-944) ¡. Biol. Chem.

156,27I-278.

49. Benjamin, Ytr. , and Gellhorn, A. (L964) .f . Biol. Chem.

239, 64-69.

50. Bricker, L.4., and Levey, G.S. (Lg72) J. BioI. Chem.

247 , 49r4-49L5.

51. A1lred, J.8., and Roehrig, K.L. (L972) giochem.

Biophys. Res. Commun. 46, 1135-1139.

52. Exton, J.H., Robison, G.A., Sutherland, E.Vü. , and

Park, C. R. (I97L) ,f . Biol. Chem. 246 , 6L66-6l-77 .

53. Raskin, P., McGarry, J.D., and Foster, D.W. (1974\

J. Biol. Chem. 249, 6029-6032.

54. Alberts, 4.W., Ferguson, K., Hennessy, S., and

Vagelos, P. R. (L97 4) .f . Biol. Chem. 249 , 524L-5249 .

55. Robinson, C.A., Butcher, R.W., and Sutherland, E.Vt.

(1971-) ín Cyclic At4p, Ed. E. Sutherland, Academic

Press, New York.

56. McGarry, J.D., Robles-Valdes, C., and Foster, D.W.

(L975) Proc. Nat. Acad. Sci. U.S.A. 72,4395-4388.



BB

57. Verata, T., Radojkovic, J. and Niemeyer, H. (1970)

J. Biol. Chem. 245, 4819-4824.

58. Zakin, D., Pardini, R.S., Her:man, R.H., and

Sauberlich, H.E. (1967) Biochem. Biophys. Acta

I44,242-25L.

59. Okajima, F., and Ui, M. (L976) Arch. Biochem.

Biophys . 175, 549-559.

60. Volpe, J.J. and Kishimoto, y. (I972) ,f. Neurochem.

L9, 737-745.

61. Diamant, 5., Gorin, 8., and Shafrir, E. (L972)

Eur. J. Biochem. 26, 553-559.

62. Goodridge, 4.G., Garay, A., and S.Ipananta, p.

(I97 4) .r. Biol. Chem. 249 , 1469-I47 5 .

63. Guynn, R.!ù., Veloso, D., and Veech, R.L. (L972)

J. Biol. Chem. 247, 7325-733l-.

64. Jacobs, R.Ä'., Sly, W.S., and Majerus, p.[ü. (1973)

J. Biol. Chem. 248, L26B-I276.

65. Goodridge, A.c. (7973) ,f . Biol. Chem. 248, 4319-

4326.

66. Jacobs, R.A,., and Majerus, p.W. (I973) ,f . Biol. Chem.

248, 8392-840I.

67. McGee, R., and. Spector, A.A. (1975) ¡. Biol. Chem.

250, 5419-5425.

6 8 . Good.ridge , A. c. (L97 2) J. Bio1. Chem. 247 , 6946-

6952.



B9

69. Carlson, C.A. and Kim, K.H. (L97 4) Arch. Biochem.

Biophys . 164, 478-489.

70. Carlson, C..A., and Kim, K.H. (I974) Arch. Biochem.

Biophys . 164, 490-501.

7I. Talal, N., and Kaltreider, H.B. (1968) ¡. Biol. Chem.

243, 6504-6510.

72. Venekatesan, N. and Steele, Vq. J. (1972) Biochim.

Biophys. Acta 287 | 526-537.

73. Ganoza, M.C., and !üilIiams, C.A. (L969) Proc. Nat.

Acad. Sci. U.S.A. 63, 1370-1376.

74. Redman, C.M. (1969) J. Bio1. Chem. 244, 4308-4315.

75. Hicks, S.J., Drysda1e, J.W. and Munroe, H.N. (1969)

Scj-ence , 164, 584-585.

76. Takagi, M., Tanaka, I., and Ogata, K. (1970)

Biochim. Biophys. Acta 2L7, I4B-158.

77. Omura, T., and Kuriyama, Y. (I97I) J. Biochem. 69,

651-658.

78. NoIl , M., and Burger, M.M. (L974) J. Mol. Biol. 90,

2L5-236.

79. Ragnotti, G., Lawford, G.R., and Campbell, P.N. (1969)

Biochem. J. LI2, I39-I47.

80. Lov/e, D., and Hallinan, T. (L973) Biochem. J. 138,

825-828.

