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ABSTRACT

The rat liver fatty acid synthetase

catalyzes the de +o.vo synthesis of long-chain

fatty acids, principally palmitic acidr,:from

acetyl-CoA, malonyl CoA and NADPH. In con-

firmation of the results of Dugan and Porter

(1970, I97L), the rat 'liver fatty acid. synthe-

tase was found to possess four binding sites

for NADPH per mole of enzyme. The dissociation

constants for the reactions at each pair of

sites \dere found to vary about S-fold over the

range 0.,12

concentration tested. The kinetics of binding

were examined by stopped-flow fluorescence en-

hancement. The rate constants for the association

reaction vlere found to be approximately I x 107

M-r, =""-1 and r.2 x to6 u-1, =".-1 for the

reactions occurring at the stronger and weaker

pairs of binding sites' respectively. These

values remained constant over the range of phos-

phate buffer concentration tested. The rate
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constants for the dissociation reaction at the

stronger and weaker pairs¡óf binding sites \^rere

found to vary in response to buffer concentration

changes over the ranges I-g "".-1 and,.10-30 =".-1
respectively. This indicates that it is the

change in the rate constants for the dissociation

of the enzyme-NADPH complex, rather than in those

for the binding reaction, which lead to the ob-

served changes in dissociation constants.

The adaptive synthesis of the rat liver

fatty acid synthetase has been studied using

immunochemical methods. [lac]-pantothenate and

amino acids generally labelled with tritium were

administered as t hour pulse to rats that \^rere

refed with fat,-free diet various times following

48 hours of starvation. It. was found that

synthesis of protein precipitable with anti-fatty

acid synthetase serum commences within t hour of

refeeding, whereas the development of fatty acid

synthetase activity and the incorporation of I4c-

pantothenate occur later, and paralleled each

other. Fu:ithermore, extracts of liver of rats

fed a fat-free diet for t-3 hours following

fastingccontain increasing amounts of material

which competes with purified fatty acid synthetase
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for antibody binding sites. Since these early

extracts had no endogenous fatty acid synthetase

activity, enzlzmatically inactive precursors may

be present in these extracts. The apo-holoenzyme

relationship was supported by the demonstration

of the in vitro formation of active enzyme from

inactive protein precursors and 4'-phosphopantetheine.

Extracts of liver from rats fed a fat-free diet for

12 hours following starvatj-on, the time when fatty

acidssynthetase is synthesized very rapidly, were

treated with anti-fatty acid synthetase serum to

remove endogenous enzyme activity. These extracts

were incubated at 37o with enzymatically inactive

extracts from rats refed for 0-5 hours following

fasting. Fatty acid synthetase activity was

generated in the presence of CoA or q. coli acyl

carrier protein. v,Ihen tracl-coA, laberled in the

pantetheine moiety, was used in the above system'

radioactivity was incorporated into a protein

bound form, from which it could be released by mild

alkaline hydrolysis. The activity of this enzyme

was shown to be absent during the early hours of

refeeding, peaked at about 12 hours, and declined

slightly thereafter. This agrees very well with

the time course öú in vivo incorporation of 4t -
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phosphopantetheine into fatty acid synthetase. The

data presented indicates the presence of the enzlme

which is capable of transferring a phosphopantetheine 
.,,,'1,

group to putative apoenz)¡mer thus converting it into

an active holoenzlzme.

The in vivo fatty acid synthetase is , 
,.

synthesizedonnon-membraneboundribosomesand
.:....' .

not on the rough endoplasmic reticulum. .,.

Attempts to dissociate therrat liver fatty

acid slznthetase into subunits using dissociating or

oxidizing agents such as suecinic anhydride, maleic

anhydride, potassium permangfanate, dioxane, spermine

and sodium dodecvl sulfate $/ere unsuccessful.
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ÏNTRODUCTTON

Fat,ty acid synthetase is the multienzyme (,

complex system responsible for synthesis of long

chain fatty arüids from acetyl and malonyl CoA

in mammalian systems. Meanwhile, the enzyme

oxidizes 14 moles of NADPH. The overall reaction

is as follows:

Acetyl-CoA + 7 malonyl-CoA

palmitic acid + 14 NeoP+ +

14 NADPH + 14 H* ,

CoA+7CO2+6H20

+

8

Two of the partial reactions, namely the

conversion of ß-ketoacyl-enzyme to ß-hydroxyacyl-

enzlzme and the conversion of o, g-enoyl-enzyme to

acyl-enzymêr utilize the reducing power of NADPH.

Previous studies by Dugan and Porter (1970)

showed that the rat liver fatty acid synthetase

binds 4 moles of NADPH per mole of enzyme and

that the binding affinity apparently was of two

types. There l^/as a marked difference in the

dissociaÈi-on constants for the two types of sites,

depending upon the buffer concentration. We have

confirmed and extended these finding by determining

1
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Kd values for NADPH bind.ing to fatty acid

synthetase at a number of phosphate buffer con-

centration between 0.1 and 0.2 M, and have

examined the kinetics of binding by stopped-flow

f luorescence enhancement.

It has been known for a long time that

the activity of the rat liver fatty acid synthe-

tase, like some other lipogenic enzymes, is d.e-

pendent on a variety of factors ¡ ê.9. nutritional
status. Thus if a rat is starved for 48 lnr, then

refed on a fat-free diet there is a very large

increase in the liver fatty acid synthetase

activity. Various approaches (Hicks et al L9651

Burton et aI L969, Craig et al L972, Volpe et aI

1973) have shown that this rise is due to the

"adaptive synthesis" of new fatty acid synthetase

enzyme protein. However, there is a lag period

for some 3 to 5 hours after the onset of refeeding.

The investigation of the events of these first few

hours after refeeding, and the demonstration of

the involvement of an "activating enzyme" which is

capable of converting the enzymatically inactive
precursors into active enzymes will be shown. Also

described are experiments which identify the sub-

cellu1ar site of synthesis of the enzyme.

',: . ;'._. ;.:; ¡::: :_--il:

2



Yang et a1 (1972) showed thaÈ in the

presence of I M urea, 6 M guanidine HCI or phenol-

acetic-acid-urea, the pigeon liver fatty acid

synthetase dissociates into at least 8 different
peptides. Hovrever, all enzymatic activities are

lost after these treatments. So, attempts r,irere

made to dissociate the enzyme into active subunits

using milder methods such as succinylation,

maleylation etc. Unfortunately, these experiments

have yièlded litt1e success.
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HISTORICAL

Fatty Acid. Synthetase

The pathways for and mechanisms involved

in the biosynthesis of fatty acids have been areas

of great int,erest. in recent years. Studies in this
area have proved profitable in answering some basic

questions.

When the mechanism of the ß-oxidateion of

fatty acids was elucidated, it was widely expected

that fatty acj-d synthesis would be found to occur

by the reversal of the Ê-oxidation pathway. However,

a number of puzzling observations \^rere soon made

that \trere inconsistent with this view. One of the

earliest suggestions that fatty acid synthesis

might occur vj-a a pàthway distinct from that of

oxidation was the demonstration by Van Baalen and

Gurin (1953), and subsequently by Tietz and

Popjak (1955), of the synthesis of long-chain

fatty acids by soluble extracts of pigeon liver

and mammary g1and. Gibson et al (1958) observed that
in partially purified extracts of avian liver, fatty



acid synthesis required ATP and bicarbonate, two

components which could not be accounted for by

the scheme of ß-oxidation. Moreover, isotopic

bicarbonate or carbon dioxide was not itself

incorporat,ed int,o the newly synthesized fatty

acids.

The puzzlLng requirement 6or CO, turned

out to be an important clue to the mechanism of

fatty acid biosynthesis. Wakil and his co-workers

(1958) observed thaÈ CO, is incorporated into

one of the carboxyl carbon atoms of malonyl-CoA.

They showed that CO, is required for the carboxy-

lation of acetyl-CoA to malonyl-CoA. The latter

is the C, donor for the chain elongation resulting

in the synthesis of palmitic acid.

Vüakil and Gibson (1960) demonstrated the

formation of malonyl-CoA from acetyl-CoA, bi-

carbonate and ATP resulting from carboxylation

by a biotin enzyme named acetyl-CoA carboxylase.

The reaction for the carboxylation is

as follows:

cHrcoscoA + Hco3 + ATP <==== HOOCCH2COSCoA + ADP + Pi
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Once malonyl-CoA was identified as the

precursor of fattyaacids, the overall pathway was

quickly revealed by work in several laboratories

(Lynen 1961, Bressler and l¡Iakil 1961, Vüakil I96L,

1963, Vagelos 1964).

CHTCOSCoA + 7 HOOCCHTCOSCoA + l4NADPH

cH3cH2 rcHzCHi]. 6 CHZ COOH + 7CO2 +

CoA + 6HZO

+14H+
I4NADP+ + 8

It is a multistep process in which àt least

six different catalytic activities participate.

In recent years, a number of fatty acid

synthetase systems have been isolated from a wj-de

range of organisms. Two prototypes of fatty acid

synthetases have been described and these will be

classified as type I and "type II on t,he basis

of their behaviours Ð vitro (according to the

concept of Brindley et aI L969).

Those of Type I are classified as multi-

enzyme complexes because the enzymes for the bio-

synthesis of fatty acids are contained in macro-

molecular complexes which operate and function

as single units.



Source

feast

Pigeon liver

Rat liver

Type I.

Adipose tissue

Shicken liver
ìabbit mammary gland

luinea Pig riammary gland

Multienzyme Complexes

ìat mammary gland

Mol. Wt.

3ovine mammary gland

lig liver

2.3 x L06

Rabbit li-ver

4.5 x 105

Plaice liver
( P le-uronecte s .pla"tessa)

5.4 x 10)

Product,s

Euglena gracilis (etiolated)

(no ACP requirement)

5.1 x 105

Ct¿-Ctg; CoA

9.1 x 105

CtO free

4.0 x 105

CtO free

S2g*=L2.9

Ctq'Ctø free

5.3 x 103

Cte free

5.0 x 105

Reference

Lynen (1961)

C4 Cte free

4.53 x 105

Hsu et aI (1965)
Yang et al (1967')

c4 ctg

4.8 x 105

Cg - Ctg free

Burton et al (1968)

6,ej 1x 10-

CA Ctg free

Larrabee et aI (1965.)

c16' clg

Hsu and Hun (1970)

cLA, cI6'clg

Carey and Dils (1970)

Strong and Dils (L972)

Ctø Ctg free

Smith and Abraham (f970)

CLz, CoA

Maitra and Kumar (L974)

Dutler et a1 (1971)

Demassieux and Lachance
(r97 4)

Wilson and(1e70¡

Ðelo et a1 (1971)

Williamson



Type I. Continued

Source

MvcobacteriMycoþacËerl_um

Corynebacterium diphtheriae

tvl c

Streptomyces erythreus

lasma laidlawii

phlei

Penicillíum patulum

Pythium debarvanum

Human liver

Mo1. Wt.

A

I.7 x 106

2

?

Products

2.6 x 106

?

"St¿,?agu

tu 4.0 x 10b

cte

tu 4.I x 105

cto cle

cte

Brindley et al (1969)

Reference

CtO-Ctg free
and esterfied

Knoche and Koths (L972)

2

Rottem and Panos (1970)

Cte free

Rossi and Corcoran
(1973)

Dimroth et al (L972)

Law and Burton (1972)

Roncari (L974)
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i;:,. :

,::.
.t' '

1t.

ì.1.
.:,1

.':. ct'l

Source

Escherichia

Clostridium sp.

-+

Type II.

Pseudomonas

Bacíllus srirbtilis

coli

Avocado mesocarT)

Tndividual enzymes (ACP requiring)

Products

Lettuce chloroplasts

tr.

Spinach chloroplasts

E_u.g_le-E gracilis
(photoauxotfophic)

.:.. ..:1i

rrì : 1,ì :

Chlamydomonas

'l:

C..6,Clg,cfO,irCIB,1
g-oH cto-ct¿, AcP

CtS and Cr7 ls? ?ndanËel-so

cto ' clg

|. :,
'. : ':

reinhardi

cL6' ctg

cr6, ctg

c1g, AcP

Reference

Lennarz et aI (L962)

Goldman et al- (1963)

Pugh et aI (1966)

cto czo
Cl6, ClB, CrO maliior

product.s
in light,

Overath and Stumpf
(1964)

Brooks and Stumpf
(1e66 )

Simoni et al (L967)

Delo et aI (1971)

Sirevåg and Levine
(Le72)
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The fatty acid synthetases in the second'

category (Type II) are systems in which all the

enzymes involved are readily sep,grated from each

other, although they jointly catalyse a multistep
metabolic pathway.