81. Sakamoto, T., and Higashi, T. (L973) J. Biochem. 59,

28-44.

82. Takagi, M., and Hoagland, M.B. (1975) ,f . Biochem.

78, L225-L233.



90

83. Shafritz, D.A. (I974) .f . Biol. Chem. 249, B1-BB.

84. Blobel, G. (I976) Biochem. Biophys. Res. Commun.

68, r-7.

85. Branes, L., and Pogo, A"O. (1975) Eur. J. Biochem.

78, 1225-1233.

86. Borgese, N., Mok, !V., Kreibich, G., and Satatini, D.D.

(I97 4) .r. of Mol. Biol. BB, 559-580.

87. Schneider, E. , Lochmann, E. , and Lother, H. (1976)

Biochim. Biophys. Acta 432, 92-97.

BB. Negishi, M., Sawamura, T., Marimoto, I., and Tashiro, Y.

(I975) Biochim. Bíophys. Acta 381, 215-220.

89. Blobel , G., and Dobberstein, B. (1-975) ,f . Cell Biol.
67, 835-851.

90. Blobel, G., and Dobberstein, B. (1975) J. Cell Bío1.

67, 852-862.

9L. Ross, R. (1969) Sci. Am. 220, 40-50.

92. Glenn, E.M., Boman, B.J., and Koslowski t. (1968)

Bi-ochem. Pharmacol . Supp. , 27 - 49 .

93. Gordon, A.H. (1970) in Plasma Protein Metabolism,

Ed. M.A. Rothschild and T. Vtaldmann, Academic Press,

New Yorkr pp. 351.

94. lfinzler, R.J. (1965) in The Amino Sugars TI A,

Ed. E.A. Balags and R.Vt. Jeanloz, Academic Press,

New York, pp. 337.

95. Spiro, R.G. (1970) Annu. Rev. Biochem. 39, 599-638.



97

96. Jamieson, J.C., Friesen, A.D., Ashton, F.E., and

Chou, B. (I972) Can.,:. Biochem. 50,856-870.
97. Hochwold, G.M., Thorbecke, G.J. and Asofsky, R.

(1961) J. Exp. Med. IL4, 459-470.

98. Asofsky, R., and Thorbecke, G.J. (1961) ,f. Exp. Med.

LIA,47I-483.

99. Richmond, J.E. (1963) Biochem. 2, 676-693.

100. Sarcione, E.J. (1963) Arch. Biochem. Biophys.

100, 516-519.

101. Miller I L.L., and Bale, W.F. (1954) J. Exp. Med. 99,

:-25-]32.

IO2. Athineos , 8., Kukral I J.C. I and Winzler, R.J. (1964)

Arch. Biochem. Biophys. 106, 338-342.

103. Simkin, J.L. , and Jamieson, J.C. (1967) Biochem. J.

103,153-164.

104. Darcy, D.A. (1965) Brit. J. Exp. pathol. 46, 155-163.

105. Gottschalk, A. (L962) perspectives. Bio1. Med. 5,

327-337 .

106. Spiro, R.G. (l-969) New Eng. J. Med. 2BI, 99I-1000.

L07. winzler, R.J. (1973) Hormonal proteins and peptides

Vol. I, Ed. Choh Hao Li, Academic press, New york

and London, pp. 1.

108. Glaumann , H. , and Ericsson, J. L. E. (1970) ,f . Cell
Biol. 47, 555-567.

109. Peters, T.J., Fleischer, 8., and F]eischer, S. (1971)

J. Biol. Chem. 246 ¡ 240-244.



92

110. Redman, C.M. , and Cherian, G.M. (Lg72) ¡. Cel-l- Biol.
52, 237-245.

111. Jamieson, J.C. , and Aston, F.E. (Lg73) Can. J.
Biochem. 51, J-2BL-I29I-.

rL2- schachter, H. (L974) Biochem. soc. symp. 40, s7-7r.
113. Richards , J.8., and Hemmirg, F.W. (Lg72) Biochem. J.

130, 77-93.

114. Baynes, J.!V., Hsu, A., and Heath, E.C. (1973)

J. Bio1. Chem. 248, 5693-5704.

115. waechter, c.J., Lucus, J.J., and Lennarz, w.J. (rg73)

J. Biol. Chem. Z4B, 7570-7579.

116. Behrens, N.H., Carminatti, H., Stanelonj_, R.J.,
Lelvir, L.F., Cantarella, A.I. (Ig73) proc. Nat. Acad.

Sci. U.S.A. 70, 3390-33g4.

rr7 - spector, w.G., and willoughby, D.A. (l-964) Ann. N.y.
Acad. Sci. , Ll-6, 839-846.