It is interesting to note that Euglena gracilis,

which displays both animal and planÈ characteristics,
possesses both types of fatty acid synthetase.

When the organism is grown in the dark, it contaj_ns

a complex with a molecular weight greater than

650, 000. This synthetase produced predominaÈely

palmitate. When it is gro$rn in the Iight,, two

fatty acid synthetases can be isolated, one of
which is identical with that presenÈ in etiolated
cells while the other is smaller and has an

absolute requirement for ACP, and produces stearj_c

and arachidic acids

Since chloroplast formation only occurs

when the cells are gro\^rn in the light, the complex

which requires ACP must be related to the formation

of chloroplasts. In the unicellular green alga

Chlamydomonas r.einhardi, there is only one f atty
acid synthetase, and this is dependent on ACP

(Sirevåg and Levine Ig72). This organism differs
from E. gracilis in that chloroplast, formation

occurs in the dark as well as in the light.
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of bacterial and plant fatÈy acid synthetases

As'can be seen from the above-, in most bacteria
(Goldman et al L963, Lennarz et aI 1962) and plants

(Overath and Stumpf, J-964 Brooks and Stumpf 1966),

all the enzymes involved are found in the soluble

fraction and exist as monofunctional and separable

units. The acyl intermediates are bound as thioesters

to a low molecular weight protein named acyl carrier
prot,ein (Majerus et aI I 1964, Wakil et â1, L964).

This protein contains 4r-phosphopantetheine as a
prosthetic group, onto which the various intermed-

iates of fatty acid synthesis are attached by a
thioester linkage (Majerus et aI 1965, Pugh and

Wakil 1965). In fatty acid synthesis, acetyl and

malonyl groups are initially bound. to coenzlzme A

and subsequently transferred to ACP before their
conversions to fatty acids. All ensuing acyl

intermediates remain bound to the ACP molecule.

The following equations summarize the sequence of

reactions involved in the synthesis of fatty

acids from acetyl-CoA and malonyl-CoA. (Wakil

et al 1964, Majerus et a1 L964).
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cH3cos-coA + Acp-sH # curcos-Acp + coA-sH (A)

HOOCCH2COS-CoA + ACP-SH 
- 

HOOCCH2COS-ACP + CoA-SH (B)

R-CO-S-ACP + HS-Enz i-- R-CO-S-Enz + ACP-SH

R-CO-S-Enz + HOOC-CH2-COS-ACP : RCO-CH2-COS-ACP (C)

+ sogeÍ HS-Enz

CH3COCH2COS-ACP + NADPH + H+ 

- 
D(-)CH3CHOHCH2COS-ACP r.'

+ NADP+ (D) . ,;, :.

D(-)cH3cHoHcH2cos-Acp 3 cHrcrir: cHcos-Acp + H20 (E)

cH3cH - cucos-Acp +. NADeH + H+ Ë cnrcu2cu2cos-Acp (F)

+ ivaop+

The acyl groups of both aceþyl-CoA and malonyl-

CoA are transferred to ACP by their eespect,ive trans-

acylase enzymes, acetyl-CoA-ACP transacylase and

malonyl-CoA-ACP transacylase lReactions (A) and (B) ].
The acyl group (in this case acetyl-group) of an

acyl-ACP is transferred to a sulfhydryl group õ'f

the þ-keto acyl ACP synthetase to form an enzyme

thioester intermediate. This thioester is then

condensed with malonyl-ACP to form a ß-keÈoacyI

thioester of ACP, COZ and the free enzlzme. The

over-all reaction was found to be completely in-
hibited by low leveIs of alkylating agents such as

iodoacetamider and this inhibition $ras prevented

by prior incubation of the enzyme with a fatty acyl

ACP (Alberts et al 1965, Greenspan et al 1969,

Toomey and Wakil, 1966). These observations \ñ¡ere
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explained by the demonstration that a specific

cysteine residue of the enzyme, which is very sen-

sitive to alkylation by iodoacetamid.e, is involved ,,.,,;.,,,,;,,,,

in the first reaction of the lReaction (e) ], (ß-

ketoacyl-ACP synthetase). Acetoacetyl-ACP is then

reduced to ß-hydroxybutyryl-ACP, dehydrated to 
:,,,: :

crotony1-AcP,andfina11yreducedtobutyry1.ACP

lReactions (D) , (E) ádd (F) 1 . Butyryl-ACP is :i;';

elongated to ß-ketohexanoyl-ACP by condensation

with malonyl-ACP, according to reaction (C).

Reduct,ion of ß-ketohexanoyl-ACP, followed by

dehydraÈion and further reducti-on, yields hexanoyl-

ACP reactions (D) to (F). This sequence of re-

actions is repeated five more times until palmityl-

ACP is formed. The latter is then hydrolyzed by

a specific thioesterase to palmitic acid and ACP 
:;;.:¡:.,:ì:::;

according to the followiggqreaction: ,,,',r'i.:¡,

l': '.,'.:'

cH3 (cH2) 

'ncos-ece 
* H20 

-+ 

cH3 (cH2) 14 cooH + AcP-sH

With some minor variations, these general
..,:':,,,,:,;:,

reactions appear common to all fatty acid-synthesizing ::.:,::t':

systems.
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The Mechanism of Synthesis of Fatty Acids by tLe

Multienzyme complexes of Yeast 
..::..,:.....1

The synthetase from baker t s yeast has - .r. .,,.. ,

been extensively studied. It was isolated by tynen

(Lynen 1961 , Lynen et al 1964) as discrete

particles and recently was crystallized (Lynen 
,,,;...,,.,. ¡

1969). The enzyme catalyzes the conversion of ri j il

.t. , .,t,t,tt -'-:t

acetyl-Col\ and malonyl-CoA to palmityl-CoA and '!.:'--' :':!'

st,earyl-CoA, accord.ing to the following equation

(n = '7 or 8):

Acetyl-CoA + n malonyl-CoA + 2n NADPH + 2n lt+
+

ønr4ðH2eElnco-coA + n co2 + n coA + 2n uADP+ + n ll2o

The product of the reaction is the acyl-GoA

derivative, and not the free acid as in the case of

the bacterial system. Two types of sulfhydryl groups

have been recognized in this complex. One of these ., ;,,,., .,,.,

thiol groups, is sensitive to sulfhydryl binding ..,r ,,,,
reagents and belongs to a cysteine residue of the ' ''::'''1

condensing enzyme component of the multienzyme

complex. (Lynen I967b).
::: -,::.::: : ::.

The second sulfhydryl group is not readily , ,' ¡-¡.',. -

inhibit,ed by sulfhydryl binding reagents and is

identified as the sulfhydryl group of 4r-phos-

phopantetheine. The latter is theprosthetic group

of the ACP component of the yeast fatty acid syn- , , ,

thetase and is bound to the enz]¡me through a
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plvoSphodiester linkage with the hydroxyl group

of a serine residue similar to that found in
Escherj-chia coli ACP (Lynen , J-967b) .

The mechanism of this chain elongation

involves reactions similar to those described

for E. coli except that the enoyl reductase

react,ion ut,ilizes FMN as a coenzyme.

Each complex contains three "acyl carrier
protein" and three "condensing enzyme" sulfhydryl groups.

Lynen (L967a,b) therefore postulated that the complex

is composed of three sets of subaggregates of about

700 1000 molecular weight each, with each of these

functional assemblies containing the seven enzyme

activities required for fatty acid synthesis.

The mechanism of fatty acid synthesis is
shown as follows: (according to Ayling et aI, f972)

Primary Initiation reaction:
H5

CH^COSCoA + \--3- 
HS/ Enzyme

Elongation cycle
/1 I cooH\+, I

CHZ - COSCoA +

cHs -

-¡ 

HSlnrrryme 
+ HS-coA

- ""r- 
cos/

"\_
.E;nzyme

rcur-Ë:'nnz ) -r, cos/

ll



l6

(2)

cooH

I

cH^-cos,\
CH¡- (CH2-CH) -r. COS-Enzyme + HSCoA

cooH
IcH^ cos.¿ \Enzyme

ll

cHs- rcH2-CH2)-n "O"/
|| , :i"'

{l
o

cH3- (cH2-cH2)-n å - CHZ COS\ _'Hnzlzme

nr/
+ coz

o
(3) cHs- (cï2.,cïy'; å -cH2-cos\Enzlrme 

+ NADpH + H*
/rr HS

¡l
tl

OH . .:,:,,::1,,

| 
,:::.: .:: ,,.r ::i

cH3 - (cH2-cH 
Z) n- cH - clF.z COS\ _ .:. . .

- \EnzYme '."' :: ..

HS/ '

F NADP+

OH
I(4) c's - (cH2-cH) n- cH - c*z 

"ot--urrro*" ,'.- -:.1.,,..',

ns/



CH¡- (CH 
2-CH),'-CH=CHCOS \ _--E;nzyme

HS/

+ H20

(5) c'g- (cHz'cH,J 
"-cri 

= cH - cos\Enzyme 
+ NAD'H * H*

*"/

cH3- rcHz-cE) n+I .::>"""yme 
+ NAop+

F

(6 ) CH3 (CH2-Cnr)

cH3- rcH2-CH2

cos \ -EnZ\zme
ns/

HS-
ìEnzrzmecos'

n*1

It\
ll.ll

ì-'n*1

Termination:

cH:- (cH2'cH) n+I totturr"yme 
+ HSCoA

HS/
Itll
.ll

HS..
\Enzltme

HS'

+ cH3- (cH2-cH) n+l - coscoA
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The upper sulfhydryl group on the enzyme

refers to the acyl carrier protein site and the

lower sulfhydryl to the condensing enzyme site.
Palmityl peptides resulting from peptic

digest,ion of the yeast fatty acid synthetase

after reaction with tl4cl palmityl coenz)¡me A

have been isolated and identified by Ayling et al
(1972). The palmityl residue is covalently bound

on at least three different sites on the enzyme.

Peroxidation of the palmityl peptides showed ùwo

of them to be thiol estersi one contained Ê-

alanine and pantothenic acid, which is character-

istic of the acyl carrier protein sitei the other

was sensitive to iodoacetamide. This therefore

presumably came from the condensing enzlzme. The

third, non-thio1 site was from the transacylase.

Lynen found that the amino acid conÈent of this

peptide was identical with that of the malonyl

transacylase peptide. Two possibilities might

account for this. Either one transacyì."" *.=

shared by malonyl-CoA and product acyl-CoA or

that malonyl transacylase and palmityl trans-

acylase were 2 dífferent enzymes with the same

amino acid at their active sites. By altering

the ratio of acetyl-CoA to malonyl-CoA, the

chain length of the product can be varied

1B
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accordingly (Sumper et â1, 1969, Popjak, 1970,

and Carey .et al 1970).In fact., the higher the

ratio, the greater the production of shorter chain ,-,i

length acyl-CoAs. The one transacylase hypothesis

which was favored by Lynen can fit into this ob-

servation since the transacylase is available to 
.:,,:l 

,l

effect premature chain termination because of the "'j
. 

, 
.,..,,,

lack of competition by malonyl-CoA with the product :';:::':

saturated fatty acid for the transacylase. Lust and

Lynen (1968) showed that CI2' CLA, C.-.6 and Ctt

saturated fatty acyl-CoAs inhibited noncompetitively

with respect to acetyl-CoA but competitively with

respect to malonyl-CoA. Lynen suggested that,

this might be due Èo competition at the trans-

acylase.

Competition experiments b1z Lynen and co- : .

.:'. .': . .: .

workers gave evidence for at least a second :''

transacylase. In the presence of acetyl-CoA the t"
........

reaction of palmityl-CoA with transacylase was

inhibited. However, the affinity of acetyl-CoA

for this site was lower than that of palmityl-CoA. .. ..
_ì._ .. _

In the reverse experiment, cold palmit'yl-CoA was

used as an inhibitor of the covalent binding of
1tl

[^=C]-acetyl-CoA. rt would be expected that a



20

concentration of palmityl-CoA less than that'of

acetyl-CoA would give same degree of inhibit.ion.

Their results showed that was not the case. With

palmityl-CoA and acetyl-CoA in equi-molar concen-

trations no significant inhibition was observed.

Lynen therefore proposed. that another transacylase

existed which binds specifically with acetyl-CoA.

This is analogous to the E. coli system which has

two different transacylases, one of which reacts

with acetyl-CoA (specific for the initiation re-

action and termination), and the other with malonyl-

CoA and palmityl-CoA. (Specific for elongation)

(Williamson and Wakil 1966)

The Mechanism of Synthesis of Fatty acids by the.

Pigeon liver SysterJt

The pigeon liver fatty acid synthetase has

been studied very extensively. Most of the work

has been carried out in laboratories of Porter and

Vüaki1.

Philtips et al (L970) reported the results

of experiments designed to provide information on

the structures of the acetyl- and malonyl-binding

sites on the enzlume complex. Peptic digestion of
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14c-.cety1-1abe11ed pigeon liver fatty acid

synthetase complex liberated t,hree groups of

radioactive peptj-des (designated Ar, Bl and Br).

A similar treatment of 14C-*.1ony1-1abelled

enzyme yielded only two groups of radioactive

peptides (AZ and Br). Each of the peptides,

labelled with radioact,ive acetyl or malonyl

groups, \^ras purified and then subjected to

amino acid analysis. They also performed ex-

periments on the identiËy of the sites binding

acetyl and malonyl groups to each of the peptides.

Iodoacetamide was found to selectively inhibit the

binding of acetyl groups to the sites of binding

on the A, peptides, but it enhanced the binding

of acetyl and malonyl gror¡ps to the sites on the

Bt neetides. Hydroxylamine was able to liberate

these compounds from each peptide. However,

the concentration of hydroxylamine required to

cleave the acyl groups of acetyl- and malonyl A,

and acetyl-B2 peptide was 3 mg/ml while 30-10 O mg/

ml was required to liberate acetyl and malonyl

groups from B, peptides. Performic acid oxidation

removed acetate and. malonate from A, and B,

pept,ides but it did not, release these compounds

from B, pentides. These data suggest that sítes

on the A2 and B, peptides bind acetyl and malonyl
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groups through t,hioester linkage and that, the site

on the B, nentide binds these groups as more

stable oxygen esters. Treatment of acetyl- and

malonyl-Iabelled peptides with hydroxylamine and

rad.ioactive iod.oacet,amide followed by acid

hydrolysis gave S-carboxymethyl cysteamine as a

derivative. Hence, it was concluded that the A,

peptides contain acetyl or malonyl units covalently

bound through a thioester bond to the cysteamine

residue of the 4r-phosphopantetheine. The finding

of cysteic acid on amino acid analysis of the

acetyl-B2 pePtide suggested that the site of

bindi-ng in the B, pept,ide was a sulfhydryl moiety.

The isolatj-on of a small amount of acetyl serine

from a proteolytic digestion of the acetyl-Bt

peptide indicated that the actj-ve site may be a

serine moiety. Ethanolamine (in the acetyl-B,

peptides) and threonine in the acetyl- and malonyl-

B, feptides were detected. The indication was

that either of these compounds mi-ght also be Èhe

site of binding of the acetyl unit and that

threonine might be the site of binding of the

malonyl uniÈ to the protein.

Determination of the independ.ent binding

of acetyl and malonyl groups to t,he three sites

showed that the cysteine and 4!-phosphopantetheine



sites have a high affinity for the acetyl moiety.

The B, binding site showed a preference for the

binding of malonyl groups. Competitive inhibition

studies have shown that acetyl and malonyl gropps

compete for this site, theæeby suggesting that

the fatty acid synthetase may have a single

loading site (ef) for these groups. Similarly,

acetyl and malonyl groups bound competitively to

the 4r-phosphopantetheine (AZ) prosthetic aroup

of the enzyme. Hence it appeared that acetyl

and malonyl groups r¡tere bound initially to a

síngle site (ef). The transacglase activity of

the B, site was also demonstrated. This site

effects an exehange reaction between either

acetyl-CoA or malonyl-CoA and pantetheine.

Furthermore, the rate of exchange appeared the

same irrespective of whether the cysteine and

4'-phosphopantetheine sites of the enzyme were

inhibited by iodoacetamide or not. Therefore,

Porter et al suggested that the hydroxyl site

(loadíng site) transacylates with the acetyl

and malonyl moieties from their CoA esters to

a sulfhydryl acceptor via the intermediate

formation of an oxygen ester bond. Also' the

transacylation reactions for the acetyl and

malonyl groups are independent.

23
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HO - (Bl)r
\

Acetyl-CoA + -S (4'-PP,> (Enzyme) s --r
-r'(Cysteine) -

o
ll

H^C-C-o- (8, ), t\

-S- (4 , pp) 

-.t 

(Enz )
./

(Cystein e)/

Ho 
- 

(Br)\ Ho 
- 

(er)\
o\\

: nrc-E-s-(4'pù(Enzlrme) r 
+ -s-(4'pp) \(Enz)

/31(Cysteine)' HrC-C-S-(Clzsteine)

Malonyl-coA' + ter) --______

-S-(4,pp)

(cystein "l/
1l
tv

0-c-cH2-c-0- ter)\
\-S (4 ' PP) j{enzYme)
/(Cysteine)'

Ho - 
(Br)

o
ll

0-c-cH.z
o\

-å-s{¿'ee)- (Enz)

(cystein "l 
/
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The 4'-phosphopantetheine prosthetic aroup

r¡ras also postulated to play a multiple role in

the pigeon liver fat,ty acid syntheta.se. 4'-phos-

phopantetheine was associated with transacylase

activity. The transport of the acetyl group

from the loading síte to the cysteine site was

postulated to occur vj-a a Èhio-ester of the ß-

thioethanolamine of 4r-phosphopantetheine. The

malonyl group was also transported to the A,

site prior to the condensation reaction. The

binding of acetyl group to B, site and to 4' -
phosphopantetheine and not to the cysteine site

had been shown. So, it'was evident from the

experimental results that bind.ing of the acetyl

group first occurred at the B, site and that this

moiety was then transferred to the 4'-phos-

phopantetheine site. Because the acetyl group

had a greater binding affinity than the malonyl

group for 4r-phosphopantetheine, it was suggested

that the acetyl group is transferred to the

cysteíne site from 4'-phosphopantetheine to free

the latter site for the binding of the malonyl

group prior to the condensation react,ion.
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Previous report,s from Porterrs laboratory

(1968) showed that the acetoacetyl moiety was

bound to the 4'-phosphopantetheine prosthetic

group of the fatty acid synthetase. An experiment

was also set up to test the function of BZ site.

Fatty acid synthetase preparations \^rere íncubated

with three separate concentrations of iodoacet-

amide and then with 14c-ac"tyl-CoA and unlabelled

malonyl-CoA. Radioactive peptides were isolated

and the binding of the acetyl group to the B,

site and to the 4r-phosphopantetheine vras measured

separately and compared to the binding to peptides

obtained from incubation where no ínhibitor r^ras

present. The quantity of acetoacetyl-4'-phos-

phopantetheine-enzyme was determined as the 4'

phenyl-semicarbazone derivative of acetone. The

result.s showed that a reduction in the binding of

acetyl groups to B, leads to a corresponding

reduction in the amount of acetoacetyl-4'-phos-

phopantetheine-enzyme. A further decrease of

the binding of the acetyl group to the B, site

to a value of LLZ, while retaining a binding

capacity of nearly 503 on 4'-phosphopantetheine,

leads to a complete loss of activity for the

production of acetoacetyl-4' -phosphopantetheine-

enzyme. Since it had. been shown that the B,
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síte is specific for the binding of acetyl groups,

it was inferred from the above results that the

presence of acetyl-B, was essential for the con-

densaÈion of acetyl- and malonyl- enzyme to form

acetoacetyl - 4 I -phosphopantetheine- enz)rme .

Ho - (81)

Malonyl-CoA

+ s- (4'-PP) '(Enzyme)

Acetyl-CoA

o
H2C-ð-o- (Br )

JL\

-s- (4 ' PP) \ (Enzvme)

(cystein 
"l 

/

(Cysteine)

ll

ll

ll

oo
il ll

0-c-cH2-c-0- (Br)
o
tl

H3C-C-S- (4 | PP)

(Cysteine)

(Enzyme)
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ooil tl

"o-,"r,\

O-C-CH^-C-S- (4'PP) (EnzYme)¿,.

o
ll

H^C-C-S- (Cysteine)
5-

so_ (Br )
-\

oo\
il tl-0-C-CH2-C-S- (4'PP) (Enzyme)

i/
H3C-C-S- (Cysteine)

tftl
'l I

oo
llrl

HO- (B1r\

H3C-C-CHZ-C-S- (4'PP, 
, 

(Enzyme) + COZ

(Cystein.) /
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The 4 r-phosphopantetheine prosthetic group

was the site to which acetoacetyl and higher ß- 
,,:.,:.,::.j..,

ketO hOmolqlswere bOund. When the enzyme vtas in- '¡.'.".'

cr¡bated with hexanoyl-CoA and limiting quantÍtíes
1¿.of. Lr3---C-malonyl-CoA, the ß-ketooctanoyl con-

densation product was bound to the 4'-phosphopan- "t'-,_ '.:.:_: -.: -1 : :

tetheine containing peptide. Hence the 4r-phos- 
,: ;,,,,,i,,,;,,.,;,

phopantetheine group r¡/as postulated to participate

in the condensation reaction between the malonyl

and acyl moiety.

The Ê-ketoacyl- 4r -phosphopantethej-ne enzfrme

intermediate is a substrate for the subsequent 
:

reduction and dehydration steps. The reduction

ofB-1cetooctanoyI-enz}ZmeIeadstotheformationof

octanoyL-At -phosphopantetheine-enz1'me and to a

lesser extent to octanoyl-cysteinyl-enzYme. This 
,:i.,;:,;,:; .:.:,,

reaction for acetoacetyl-4t-phosphopantetheine is '

:' 
't; ' :;t'

shown as follows: l

Acetoacetyl-S- (4 | -PP)\,,

-- 

(EnzYme) +

(cysteine) ¿' NADPH + H+

ll
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ß-OH-Butyryl'S- (4 I PP) -

(cystein 
", 

/ 
(Enz'me)

* NAnp*

ß-OH-Butyryl-S- ( 4 I PP) -\-.
(Enzyme)

-/(Cysteine) /

Crotonyl-S-(4'PP) - 
-. \ (Enzyme)

(Cystein ., / + H20

Crotonyl-S- (4 | PP)

(Cystein 
", 

/

Butyryl-S-(4rPP)\
- (Enzyme)

(Cyst,eine)

ll

ll

(Enzyme)

+ NADPH + H+

+ NADP+
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Since the reduction by NADPH of preformed

ß-ketooctanoyl-4 r -phosphopantetheine-enzYme leads 
,,.t,

to the formation of a small amount of octanoyl- ':

cyst,einyl-enzyme, Porter et al proposed that this
group (B) acted as the acceptor for the completely

reduced product transferred. from the 4'-phosphopan- ''

teùheine prior to the initiation of another con-

densation with malonyl-S- ( 4 ' -phosphopantetheine ) -
Enzyme.

Acyl-S- (4 | PP)\

(cvsrein 
", 

)(Enz'me)

s-(4'np)r
\

(Enzyme)___>\--
Acyl-S-- (Cystein yL')/

o
ll

HOOC-CH'-C-CoA + Hexanoyl-CoA + (Enzyme) 

-
z

ß-Ketooctanoyl- (Enzyme) + 2 CoASH + CO2 
:.

They also showed that the cysteine site ís

also involved in the condensation and CO, exchange

reaction.

Dorsey (1968) reported that pigeon liver

fatty acid synthetase exhibits deacylase activity

for fatty acids of a chain length of 16 carbon

atoms or more. Free carboxylic acids are the

products of this reaction since both the activities



of deacylase and the liver fatty acid synthetase

copurified, and since the deacylation of palmityl-

CoA proceeded as rapidly as the synthesis of

fatty acids, this d.eacylase was considered to be

an integral part of the complex. Barnes and

I¡lakil (1968) made a similar observation of the

palmityl thioesterase activity in t.he pigeon

liver fatty acid synthetase.

Kumar (L973) reported that phenylmethyl-

sulphonyl fluoride, a specific inhibitor of

chymotrypsin and trypsin, completely inactivated

the pigeon and rat liver fatty acid. synthetase.

It was shown that the deacylation of palmityl CoA

vras selectively inhibited while the other partial

reactions of the modified enz)rme remained un-

affected. rncorporation of 1.9 moles of l4c-ph"rryl-

methylsulphonyl fluoride per mole of enzyme complex

was detected. This suggests that in the enzyme

complex, either 2 moles of fatty acyl deacylase or

2 deacylases with different fatty acyl chain length

specificities may be functional.

Phillips et aI (1970) proposed a model for

the synthesis of fatty acid by the pigeon liver

fatty acid synthetase. This is shown in figure 1.

Joshi et aI (1970) had a similar approach
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Figure 1.
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A proposed mechanism of fatty

acid synthesis. The individual

react,ions of fatty acid synthesis

which result in the format,ion of

palmityl-enzyme are shown in the

text. The deacylase activity of

the fatty acid synthet,ase then

releases palmitic acid. The

reduct,ions and the dehydration reà

action are depicted as occurring

on a rotating (or freely moving)

4' -phosphopantetheine prosthetic

group. (edapted from Phillips

et, aI L970)
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to the problem and proposed an almost identical

model for fatty acid synthesis on the pigeon

enzlzrne. This model is similar in many respects

to the model proposed by Lynen for the integrated

functioning of the yeast fatty acid synthetase

complex.