118. wilhelm, D.L. (r973) in The rnflammatory process Tr

Ed. B.W. Zweifach, L. Grant, and. R.T. Ir{cCluskey,

Academic press, New york.,and Londonr pp. 25L.

119- spragg, J. and Austen, K.F. (L97r) .r. rmmunol. Lo7,

1512-1519.

r20- webster, M.E. (1969) in ceIlular and Humoral

Mechanisms of Anaphylaxis and Alrergy, Ed. H.z. Movat,

Karger, New yorkr pp. 207.

l2I. Ferreira, S.H., and Vane, J.R. (1967) Brit. J.
Pharmacol. 30, 4I7-424.



93

I22. Wi1helm, D.L. (I97I) Ann. Rev. Med. 22, 63-84.

I23. Di Rosa, M., Giroud, J.P. I Willoughby, D.A. (1971)

J. Path. I04, L5-29.

L24. Gordon, A.H., and Darcy, D"A. (L967) Brit. J. Exp.

Pathol . 48, 81-89.

L25. Darcy, D.A. (1967 ) erit. .I. Exp. pathol . 48, 608-619.

L26. Darcy, D.A. (1968) Brit. J. Exp. pathol. 49, 525-533.

L27. Darcy, D.A. (1968) Brít. J. Exp. pathol. 49, 614-624.

L2B. Gordon, 4.H., and Koj, A. (1968) Brit. J. Exp. pathol.

49, 436-447.

L29. Miller I L.L. I and John, D.!V. (L970) in plasma

Protein Metabolism, Ed. M.A. Rothschild and T. !üaldmann,

Academic Press, New yorkr pp. 207.

130. Kornfeld, S., Kornfeld, R., Neufeld, E.F., and OrBrien,

P. (L964) Biochemistry 52, 37I-379.

I31. Brew, K., Vanaman, T.C. I Hill-, R.L. (1968). proc. Nat.

Acad.. Sci. U.S.A. 59, 49I-497.

r32. Marshall, R.D. (L972) Annu. Rev. Biochem. 4r, 673-697.

133. Steiner, D.F., and Oyer, P.E. (L967 ) proc. Nat. Acad.

Sci. U.S.A. 57, 473-480.

L34. Chance, R.8., Ellis, R.M., and Bromer, W.W. (1968)

Science L6I, L65-I67.

135. Gallop, P.M., Blumenfeld, O.O., and Seifter, S.

(I972) Annu. Rev. Biochem. 4L, 6L7-665.

136. Hogopian, A., Bosmann, H.8., Eylar, E.H. (1969)

Arch. Biochem. Biophys. L28t 387-396.



94

I37. Rosenbloom, J., BlumenkranLz, N., and prockop, D.J.
(1968) Biochem. Biophys. Res. Commun. 31, 792-797.

138. Rosenbloom, J., prockop, D.J. (1971) J. Biol. Chem.

246, 1549-1555.

139. Judah, J.D., and Nichol, M.R. (L97l-) Biochem. J.

L23,649-655.

140. Judah, J.D., and Nichol, M.R. (I972) Biochem. J.

L27 , 865-87 4.

l4L. Judah , J.D. , and Nichol, M.R. (1973) Biochem. J.

134, 1083-1091.

I42. Judah, J.D., and Nichol, M.R. (L975) giochem. J.

L46, 389-393.

I43. Hong, S.L., Levine, L. (I976) ,f . BioI. Chem. 2SL,

s814-5816.

L44. Willoughby, D.4., Giroud, J.p., DiRosa, M., and Velo,

c.P. (1973) in prostaglandins and Cyclic AMp,

Ed. R.H. Kahn and W.E.M. Lands, Academic press,

New York.

145. Bluminkrantz, N,, and Sondergaard, J. (1972)

Nature 25, 239-246.

L46. Jonsson, H.T., Shelton, V.L. , and Buggett, B. (1973)

in Prostaglandins and Cyclic AMp, Ed. R.H. Kahn and

i¡l. E.M. Lands, Academic press, New york, London, pp. 155

I47. Ruttenburg, 4.M., Polgar, p., Vera, C. (1973)

in Prostaglandins and Cyclic AMp, Ed. R.H. Kahn and

W.E.M. Lands, Academic press, New york, London¡ pp. 2L7.