Recently, Katiyar et aI (L974) found that

pígeon liver fatty acid synthetase could catalyze

the formation of palmitic acid from malonyl-CoA

and NADPH in the absence of acetyl-CoA. Radio-

chemical and. rspectral assays showed that the

activity in the presence of the complex in the

absence of acetyl-CoA was about 25-302 of the

activity in the presence of this compound.

Initial velocities l^zere determined for a series

of reactions in which the malonyl-CoA concentration

was varied at a fixed NADPH concentration and

vice versa. No inhibitory effect of one substrate

over the other \^ras found. Ho\^¡ever, when the

synthesis of fatty acids was studied in the pre-

sence of acetyl-CoA, a significant inhibitory

effect of malonyl-CoA was observed. The results

suggested that malonyl-CoA was first decarboxylated

and the resulting acetyl group \^las then transferred

to the cysteine site to initiate the condensation

reaction. As there was no accumulation of free
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acetyl-CoA in the solution to compete with the

binding of the malonyl moiety to the hydroxyl

or 4'-phosphopantetheine site no inhibition by

malonyl-CoA was observed.. The over-all scheme

is shown as follows:

o
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CH2-CO-S-CoA

I

coo
s- (4 r PP)

(Cysteine)
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il ll
H3C-C-CHZ-C-S (Enzyme)

-/(Cyste irne) / ,/

+ NADPH,

(FAST)

MalonyI-CoA
+ Malonyl-CoA

Palmitic acid (sLow)

Triacetic acíd lactone

Katiyar et al (L974) concluded that the , ,

decarboxylation of malonyl-CoA was an integral '):.','

part of the activities of the fatty acid synthetase

complex and that decarboxylation occurred with the

malonyl group bound to 4t-phosphopantetheine of ,;,;'
r.':1 :::

the enzyme.
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Physico-chemical Properties of the Complexes

The fatty acid synthetase of yeast has

been isolated as a single unit of 2.3 x 106 in
molecular weight (Lynen et al Lg64). N-terminal
amino acid analysis of this prot.ein ind.icated

the presence of seven different polypeptide uni.ts

and these units had a multiplicity of three in
the intact particle. Lynen reported in Lg6g the

dissociation and reconstit,ution of the yeast

multienzyme complex by the treatment of freezing
and thawing. The study was confined to only one

of the partial reactions - the reduction step

leading from ß-ketoacid to ß-hydroxyacid (first
reduction), which vras measured optically. After
two freezing and thawing of a fatty acid synthetase

solution in lM NaCl or LiCl, both the total
synthet,ase activity and the reductase activity
completely d.isappeared.. Reactivation occurred on

decrease of ionic strength by dilution or dialysis.
The reactivation process depended on temperature,
protein concentration and the add.ition of thiol
compounds. Vrlillecke et aI (19Gg) isolated an

acyl carrier protein component from the yeast en-

zyme. He report.ed that the protein component from

yeast also contained 4r-phosphopantetheine as a pro-

sthetic group. Its nplecular weight seemed t.o be higher

38
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and

E.

its amino acid composition d.ifferent from the

coli acyt carrier protein.

Studies have also been made of the physico-

chemical properties of the soluble pigeon liver

fatty acid. synthetase. It was shown by Yang et al

(1966) that this complex had a molecular weight of
q

4.5 x 10' by the equilibrium sedimentation technique

of Yphantis. The enzym" "outa b" stabilized for at

least 4 days in the presence of the reducing agent

DTT- "Aging" of the enzyme in low concentration of

mercaptoethanol resulted in the formation of com-

ponent with a lower sedimentation coefficient (9.6S).

When the fatty acid synthetase complex was treated :

with phenol-acetic acid-urea and then subjected to

dísc ae1 elect,rophoresis, 8 peptid.e components were

found.. Later, Butterworth et al (L967) demonstrated

that certain sutfhydryl reagents (carboxymethyl-

di.sulfide and potassium maleate) , as well as

palmityl CoA, brought about dissociation of the

complex into half-molecular weight units- The

dissociated subunits bind acetyl and malonyl

groups, but lost their ability to carry out the

condensat.ion-decarboxylation reaction- Kumar et al

(1970arb) dissociated the complex with low ionic
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strength Tris-glycine buffer into half-molecular

weight units ( t 95å) with almost complete loss

of activity for fatty acid slrnthesis. These half-

molecular weight subunits were capable of carrying

out all the partial reactions of the fatty acid

synthetic cycle with the exception of the conden-

sation reaction producing ß-ketoacyl-enzyme

derivatives. This reaction aiparentty functioned

only when Èhe two halves of the complex could

interact in the structurally intact enzyme.

Plate et al (1970) reported that t::eatment

of the pigeon liver synthetase with 0.5 M guanidine

hydrochloride followed by DEAE cellulose chromato-

graphy resulted in the separation of the acetyl-

and malonyl- transacylase activities from the bulk

of the synthetase protein. Further separation from

synthetase protein was achieved by Sephadex G-200

chromatography, but very low yields of the purified

transacylase activities r^/ere obtained.. They did

not succeed in separating the acetyl- and malonyl-

transacylase activities from each other.

Smith and Abraham (1971) showe<l that the

fatty acid synthetase from rat mammary gland

existed in several interconvertible forms, depend-
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ing upon temperature and thiol (DTT) concentrations.

The native enzyme (13 S) stored at 21o in the ab-

sence of a reduced thiol was slowly converted to

an inactive species (13 So) and this process could

be reversed by replacing the reduced thiol. Upon

ageing in the cold in the presence of a reduced

thiol, the native enzyme dissociated into half-
molecular weight species (g S). The enzyme

activity was lost with dissociation but the sub-

complexes could reassociate rapidly at 20o-30o

with restoration of enzyme activity. üIhen the

subcomplexes (g S) rl.rere aged in the absence of a

thio1, they slowly changed to another inactive
form (9 So) which could reassociate to 13 So at

2Oo - 3Oo but with no restoration of enzyme activity.
Similar studies were carried. out with the rat, liver
fatty acid synthetase and they obtained same results.

Formation of inactive, but undissociated

complexes was also demonstrated by Carey and Dils
(L970) from lactating rabbit mammary gland and

by Yun and Hsu (1972) from chicken Iiver. Yun

and Hsu obtained t.he half-molecular weight sub-

units (g S) by the mildly chaotropic Tris-glycine
buffer containing DTT. In the absence of DTT,

4I
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oxidized subcomplexes (g So) r,irere formed. In-

cubation of these subcomplexes (g So) in neutral
phosphate bufferr or by ageing the active native

enzyme (12 S) in the absence of DTT, yielded

inactive undissociated complexes (12 -so¡.

This species u/as readily activated by DTT.

This reversible dissociation scheme is very

similar to that of Smith and Abraham.

Kumar et aI (L972) tested. the effects of

ionic strength, pH and temperature on the pigeon

liver multienz)¡me complex. At Iow ionic strengths

(0.01 or less) and mildly alkaline pH (8.35), the

rates of inactivation and. dissociation of the

complex into subunits were coincident. At h5-gher

ionic strengths (above 0.02) and in the presence

of 2-mercaptoethanol, active complex, inactive

enzyme complex and inactive subunits were found.

Increasing the pH above neutrality at constant

ionic strength increased the rate of inactivation

as well as dissociation of the complex. Temperature

also had a marked effect on the rate of inactiva-

tion or dissociation of the complex. The rate of

inactivation and dissociation in low ionic

strength (0.008) was nearly 10-fo1d greater at 0o
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than at room temperature. They suggested from

the results that hydrophobic forces and a

diminution of electrostatic repulsions might be

factors which contributed to the stability of

the complex in high ionic strength buffer at
neutral pH. A lowering of the temperature

weakened the hydrophobic interactions and a

decrease in the ionic strength increased the

electrostatic repulsion between the subunits.

These euurriÍatjve effects might lead ultimately
to dissociation of the complex into two subunits.

It was shown by Lornitzo et a1 (L974)

that the two half-molecular weight subunits ürere

non-identical. The separation of the two com-

ponents was achieved by an affinity chromatography.

Two partial reactions of fatty acid synthesis

t,rrere used. in that investigation to fo1low the

separation of the half-molecular weight subunits.

One of the subunits contains a bound phosphopante-

theine group and B-keto-acyl thioester reductase

acLivity (Subunit I), whereas the other contains

acetyl CoA transacylase activity. (Subunit II)
Recombination of the purified subunits under

appropriate condit,ions yield.s enzymatically active
fatty acid synùhetase complex.



Very recently, Qureshi : et a1 (L974)

isolated acyl carrier protein from Subunit I
(ß-ketoacyl thioester reductase) of the pigeon

liver fatty acid synthesis. This protein, the

molecular weight of which is less than 10,000

daltons is very similar to E. coli acyl carrier
protein by having one Ê-alanine and one sulfhydryl
group. It also accepts an acetyl group from

acetyl-CoA and malonyl group from malonyl-CoA

in the presence of Subunit II (transacylase).

^ll==
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NADPH-binding Studies on Fatty acid Synthetases

Enhancement or quenching of fluorescent

molecules resulting from theirinteraction with

proteins has provided. a rapid, accurate and

convenient met.hod for the determination of the

number of moles bound to the protein and the

dissociation constant of the complex. applications

of this technique have involved the determination

of these values using NADH or NADPH to various de-

hydrogenases. Formation of the enzyme-reduced

pyridine nucleotid.e binary complex usually results
in significant enhancement of nucleotide fluores-

cence which can be used for the stoichiometric

titration of nucleotide binding sites
Extensive stud.ies have been made on the

binding of NADH to glutamic dehydrogenase (Frieden

1961, Tomkins, L962, Bayley, L966). Frieden (1961)

showed that the NADH binding sites are different
from catalytic sites of glutamic dehydrogenase.

The fatty acid synthetase complex oxidizes

14 moles of NADPH during the formation of 1 mole

of palmitic acid from acetyl- and malonyl-CoA.
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Acetyl-CoA + 7 malonyl-CoA + L4 NADPH + L4 IIf 

-+Palmitic acid + 14 NeOp+ + I CoA + 7 CAZ + 6 H2O ::,,:,,.,
,.,,t.t,..1,.,..

The NADPH used in this reaction effects two

separate reductions, namely, the conversion of

Ê-ketoacyl-enzyme to ß-hydroxyacyl-enzyme, and the ,.',:
conversion of d¡ ß-enoyl-enzlzme to acyl-enzyme. Each 

,,:,,..,,,,,,

ofthesereactionsisrepeatedsixtimesj.nthe

synthesis of I molecule of palmitic acid.

Work from Porterr s laboratory (1970) showed

that only two sites of binding of NADPH t,o the

pigeon liver enzyme are availab'Ie in A.2 M phos-

phate buffer, whereas 3 sites of coenzyme binding

operate at lower buffer concentration. In the

ease of the rat liver fatty acid synthetase, there

are four binding sites for NADPH, apparently of 
:,,,,,,,.,,,,;.,,.,

two types, exhibiting dissociat.ion constants which 
.,.:..,,

are markedty different. :''l'"1"'""

Vtork from Hsu and Wagner (L970) showed

that there are also four NADPH binding sites 
. :

for the purified chicken liver fatty acid .,.,....,.

synÈhetase by means of stoichiometric titration

of the enzyme with NADPH.
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The Control of Fatty acid Biosynthesis

General Aspects

The elucidation of the mechanism of fatty
acid biosynthesis has made it possible to probe

into the problem of control of the process.

Progress has been made in this area, which witl
be reviewed below.

Available evidence indicated that the

activities of both the acetyl-CoA carboxylase

and fatty acid synthesis could be modified by

the presence of various metabolites. Malonyl-

CoA formation is the first step in fatty acid

synthesis. This compound comes from acetyl-CoA

by the action of acetyl-CoA carboxylase. So, it
was considered. earlier that this is the rate-
limiting step in fatty acid synthesis (Gangu1y,

1960) and that the enzyme is activated by citrate
or other tricarboxylic acid. intermediates. (Numa

et aI , L96L, Vüaite and Wakil, L962, Martin and

Vagelos, L962, Spencer and Lowenstein, L962).

Citrate or isocitrate act.ivates the acetyl-CoA

carboxylase by 15-to 16-fold and causes an in-
crease in the V¡¡¿3 of the reaction but does not
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affect the K* values of the substrates. These

metabolites are tightly bound to the carboxylase

and induce its polymerization.

This enzyme is inhibited by long-chain

acyl-CoA derivative which is the end product of
fatty acid synthesis. This inhibition is cort- ;,

petitive with regard to citrate, but non-competitive

with regard to all ot,her substrates: acetyl CoA,

bicarbonate or ATP. This may be an important factor
in regulating fatty acid synthesis, especially since

the inhibitory concentrations of the acyl-CoArs

are comparable to those found in the cells. (Bortz

and Lynen, 1963, Tubbs and Garland, 1963). Further-

more, the levels of long-chain fatty acyl-CoA in-
creased under the conditions'of depressed fatty

acid synthesis noted in starved, diabetic, or fat-
fed animals. It was, therefore, like1y that such a

negative feedback control may be important in the

regulation of fatty acid synthesis. Holrrever,

Taketa and Pogell (L966) showed that palmityl-CoA

and other acyl-CoA ester inhibited a wide variety
of enzymes such as glutamic dehydrogenase, fumarase

and 6-phosphogluconate dehydroglenase which had no

direct relationship to fatty acíd synthesis. They

suggested that the detergent-like properties of

long chain acyl-CoA esters may produce conformational



changes in various proteins. Dorsey and. Porter

(1968) demonstrated that palmityl-Coa acted by

its strong detergent character. Inhibition of
enzymes was nonspecific and depended on the

critical micellar concentration of palmityl-CoA

and molar ratio of inhibitor to enzlane. So, the

postulated model of palmityl-CoA acting as a

physiological agent of control is doubtful.

Workers in the early 1960's tried to compare

the rates of fatty acid synthesis in slices and in

extracts of livers of st.arved, diabetic or fat-fed

rats (Korchak et aI , l-962, hlieland et al , Lg63,

Bortz et al 1963). After 24 hours of starvation,

the rate of fatty acid synthesis in liver slices

was 13 of normal, whereas the activity of acetyl-CoA

carboxylase in cell-free extracts was 50? of normal.

Refeeding of the starved animals or treatment of

the diabetic animals with insulin causes an increase

in the act.ivities of both enzymes. Injection of

puromycin or actinomycin at the time of refeeding

the starved animals prevents the increases in

fatty acid synthesis, (All.mann et al , L965),

suggesting that the changes in enzyme activities

are due to enzyme synthesis. Bortz et al (1963)

and Allmann et aI (1965) observed that refeed.ing

49
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starved animals $rith a high-fat diet fails to
induce the synthesis of the fatty acid synthesizing

enzymes, whereas refeeding with a carbohydrat.e-

rich diet results in maximum stimulaÈion. Henderson

et al (1966) and tr{eeks et al (1970) showed that
exogenous unsaturated fatty acids inhibit the

synthesis of fatty acids in Lactobacillus
plantarum, presumably because of its repression of

the synthesis of the enzymes of the acetyl-CoA

carboxylase and the fatty acid synthetase systems.

Allosteric Regulation

Plate et aI (1968) observed that the pigeon

liver fatty acid synthetase h/as also under metabolic

control. Malonyl CoA at concentratíons of 10 ¡rM

and. higher causes inhibit,ion of the fatty acid

synthetase by markedly increasing the K* for NADPH

by l9-fo1d.. This inhibition can be relieved by

NADPH or fructose-l, G-diphosphate. The NADPH

acts competitively with malonyl-CoA, and fructose-I,
6-d.iphosphate acts by reducing the elevated K* for
NADPH and increasing the V*.1¡ of the reaction. The

malonyl-CoA inhibition occurs through an allosteric
mechanism by binding the enzyme complex at a regu-

latory site (or sites) distinct from the catalytic

site. Fructose-I, 6-diphosphate could reverse

50



this inhibition either by competing for rnalonyl-

CoA regulatory site or by occupying a d.istinct

site and promoting an enz)'rne form insensit.ive to

malonyl-CoA inhibition. Other phosphorylated

sugars (glucose-l-phosphate, glucose-6-phosphate)

or phosphate could replace fructose-l, 6-diphosphate

but at relatively higher concentration. However,

the significance of these observations are hard

to interpret because of the findings made by

Porter and co-workers. Using fluorimetric

techniques, Dugan and Porter (1970) found that the

concentration of malonyl-CoA as high as f O-1rr f¡aa

no inhibition on the binding of NADPH with the

purified pigeon liver fatty acid synthetase.

Moreover, the synthetase did not require any phos-

phate for activity. The specific activity of the

avian enzyme in 0.1 M histidine buffer was 77

compared to 85 for the same enzyme in 0.1 M

phosphate buffer. Porter et al (1971) also

showed that hexose diphosphates had no effect on

purified pigeon or rat liver fatty acid synt,hetase

activities. Furthermore, the concentrations of

phosphorylated sugars tested in vitro h¡ere well

above physiological concentrations.

51
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Substrate control of the chain-length of

products synthesized by fatty acid synthetases

was demonstrated by several laboratories. In

a recent model of Sumper et aI (1969) for yeast

fatty acid synthetase, increasing the concen-

tration of malonyl-CoA increases the rate of

condensation of acetyl and malonyl groups and

also increases the chain length of the products.

In contrast, increasing the acetyl-CoA concen-

tration inhibits malonyl binding and decreases

the chain length of the products. Hansen et al
(I970) got similar results for rabbit mammary

gland fatty acid synthetase. They also observed

that with carboxylation of acetyl-CoA in si-tu, a

higher proportion of Cl6r0 was synthesized com-

pared with synthesis from add.ed malonyl-CoA. In

addition, they found that lower rate of fatty

acid synthesis with acetyl-CoA plus malonyl-CoA

than with carboxylated acetyl-CoA. Furthermore,

Lhere was no malonyl-CoA accumulation after

carboxylation in situ, and no inhibition of fatty

acid synthesis \^7as observed by excess acetyl-CoA

or excess carboxylated acetyl-CoA. Hansen et aI

proposed that the acetyl moiety of acetyl-CoA could
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be carboxylated while bound to the central site
of fatty acid synthetase. So, a direct carboxylation

of acetyl-S-enzyme did not involve an intermediate

malonyl-CoA pool. No inhibition of fatty acid

synthesis existed since there was no competition

between acetyl-CoA and malonyl-CoA for attachment

to the centre site of fatty acid synthetase. The

mechanism r^ras supported by the observation that
acetyl-CoA rather than malonyl-CoA is preferentially
bound to the centre site (A2) of the pigeon liver
fatty acid synthetase (Chesterton et al 1968), and

that acetyl-S-pantetheine could be used as a sub-

strate by chicken liver acetyl-CoA carboxylase.

(Ryder et al 1967)

The control of fatty acid synthetase by

polysaccharide was observed by lltan et al (f971)

during the isolation and charact,erization of a

multienzyme fatty acid synthetase from My.cobacterium

phIei. The enzyme was found to require a heat-

stable fraction (stimulating factor, SF) for activity.
After fractionation, they obtained two stimulatory '

subfractions, one of which (SF2) could be replaced

by FMN. The ot¡r-er (SFl) was further separated into
3 polysaccharides (PSf, nS' and PSrrr). PSt con-

tained about 952 3-O-methylmannose and 5% mannose, 
,

the sugar composition,:pf nS* and PSr' is about
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55å 6-0-methylglucose and. 45? glucose for each.

Each of the three purified polysaccharides, in
combination with FMN, substitutes for the crude

st,imulating factor. The polysaccharides exert
their effect on the fat.ty acid synthetase by

lowering the K* for acetyl-CoA about 5O-fold.

Vance et a1 (L973) observed that the fatty acid

synthetases from yeast and Corynebacterium

diphtheriae could be protected against inhibition
of long chain acyl thioesters (Cfe to C26) by

both bovine serum albumin (IBSA) and 6-0-methyl-

glucose-containing lipopolysaccharide (MGLP)

from Mycobacterium phlei. It was shown that both

of these compounds form stabte complexes with
palmityl CoA. They also stimulate the rate of
overall synt,hesis from acetyl-CoA and malonyl-CoA,

and they caused a shift of fatty acid pattern

towards products of shorter chain length. It
was concluded that in the two microbial enzyme

systems negative feedback inhibition and it,s

relief were important control mechanisms.



The Cont.rol of Fatty Acid Synthetases

Control of fatty acid synthetase in vivo
is a critical process, as indicated by the varia-
tion in activity in fatty acid synthesis during

various nutritional states and d.evelopment of the

animal. Studies on nutritional factors in the

regulation of fatty acid synthetase activity in
livers of mature animals have been done with the

rat(Bortz eL aL., 1963, Allmann 1965, Butterworth

1966, Burton 1969, Zakin et aI 1970, Hicks et al
1965, Craig et aJ- 1972), and mouse(A1lmann et al
1965). In both animals, hepatic synthetase

activity rises sharply with fat-free feeding and.

decreases with fasting or feeding a high fat diet.
Gibson and coworkers (1965 , I970) tried to detect
the effectors of these responses. They showed.

that high hepatic synthetase activity induced by

a fat-free diet returns to normal after gastric
intubation of línoleate and linolenate, whereas

palmitate or oleate have no effect. Smith and

coworkers (1970) showed using liver slices of
developing mouse that the generation of fatty
acids from acetate correlaÈed best with changes

in fatty acid synthetase activity. All these

observatíons indicate the importance of nutrit-
ional factors in the control of the development-

aI changes in hepatic synthet.ase activity. So, the

synthetase

EFf,f,
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seems to be one of the critical regulatory enz)rmes

in fatty acid synthesis, particularly in develop-

ing tissue. .,.:.-:::i:

Prosthetic Group Turnover ':
,. .. .j

4r-Phosphopantetheine is a component of :':'

both CoA and ACP. Elovson and Vagelos (1968) have l'; :.,',

demonstrated that, CoA is the immediate precursor

of the 4'-phosphopantetheine prosthetic aroup of
g. coli ACP. The enzymes involved in the turnover

of the 4'-phosphopantetheine of ACP have been

isolated from E. coli and characterized. (Elovson

and Vagelos 1968, Prescott et al L969, Vagelos

and Larrabee L967)

Holo-ACP synthet,ase catalyses the synthesis 
::.:.:.,::.

of holo-ACP from apo-ACP and CoA according to the " ",',,,'

f ollowing equation: ; ','..,, ,

Mg2+
Apo-ACP + CoA 

-à 

holo-ACP + 3' ,5'-adenosine

diphosphate

.,.:, :. :.,.,

Another enzyme ACP hydrolase, catalyses

the hydrolysis of ACP to yield the prosthetic

group and the apoprotein as shown:

Holo-ACP * H2o tt2* , apo AcP + 4'-phosphopante-
theine '''' '
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Powell et aI (L969) showed that in ex-

ponentíally growing cells of E. coli, the rate

of turnover of 4'-phosphopantetheine is 4 times

the rate of growth of the ACP pool. Because of

this rapid prosthetic aroup turnover, it was

suspected that the 4'-phosphopantetheine of ACP

may provide rapid regulation of the synthetase.

Tweto et aI (1971) studied prosthetic

group turnover in rat liver by pulse labelling
?with ('u) pantothenate and determining the specific

radioactivity of 4'-phosphopantetheine of purified

fatty acid synthetase and CoA. The finding that

CoA acted as donor of 4'-phosphopantetheine was

confirmed. They observed that maximum specific

radioactivity of CoA \^ras reached before that of

the synthetase. Specific radioactivity of the 4t-

phosphopantetheine of fatty acid synthetase

remained low until about 6 hours afLer injection

when it rose rapidly to reach a maximum I hours

later. Volpe et aI (L973), by determining the

time course of incorporation of radioactivity

into both CoA and fatty acid synthetase in rat

liver, the prosthetic group was found to be re-

placed completely in 4-5 hours and this is an

order of magnitude faster than the turnover of

the enzyme complex (t4 = 2.8 days) (Volpe et al
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1973). Furthermore, they found that prosthetic
group exchange increased during fat-free feeding

and markeidly diminished following starvation.
This latter observation confirmed the earlier
report by Tweto and Larrabee (1972). From

these results, Volpe et aI suggested that
prosthetic aroup turnover played an important

role in the regulation of fatty acid synthetase

in mammalian tissues. However, they were unable

to demonstrate the enzyme analogous to E. coli
ACP hydrolase in mammalian systems.

Existence of Apoenzyme of Fatty acid Synthetase

Studies by Majerus and Kilburn (1969) on

rat acetyl-CoA carboxylase showed that when

animals r^rere fed diets deficient in biotin, the
prosthetic group of the enzyme, there r^ras an

accumulation of apo-acetyl-CoA carboxylase.