95

148. Kuehl Jr. I F.A. (1973) in prostaglandins and cyclic
AMP Ed.. R.H. Kahn and W.E.M. Lands, Academic press,

New York, London pp. 223.

I49. Flack, J.D. (1973) in The prostaglandins, Vol. !,
Ed. Ramwell, P.W., Plenum press, pp. 327.

150. Weimer, H.E., Benjamin, D.C. (1966) proc. Soc. Exp.

Bio1. Med. I22, 1112-1114.

151. Heim, G., Ellenson, S.R. (L967) Nature 2L3, IZ6O-I26L.

L52. Darcy, D.A. (1960) Brit. J. Cancer 14, 524-533,

534-546 -

l-53. Darcy, D.A. (I964) Brit. J. Exp. pathol . 45, 2BL-293.

]-54. John, D.!V., and Miller, L.L. (1969) J. Biol. Chem.

244,6134-6142.

155. John, D.!û. , and Miller, L. L. (I97 4) ¡. Biol. Chem.

249, 5062-5069.

156. Griffin, 8.8., and Miller, L.L. (I973) ,f . Biol. Chem.

248 , 47L6-4723.

I57. Kernoff , L.M., Pimstone, 8.L., Solomon, J., and Brock,

J.F. (L97I) Biochem. J. I24, 529-535.

158. Jeejeebhoy, K.N., Bruce-Robertson, A., Sodtke, IJ.,

and Foley, M. (1970) Biochem. J. 119, 243-249.

159. Korner, A. (1967 ) Progr. Biophys. MoI. Bio1. L7,

61-98.

160. Rosen, J.M., and OrMalley, B.W. (I975) in Biochemical

Actions of Hormones, Vol. IIf, Ed. G. Litwack,

Academic Press, New York, San Francisco, London, pp. 27I.



96

161. Darnell, J.8., JeIinek, W.R., and Mo1loy, G.R. (1973)

Science 181, I2I5-I22I.
162- croce, c.M., and Litwack, G. (1975) in Biochemical

Actions of Hormones, Vol. IIf, Ed. G. Litwack,

Academic Press, New york, San Francisco, London, pp. 23.

163. Ashton, F.E. , Jamieson I J.c. , and Friesen, A.D. (1970)

Can. J. Biochem. 48, 841-850.

164. Jamieson, J.C., Ashton, F.E., Friesen, A.D., and.

Chou, B. (I972) Can. ,:. Biochem. 50, 871-880.

165. Jamieson, J.C. I and Ashton, F.E. (L973) Can. ,:.

Biochem. 51, L2BL-I29L.

166. Jamieson, J.C.t Morrison, K.E., Molasky, D., Turchen,

B. (L975 ) Can. ,¡. Biochem. 53, 4Ol--4L4.

167. Whelan, W.J. (1968) in Control of Glycogen

Metabolism, Vol. 5, Ed. W.J. Whelan, Acad.emic press

pp. 1

168. Lowry, O.H., RosebrougTh, N.J., Farr, A.L., and

Randal1, R.J. (1951) ,t. Biol. Chem. I93,265-275.
169. ;,Hsu, R.Y., Wasson, G., and porter, J.W. (1965)

J. Bio1. Chem. 240, 3736-3746

L7O. Butterworth, p.H.W. , Guchait, R.B. , Baun , H. ,

Ol-son, E.8., Margolis, S.A., and porter, J.I/ü. (I966)

Arch. Biochem. Biophys . Il-6, 453-457.

17I. Maung, M., Baker, D.G., and Murray, K.R. (1968)

Can. J. Biochem. 46, 477-48I.

I72. Hassid, W.Z. I and Abraham, S. (1956) Methods in
Enzymology, Vol. fII, Ed. S.P. Colowick and.

N.O. Kaplan, pp. 35(-77)



97

I73. Ramsey, J.C., and Steele, W.J. (L976) Biochem. 15,

17 0 4-r7 L2 .

L74. Fleck, A., and Munroe, H.N. (L962) eiochim.

Biophys. Acta 55, 571-583.

175. Jamieson, J.C. (1977) Can. J. Biochem. in press.