Subsequent injection of labelled biotin 1ed to
a rapid appearance of labelled holoenzyme. The

finding by Craig et al (L972) that the equivalence

point for the 1051000 g supernatant solution was

significantly higher than that for the DEAE-
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cellulose purified fatty acid synthetase also

suggested that immunologically reactive but

enzymatically inactive species might be present.

However, Volpe and Vagelos (L97Aa) hrere unable

to demonstrate the presence of putative apo-

enzyme in livers of both starved. and fat,-free-
refed. rats.

Control of fatty acid synthetase biosynthesis

Fatty acid synthetase, like some of the

other lipogenic enzymes, such as acetyl CoA

carboxylase (Numa et aI 1961, Majerus and

Kilburn L969), glucose 6-phosphate dehydrogenase

(Rudack et al L97L), citrate-cleavage enzyme,

and malic enzyme (Abraham et aI, L964, Lowenstein

et al L964, Lyons and Gibson L977) | the activities

of which can be varied accord.ing to the nutritional

status of the animal

Evidence that fatty acid synthetase protein

synthesis occurred on refeeding fasted rats was

presented by Hicks et al (1965). Ad.ministration

in vivo of the inhibitors of protein synthesis,

puromycin and actinomycin D, prevented ùhe re-

covery of fatty acid-synthesizing activity upon

refeeding. By measuring the absolute levels of

the enzyme in the livers of fasted and refed

59
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pigeons and rats, Porter and co-workers (Butterworth

et al L966, Burton et al 1968) showed. that the

enzyme leve1 in fat-free-fed state was considerably

higher than in fasted state. Burton et al (1968)

demonstrated that I4c-l"rr.ine was readily in-

corporated in vivo into the purified fatty acid

synthetase complex formed during refeeding; a

marked increase of incorporation of radioactivity

into the enzyme \^7as detected 6 hours after refeeding.

Tweto and Larrabee (L972) demonstrated from pulse

labelling with (u-14c) amino acids and isolating the

synthetase by purification, that the rate of

synthesis of the complex in liver of starved rats

fell to its lowest values after approximately 16

hours of starvation. More recently, immunochemical

techniques have been used, and they too provide

evidence that the supranormal content of fatty

acid synthetase in the livers of rats fed a fat-

free diet is the result of accelerated rate of

enzyme synthesis with no concomitant change in the

rate of enzyme degradation (Craíg et al L972,

Volpe et al 1973). Volpe et al (L973) reported

that the rate of degradation of hepatic synthetase

in animals fed a fat-free diet (82 = 2.7 days)
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\^ras essentially identical to that for normally fed

animals (EZ = 2.8 days). After about 24 hours of
refeeding with a fat-free diet the level of
synthet.ase activity was about twenty fold greater

than that d.uring starvation. The rate of
synthesis of hepatic fatty acid synthetase per glram

of liver in the fat-free fed rat was sixfold greater

than that in liver of starved rats, while the rate
of degradation of the enzyme was nearly fourfold
greater in the livers of starved rats. Craig et al
(1972) demonstrated that the rate of enzyme synthesis

was decreased in fasting animals to one-fifth that
in t.he normal state and 78 times that in the fasted

animals. However, they encountered technical

difficulties in determining the rate of degradation

in fasted animals. Thus, it appears that changes

in the rate of synthesis are more important than

changes in the riate of d.egradation in .effectíng
the variations in enzyme leve1s which occur when

the nutritional state of an animal is altered.

Hormonal Control

Hormonal

been implicated

factors, particularly insulin, have

in hepatic lipogenesis. (Benjamin
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and Gelhorn 1964). ' Burton et al (1969) showed

that hepatic synthetase activity was reduced in

alloxan-diabetic rats and that the activity could

be restored by the administration of insulin.

Vo1pe and Kishimoto (1972) observed that hepatic

synthetase activity was reduced to as low as one-

third that of control animals when hydrocortisone

was administered daily in the first 6-10 days of

life of developing animals.. -On the other hand,

75-100% increase in synthetase activity was

detected when Tri-iodothyronine $ras administered

daily until clinical signs of hyperthyroidism

appeared. Tn hypothyroid animals, hepat,ic

synthetase activity was about 50? of control

animals. These results show that adrenal and

thyroid hormones may also play a role in the

regulation of fatty acid synthetase.

Lakshmanan et aI (L972) showed that

insulin stimulates fatty acid synthetase activity

by increasing the rate of synthesis of this

enzyme. The increase in the leve1s of other

lipogenic enzymes during fat-free diet refeeding

r,iras also shown to be the result of an increase

in the rat.e of synthesis of each. (Majerus and
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Kilburn I L969, Gibson et al L972, Rudack et aI

L97L, Lakshmanan et a1 1972). Lakshmanan et al
(L972) observed that insulin restored the

act.ivity of each of the lipogenic enzymes to
the level characteristic of the normal rat after
fasting and refeeding. However, both glucagon

and dibutyryl cAMP had a marked inhibitory
effect on the induct,ion of the fatty acid. synthe-

tase.

Alberts et al (L974) studied the regulation

of lipid synthesis in cultured animal cells. They

observed that in Chang Iiver, HeLa and NCTC 2544

cell lines, there was little change in fatty acid

or sterol synthesis 48 hours after replacing the

serum-containing medium with serum-free medium.

lVhen insulin \^ras present in the serum-free medium,

8-fold increasd in fatty acid synthesis and 3-fold
increase in sterol synthesis after 48 hours was

observed. By means of immunotitration, they

showed that the increase in leve1 of synthetase

was due to increased synthesis of the enzyme.

The addition of dibutyryl cAI/tP together with

theophylline drastically inhibited the induction

by insulin. This finding supported the observation

made by Lakshmanan et al (1972) on the rat liver.
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The inhibitory effect of cAMP has also been

reported from several laboratories. Bricker and Levey

(L972) showed that cAMP t ot dibutyryl cAIt[P, when

added to rat liver slices incubated with (f-IAC)

acetate, \^ras capable of greatly díminíshing the

incorporation of label irtrto both fatty acids and

cholesterol. Allred and Roehrig (L972) demonstrated

the inhibitory effect of cAMP and dibutyryl cAMP

on the incorporation of acetate into total lipids
in chicken liver slices. Beg et al (1973) re-

ported that HMG-CoA reductase activity wad diminished

in a variety of in vitro liver preparations pre-

incubated in the presence of cAMP.

Recentty, Nepokroeff et al (Lg74) demonstrated

that insulin was obligatory for the coordinate in-

duction of the lipogenic enzymes fatty acid

synthetase, citrate cleavage enzyme, acetyl-CoA

carboxylase, malic enzyme' 6-phospho-gluconate de-

hyd.rogenase, glucose-6-dehydrogenase-during the

feeding of a fat-free diet to previously fast,ed

rats. Serine dehydrase, a gluconeogenic enzyme,

r^/as increased in diabetic rats, whereas insulin

treatment reduced the activity of this enzyme

d.uring the course of refeeding. Glucagon, the



physiological antagonist of insulin' was found to

inhibit, the increase in activity of each of the

lipogenic enzymes requiring insulin for induction.

The data from Vo1pe and Vagelos (I974b)

indicated that insulin, though required for in-

duction of the synthesis of fatty acid synthetase'

was not necessary for regulation of synthetase

activity in liver but may be necessary in adipose

t.issue, and that regulation of synthetase may

d.epend on the concentration of certain intermediates

of the glycolytic pathway or beyond.

Raskin et aI (L974) questioned the role of

cAMP in regulation by showing that the rate of

cholesterol and fatty acid biosynthesis in the

intact, perfused rat liver appeared to be totally

independent of changes in intracellular cAMP

concentration induced by glucagon over a very

wide physiologicat range. Furthermore, they

pointed out, that generally, experiments have

been done with cAMP whose concentrations (fO-4-

-?10-' M) were considerably hígher that the

physiological range of cAivIP in liver tissue.
-1 -q(10-'-10-' M) (nxton et al ]-97L) So, this

complicated picture of control involving hormones

is still far fcom clear. Further work on the

control of lipid synthesis may give an anshrer

to t,his problem.
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MATERIALS AND METHODS

Materials

Coenzyme A, non-radioactive acyl CoA

esters, NADPH, ATP and dithiothreitol were

obtained from P-L Biochemicals rnc. (f-lac) -

Acetyl CoA was synthesized by the method of

Simon and Shemin (1953) and purified by

chromatography on DEAl-cellulose. L-(u-lac)-

Leucine was obtained from Amersham-SearIe, and
1ll

D- (l--=C) pantothenic acid and a mixture of L-

amino acids generalty labelled with 3tt (NEN-250)

from New England Nuclear Corp. Lubrol W flakes

were a gift of Imperial Chemical Industries,

Manchester, England.. 14"-coo, labelled in the

pantetheine moiety, \^Ías synthesized. by the

method of Chesterton et al (1970). Other

chemicals hrere obtained from various commercial

sources, and were of analytical grade.
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Methods

Animals and Diets

Ma1e, Sprague-Dawley rats of 150-200 grams

each r^¡ere purchased either from Canadian Breedíng 
. .,.

Farms, St. Constance, Quebec or North American tl,,,l,

Laboratory Supply, Gunton, Manitoba. Bef ore use, ,.,.,.,.,

rats v¡ere starved f.or 4 8 hours, then fed a fat-
free diet (Nutritional Biochemicals) as indicated.

Animals were killed by cervical dislocation, and

the livers were immediately excised into ice.

Assay for protein

Assays for the protein concenÈration of

solutions \^rere carried out either by the method

of Gornall, Bardawill, and David (L949) or by

the method of Lowry et aI (f951).

Determination of radioactivity

All measurements of radioactivity \^rere

obtained either with a Packard or Beckman liquid
scintillation spectrometer.



Preparation of liver supernatant solutions

Rat liver supernatant solutions hrere

prepared by the method of Wakil, Porter, and

Gibson (1957) as mod.ified by Hsu, Ialasson and

Porter (1965b). Livers from rats fed a fat-

free diet for varying times followi.ng starvation '
were homogenized in 1% volumes of a medium con-

taining 70 mM potassium bicarbonate, 85 mM

dipotassium hydrogen phosphate and l8 mM

potassium dihydrogen phosphate, pH 8. The

homogenate was centrifuged at 5000 g (average)

for 10 min. The supernatant was separated from

the microsomal fraction by centrifugation at

140,000 g (average) for 30 min. The rat liver

supernatant solutions were stored at -20o1

Pr¡rification of fatty acid synthetase

Rat liver fatty acid synthetase was pre-

pared by the procedure of Burton et al (1968) -

Frozen rat liver supernatant solution (40 mt)

\^ras allowed to thaw at room temperature.

Saturated ammonium sulfate solution, PH 6.8,

68
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containing 3 mM EDTA and I mM ß-mercaptoethanol

was added to a saturation of 20eo. After stirring
for 15 minutes, the mixture was centrifuged and

the precipitate discarded. The supernatant

solution was brought to 33å of saturation in
ammonium sulfate. The precipitated protein
$ras collected by centrifugation and was dissolved
in approximately 25 mI of 5 mM potassium phosphate

buffer, pH 7, and, treated with calcium phosphate

geI as described by Hsu, Wasson, and porter (1965b).

The supernatant solutíon from this treatment was

adsorbed onto a column of DEAE-cellulose (10.3 x
3.5 cm) which had previously been washed with 0.05 M

potassium phosphate buffer pH 7. Most of the ad-

sorbed protein was washed off the column with 0.05 M

potassium phosphate buffer, pH 7. lfashing with
this buffer was continued until the absorbance

at 280 nm had faIIen to approximately 0.05 unit.
The enzyme was eluted from the column with 0.16 M

potassium phosphate buffer pH 7. This was then

brought to 333 of saturation with ammonium sulfate
and the precipítated protein was collected by

centrifugation. This was dissolved in the minimum

volume of 0.5 M potassium phosphate buffer, con-

taining 3 mM EDTA and dithiothreitol and was

dialyzed versus the same buffer for several hours.

All the potassium phosphate buffer used during the
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purification contained I mM EDTA and 1 mtrt ß-

mercaptoethanol unless otherwise specified.

Assay for fatty acid synthetase activity

The rat liver fatty acid synthetase r^¡as

assayed by the incorporat,ion of (r-lac) acetyl

CoA into fatty acids as d.escribed by Hsu et aI
(1965a) and modified by Butterworth et aI (1966) .

The assay mixture contained acet,yl-CoA-1-14C,

15 nmoles and 55.5 nCi, malonyl-CoA, 40 nmoles,

NADPH, 0.3 umole, dithiothreitol, 5 ¡rmoles,

EDTA, pH 7, 3 pmol-es, phosphate buffer pH 7.0,

I00 umoles, and proteín, in a final volume of

1 mI. Tncubations were carried out for 6

minutes in a water-bath at 37oC, and then stopped

by addition of 0.03 mI of 60å perchloric acid.

The enzyme could also be assayed by the

spectrophotometric method of Collins et al (197I).

However, the radiochemical assay was p::eferred

since the spectrophotometric method appeared

less sensitive.
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Analytical ultracentrifugation

Velocity sedimentation experiments were

carried out in a Spinco Model E ultracentrifuge.

The rotor temperature v¡as 20o and the rotor speed

lrras 60r000 rpm. Sedimentation coefficients Ì^7ere

corrected for.rsolvent viscosity and density at

2oo.

NADPH binding studies

Determination of equilibrÍum binding be-

tween fatty acid synthetase and NADPH t.= p"t-

formed by fluorescence enhancement as described

by Dugan and Porter (L97I), using an Aminco-

Bowman spectrofluorometer. To determine the

amount of enzyme-bound NADPH, the fluorescence

of free coenzyme r,tras measured, and then re-

measured after the addition of a given amount

of enzyme. The fluorescerrce due to protein was

measured separately and. then appropriate corrections

were made for volume changes.

The amount of enzyme-bound NADPH was cal-

culated from the following equation:

7I

FM - F¡'

tþ"')-"'-F

v=,'B
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Where X" is the mole fraction of enzyme-

bound NADPH. F, is the fluorescence of the mixture

of enzyme-bound and of free NADPH; Fg is the

fluorescence of an equivalent amount of free

NADPH, iand Fg is the enhancement ratio. This

çvalue was found to be 2.8 2.9.

The excitation wavelength was 340 nm and

the emission wavelength was 450 nm. Dissociation

constants \irere determined graphically by the method

of Klotz (1946). In this method, the reciprocal

of the moles of NADPH bound per mole of enzyme is
plotted on the ordinate against the reciprocal of

the moles of free NADPH. If a straíght line is
obtained, the affinity of binding is independent

of substrate bound. The intercept on the ordinate

is the reciprocal of the number of binding sites,
n. The extrapolated intercept on the abscissa

is the negative of the reciprocal of the dissociation

constant, Kd, and the slope is the reciprocal of

n/Kd,.

For the determination of rates of NADPH

binding to fatty acid synthetase, a Durrum-Gibson

stopped-flow spectrophotometer \^ras used in the

fluorescence mode. Excitation radiation (340 nfn)



r^¡as provided by the monochromator of the instrument,

and the emitted fluorescent rad.iation was passed

through a filter to remove scattered 340 nm

radiation. The reaction was initiated by mixing

equal volumes (0.f5 ml) of solutions of enzyme

and NADPH prepared. in buffer of appropriate con-

centration. Fluorescence changes $lere recorded

on a Tektronix storage oscilloscope with an

attached camera. AII experiments were conducted

at room temperature (23oc) in an air-conditioned

laboratory.

Preparation of antiserum

Rabbit antiserum to rat liver fatty acid

synthetase r,rras prepared by intramuscular injection

of 0.75 mg and then 1.5 mg of an emulsion of

purified enzyme in 0.15 M NaCl and Freunds

complete adjuvant, the injections being 6 days

apart. After a further 22 days, 3 intravenous

injections of 0.4 mg, 0.75 mg, and 1.9 mg of

enzyme prepared as a coprecipitate with A1 (oH) 
3

\irere administered at 2'day intervals (Simkin et'

aI 1964).
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The animal was bled 5 days after the last

intravenous injection. The blood serum obtained

was subjected to ammonium sulfate fractionation

as described by Volpe et al (1973). The protein

precipitating between 0 and 402 of saturation of

ammonium sulfate was collected by centrifugation

and dissolved in a medíum containing 0.15 M

sodium chloride, 0.02 M potassium phosphate pH 7.0

and 10 mM ß-mercaptoethanol. This was dialyzed

versus the same medium. It was then stored at

-20o.

Immunological procedures

Immunoelectrophoresis was carried out as

described by Asht,on et aI (1970). Double diffusion 
.i. ::

analysis was based on the method of Ouchterlony ..';,-':

(1967) as described by Simkin and Jamíeson (L967) . .' :,:

Quantitative precipitation analyses and equivalence

point determinations v¡ere performed as outlined

by Kabat and. Meyer (1961)

Subcellular fractionation

For studies on the subcellular site of

synthesis of fatty acid synthetase, the sub-

cellular fractionation was based on the methods
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described by Rolleston (I972).
1A

L-(u-'*c) leucine (50 uci) $ras injected

intraperitoneally into a rat which had been

fed a fat-free d.iet for 10 hours following 48

hours fast.ing. The rat was killed 8 minutes

later and the liver was immediately excised int,o

ice. The liver was homogenized in 2 volumes of

medium A (50 mM Tris-HCI buffer (pH 7.8) 25 mM

KCI 5 mM MgCl2) containing 0.25 M sucrose at

0 - 40.

A post-mitochondrial supernatant was

obtained by centrifugation for 10 mins at 5020 g

and filtratíon of supernatant through cheese

cloth to remove floating fat.

Smoot^h and rough endoplasmic reticulum

and non membrane-bound ribosomes were prepared

from post-mitochond.rial supernatant by centri-

fugation on discontinuous sucrose gradient.s in

medium A. Tubes contained 8.5 ml of post-

mitochondrial supernatant over 3.5 ml and 2.0 ml

respectively of 1.3 M and 2.0 M sucrose in

medium A were centrifuged at 130'000 g for 15

hours. A Beckman 60 Ti fixed-angle rotor was

used in place of a Beckman Shi 40 rotor. Materials
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at the interfaces between 0.25 M - and 1.3 M -
sucrose (smooth endoplasmic reticulr¡m) !vere,, 

,,,,r.-,,

collected by aspiration, diluted with 2 volumes ::'..

of medium A and centrifuged at 165,000 g for
20 mins in Beckman 60 Ti rotor' 

, ,

Non membrane-bound ribosomes T^rere collected ,,1,,,,

by combining the 2.0 M sucrose layer (after ,,,_ll,:,:

''' ':'
aspiration of the interface) with the pellet. Three

volumes of medium A were added and centrifugation
at 165,000 g for 2 hours in Beckman 60 Ti rotor
r¡ras carried out. The ribosomes pelleted under

these conditions.

The subcellular fractions r¡retie treated with

EDTA (300 mM) and Lubrol lrÏ (1?) in a buffer contain-

ing 40 mM potassium phosphate (pH 7.0) and I mM

dithiothreitot. Following this, insoluble material ,,. 
,,i,,

:.:.:.:.t.:..

\i¡as removed by centrifugation at 13Or00O g (average) 
.,,.,,11
.: -....

for t hour. The supernatants, containing proteins :'''"j

solubilized from the various subcellular fractions,
were concentrated five- to tenfold by ultra- 

r:::: ::

filtration with concurrent dialysis against IZ ;',,,',,',

Lubrol !V buffered with 40 mM potassium phosphate
¡

(pH 7.0) and containing I mM dithiothreitol. The

concentrated extracts Ì^rere subjected to double

diffusion analysis as previous described
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For radioautography of double diffusion

plates, the plates \^rere washed twice with 0.15

sodium chloride, then six tímes with water.

After drying, the plates $rere left in contact

with x-ray film (Kodak No-Screen, NS-2T) for

4 weeks before development of the film.

Sodium dodecyl sulfate polyacrylamid.e gel

electrophoresis

Polyacrylamide get electrophoresis experi-

ments \â/ere carried out essentially according to the

proced.ure of Davis, and Stark (1970). An appropriate

amount of protein solution which had been treated

with SDS (50-80 uI, containing 50-150 ug of protein)

was mixed with 50 ul of 0.013 bromophenol blue in

50å glycerol. The gels (7 x 0.6 cm) contained 5Z

acrylamide, 0.135% methylenebisacrylamid.e, and

running buffer (0.1 ¡l borate, 0.1 M sodium acetate

and O.lU SDS pH 8.5) and were polymerized with

O.075Z ammonium persulfate and 0.033% NrNrN' ,N'-

tetramethylethylenediamine. Electrophoresis was

carried. out at. 8 ma/tube. The gel columns l^Iere

stained with Coomassie blue for visualization,

as described by Vüeber and Osborn (1969). The
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gels vrere immersed into a Coomassie blue solution

containing 0.25 g Coomassie brilliant blue in 454

ml 50% methanol and 46 ml glacial acetic acid for

2 hours. The gels were then transferred to des-

taining solution which contained 75 ml glacial

acetic acid, 50 mI methanol and 875 m1 water.
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RESULTS AND DISCUSSTON
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PART I

RAT LTVER FATTY ACTD SYNTHETASE: NADPH BTNDING STUDIES I-ì.]];.ì:
: ..:.. :

'i:'t.,'.'.:
Purification of the enzyme

The rat liver fatty acid synthetase \Aras pre-

pared by a procedure by Burton et aI (1968) (as

described in the Materials and Methods section).

The specific activity of the enzyme is expressed

as nanomoles (r-lac) acetyl coA incorporated into

long chain fatty acids per minute per milligram

protein. The purified fatty acid synthetase has

a specific activity of about 70. t'.:i,:t,:,:'.,"
"-:'-.:a

stability of the enzyme on storage

The rat liver fatty acid syntheÈase r^las

found to be stable for about 2 weeks when stored

at 40 as a solution of protein concentration 10-

20 mg/ml in 0.5 M potassium phosphate buffer pH

7.0, containing I mM EDTA and I mM dithiothreitol'

However, when stored at a low protein concentration
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(50 vg/m]-) in the same buffer t or moderate protein

concentration in 0.05 M potassium phosphate buffer, 
..,,

approximately 50? of the enzyme activity was lost j"

in 24 hours. The enzyme has a tendency to

precipitate when it. is stored in the frozen state

so, freezing the enzyme is not recommended for '

storage

Ultracentrifugation of fat,ty acid synthetase

The enzyme sediments as a single component

in the Spinco Model E analytical ultracentrifuge

when dissolved in 0.5 M.potassium phosphate buffer-

The S2O,y value is 13.1 S.

Dissociation and Reassociation of the enzyme

The procedures used here were based on the

work by Kumar et aI (1970a). Purified rat liver

fatty acid synthetase (7 mg/mL) in 0.5 M

potassium phosphate buffer pH 7.0 was dialyzed

versus Tris-glycine buffer (5 ml't Tris' 35 mM

glycine, I mM EDTA' and I mM mercaptoethanol pH

8.4) for 36-40 hours. Apparently, about 90%

of the enzyme was dissociated partially into

half molecular weight subunits (526,w = 8.3).
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The small amount of faster sedimenting component

represents the original enzyme which was not

dissociated.

The partially dissociated enzyme could be

reconstituted by dialyzing versus a medium con-

taining 0.5 M potassium phosphate buffer' 1 mM

EDTA and l0 mM dithiothreitol for 24 hours.

Only one species (S2O,w = 13.1) ' corresponding

to the original undissociated enzyme' was

observed from the sedimentation pattern after

this treatment. The observations here are

similar to those made by Kumar et al (1970a) on

the pigeon liver fatty acid synthetase.

Kinetics of Binding of NADPH to the rat liver

fatty acid synthetase

We have confirmed and extended the obser-

vations by Dugan and Porter (1970) that the rat

liver fatty acid synthetase possesses two pairs

of NADPH-binding site per mole. As can be seen

in Figure 2, the affinity of rat liver fatty

acid synthetase for NADPH increases with de-

creasing phosphate buffer concentration. Curves

r^rere obtained instead of straight lines in the

double reciprocal plots indicating the existence

of bind.ing sites of more than one binding affinity.



Figure 2. A double-reciprocal plot of moles

of enzyme-bound NADPH per mole of

rat liver fatty acid synthetase

as a function of free NADPH con-

centration. Binding of NADPH

to enzyme \^ras accomplished by

mixing solutions of enzyme and

NADPH in the appropriate buffer.

The final concentration of enzyme

\^¡as 3.40 þM, based on a mo1. wt.

of 5.4 x 105 and the tot.al volume

\^ras I ml.

- tr 0.12 M, - o 0.15 M,

open cross , 0.18 M, -O -
0.20 M phosphate buffer. All
phosphate buffers used in the

NADPH binding studies contained

I mM DTT and I mM EDTA.
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Binding of NADPH to enzyme was accomplished by

mixing solutions of enzyme and NADPH in the

appropriate buffer. The final concentration of

enzyme was 3.40 uMr based on a molecular weight

of 5.4 x 105 and the total volume was 1 mI.

The number of binding sites with the

same affinity for NADPH and the dissociation

constants of these sites \^tere estimated as

described by Dugan and Porter (1970) ' assuming

that binding at the two pairs of sites was in-

d.ependent. Dissociation constants and the

number of binding sites (n) \^Iere determined by

the method of Klotz et al (19.4i6). The intercept

on the ordinate is the reciprocal of the number

of binding sites n. The extrapolated intercept

on the abscissa is the negative of the reciprocal

of the dissociation constant, Kd. The intercept

on the abscissa obtained in 0.20 M phosphate by

extension of the linear portion of the curve at

low NADPH concentration (Fig. 2) was used to cal-

culate the Kd representing the strongest binding.

The value of n obtained from this line was 2.

The value obtained for the first constant

$/as used in calculating the second constant by

the following equation:
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v= nlK1c n2R2c

1+K1e I+K2c

v is the moles of NADPH bound per mole of
enzyme. K,.and n refer, respectively, to the

appropriate association constants and the number

of binding sites. c represents the concentration

of free NADPH. A best fit to the data was found

for K, with a value of 2 for n1 and nr. (Dugan

and Porter 1970)

Table I shows the dissociation constants :

calculated from the data of Figure 2. Considering

the binding sites with the stronger affinity,
it is seen that the dissociation constant (Kdf)

changed from 0.18 to 0.91 þM, as the concentration

of phosphate buffer was varied from 0.I2 to 0.20 M

whereas the dissociation constant (Kd2) for the

weaker pair of sites varied from 7.6 to 45 uM

over the same range

Rapid kinetics of NADPH binding to fatty acid

synthetase

(a) Binding to the pair of sites with higher

affinity for NADPH.

It was noted that there is a large difference
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TABLE Ï

Dissociation Constants of NADPH-Binding Sites
of Rat Liver Fatty Acid Synthetase as a

Function of Buffer Concentration

Concentration of
potassium phosphate
buffer pH 7.0 (M)

Dissociation constant (uM)

Kdt Kdz

0.L2

0. 15

0. 18

0.20

0. 18

0.46

0.7 4

0. 91

7.6

L7 .8

24.I

44.7
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in dissociation constants of the two pairs of
sites between 0.L2 and 0.20 M buffer concentration.
Therefore, by using an appropriate concentration

of NADPH, it is possible to essentially limit
binding of NADPH to t.he sites with higher affinity.
The kinetícs of binding of NADpH to fatty acid

synthetase under these conditions were investigated
by stopped-flow fluorescence enhancement. The

same range of buffer concentrations (0.12 0.20 M

potassium phosphate) was used.

Figures 3, 4 and 5 show oscilloscope traces
obtained upon mixing NADpH and fatty acid synthe-

tase in potassium phosphate buffers of 0.I2, 0.1_5

and 0.18 M respectively. In each case, the leve1

of fluorescence indicated as A represents that
exhibited by the mixture of NADPH and enzyme

before reaction, while the level at B represents

the fluorescence exhibited by the fully reacted

mixture.

The following approach was used to estimate

the rate constants for forward and reverse re-
actions in NADPH binding.

Considering only the pair of binding sites
with higher affinity for NADpH, the reaction be-

tween fatty acid synthetase and NADpH may be

represented as
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Oscilloscope trace obtained upon

mixing solutions of NADPH and rat

liver fatty acid synthetase in

the stopped-flow spectrophoto-

meter. the concentrations of

enzyme and NADPHwere5.0 uM and

9 uM, respectively, after mixing,

and the concentration of
potassium phosphate buffer was

0.12 M. The horizontal scale is

l0 msec/division.

88

Figure 3.



B9



Figure 4. Oscilloscope trace obtained upon

mixing solutions of NADPH and raÈ

liver fatty acid synthetase in the

s topped-f l-ow spectrophotometer.

The concentrations of enzyme and

NADPH were 5.0 UM and 13 ilMr

respectively, after mixing, and

the concentration of pot.assiumphorytate

buffer was 0.15 M. tfr" frorizontal

scale is 10 msec/division.

90
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Figure 5. Oscill.oscope trace obt,ained upon

mixing solutions of NADPH and rat

liver fatty acid synthetase in

the stopped-flow spectrophotometer.

The concentrations of enzyme and

NADPH \{ere 5.0 uM and 15 UMr res-

pectively, after mixing, and the

' concentration of potassium phos-

phate buffer was 0.18 M. The

horizontal scale is 10 msec/

division.

92
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K1
E+S=- X

R2

r¡rhere S is NADPH, and X is the NADPH-

enzyme complex. Now since the dissociation

constant Kd, is in the range 0.1 - 1.0 uM

(Table I), then K1

be regarded as essentially irreversible for

the purpose of estimating KI. - Furthermore,

if the conditions of the reaction are such that

the initial concentrations of enzyme and NADPH

are egual, then t,he int,egrated second-order

rate expression may be writt,en as

1I
= KIt

sso

where S is the remaining concentration of

NADPH (or enzyme) at any time t, and So is the

initial concentration. Thusr ên estimate of Kl

may be obtained. from a plot of (free NADPH)-I

versus time. Also, because the dissociation

.constant for the binding reaction is known, K2

may be obtained using the estimated value of KI.

Values for the concentration of unbound NADPH

as a function of time \â/ere obtained from oscillo-

.'.::-_...
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scope traces such as those shown in figures 3, 4

and 5. This was accomplished by assuming that
the fluorescence enhancement represented by the

distance A-B in the above figures, was due to
the caLlculated 902 binding of NADpH at the

stronger pair of sites (Table IT). Since Lhe

concentrations of fatty acid synthetase and

NADPH used \^/ere known, it was possible to relate
any point on the trace between A and B to the

concentration of free NADPH at that time. In
plotting the (free NADPH)-1 ,r"r"u= time function,
the values of free NADPH concentration used were

obtained from the initial half of the oscilloscope
trace, such that the reaction was stilI relatively
far from equilibrium. Figure 6, 7 and I show such

plots derived from data obtained using phosphate

buffer concentration of O.L2 M, 0.15 M and O.Ig M

respectively.

Table II shows the values for Kl and K, at
three concentrations of phosphate buffer calculated
as outlined above. Also shown are the NADpH and

enzlzme concentrations employed, along with the

percentage of saturation of each of the two pairs
of NADPH-binding sites calculated from the pre-
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-'lFigure 6. A [Free NADPH] * versus time plot

for the binding reaction between

NADPH and the stronger pair of

binding sites of rat liver fatty

acid synthetase. The data for this
plot htere derived from the oscillo-

scope trace in Fig. 3. The re-

action was carried out in 0.I2 M

potassium phosphate buffer, pH 7.0.
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Figure 7. A lFree NADPH]-I v"r=ust.time plot for

the binding reaction between NADPH

and the stronger pair of binding sites
of rat liver fatty acid synthetase.

The data for this plot were derived

from theooscilloscope trace in Fig. 4.

The reaction was carried out in 0.15 M

potassiun þhosphate buffer, pH77 .0.
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Figure 8. A [Free NADPH] -1 ,r.t=,rs time plot for

the binding reaction between NADPH

and the stronger pair of binding sites

of rat liver fatty acid synthetase.

The data for this plot were derived

from the oscilloscope trace in Fig. 5.

The reaction was carried out in 0.18 M

potassium phosphate buffer, PH 7.0.

100
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TABLE II

The Effect of Buffer Concentration on the Rate Constants for NADPH Binding at the

Buffer
Concentration

(M)

Enzyme
conceñtrationa'þ

(uM)

0.L2

0.15

0.18

tall concentrations are after mixing in the stopped-flow apparatus.
bconcentration based on mo1. wt. of 5.4 x I05. Effective active site concentration
is 10 uM.

Stronger Pair of NADPH-Bindinq Sites.

5.0

5.0

5.0

NADPH
Concentrationa

( uM)

Íà Saturation
of binding
sites

9

I3

15

Stronger Weaker
pair pair

90

90

90

Rate Constants for
binding at stronger
pair of sites

1.5

13.0

15. 0

*1t-t, sec

0.9 x 107

1.06 x10 7

I.2 x 107

K^secz

1.6

4.9

8.9
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viously determined dissociation constants. The

table shows that the initial concentration of 
.

fatty acid synthetase and NADPH were approximately 
.r:

equal, taking account of the fact that the ef-

fect,ive enzyme concentration was twice that shown 
:

since there are two active binding sites per mole r,

under the conditions used. This equivalence 
,

satisfies the kinetic treatment outlined above.

The following approach was used to calculate

the percentage of saturation of each of the two

pairs of NADPH-binding sites.

Assuming (81) = concentration of enzyme-NADPH
complex

(E) : concentration of free enzyme

(T) : concentration of free NADPH

(Et) = total concentration of enzYme

(Tt) = total concentration of NADPH 
,i,
':

Because there are two active binding sites 
,;..

per mole under the conditions used, therefore the

number of sites = 2 (Et).

2(Er)=2(E)+2(Er)
(Er) = (r) + 2(Er)

2 (E) (r) = Kdl
z (Er) r

where Kd1 is the dissociation constant of the first
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pair of sites.

To solve for (T)

2(Er)=2(Er) 2(E)

2 (Er) = (Er) (r)

2 (Eì - 2 (E) (r)

^dl
rhus 2 (Er) 2 (e¡ = (rt) (r)

and 2 (E-) - 2 (E) = 2 (E) (T)
' 

^ut

(A)

(B)

Rearranging (A)

2 (n¡ = (z (Er) (rr) + (r) )
Rearranging (B)

2 (Er) = 2(E)+ 2 (E) (r) = 2 (E) fr n" _(?_ 
1Kdt \- Kdt )

Thus

2 (Er) = Q (Er) (rÈ) + (r)) [ r * 
(*L 

;
*dt

Hence (T) can be calculated

As can be seen from Table II, the rate

constant for the forward reaction remains approx-

imately constant over the range of buffer concen-

trations tested. Thus, the observed change in the

dissociation constant (KdI) over this range is due

to a change in the rate constant for the reverse

reaction.
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(b) Binding to the pair of sites with lower

affinity for NADPH.

The kinetics of binding of NADPH to the

pair of binding sites with lower affinity for

the coenzyme \^Ias investigated under pseudo-

first-order conditi.ons. This can be achieved

by increasing the concentration of NADPH to a

level 10-fo1d greater than the effective enzyme

binding-site concentration. This resulted in

the rate of the binding reaction at the first

pair of sites (with higher affínity) being much

faster than in the previously described experi-

ments. As can be seen in figures 3, 4 and 5,

the reactions have a half-time of about 7-8 msec.

Thus, when the concentration of NADPH was raised

lO-fold, the reaction for the tighter pair of

sites could be over within the mixing time of the

stopped-flow spectrophotometer (2-3 msec) .

Essentially thenr arry fluorescence changes

observed under the present first-order conditions

can be ascribed to a binding reaction at the

pair of sites with lower affinity for NADPH.
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Figures 9, 10 and 11 show oscilloscope traces

obtained when NADPH and fatty acid synthetase $rere

mixed under the pseudo-first-order reaction conditions '''.'','','

described above, using phosphate buffer concen-

trations of 0.L2, 0.15 and 0.18 M. Estimates of

the rate constants for the forward (K¡) and. reverse ,,,,.,,.,.,
.: . .r :., :ì;.;:.:-,

(x,)bindingreactionsattheweakerbindingpair
4 - 

':':': :::t:

of sites \trere obtained in a similar fashion to the

method used for determination of K, and Kr.

The reaction may be represented as follows:
K?

EI +Sr-- X-
K,

+

where S is NADPH, X is the enzyme-NADPH

complex with NADPH bound at all four sites, and E'

is the enzyme carrying NADPH already bound at the

two stronger binding sites. Again K,

the dissociation constant (Kd2) is in the range i1:1"':' j'

., , ., , ,' ,',',

7-50 uM. (Table III) Thus the reaction may be .,'.'',"

regarded as being essentially irreversible for

the purpose of estimating K3.

The difference in fluorescence levels '',,''',""":,:i:l'_:.:'::.:_::

shown as C and D in Figures 9, 10 and 11 were

taken as proportional to the equilibríum concen-

tration of X' (X'o,o), and the difference in
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Figure 9. Oscilloscope tracing obtained upon

mixing solutions of NADPH and rat

liver fatty acid synthetase in the

stopped.-f low spectrophotometer.

The concentrations of enzYme and

NADPH \tlere 5.0 uM and 100 UMr

respectively, after mixing, and

the concentration of PhosPhate

buffer was 0.12 M. The horizontal

scale is I0 msec,/division'
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Figure 10. Oscilloscope tracing obtained upon

míxing solutions of NADPH and rat

Iiver fatty acid synthetase in the

stopped- f 1ow spectrophotometer.

The concent,rations of enzyme and

NADPH were 5.0 uM and 100 uMr

. respectively, after mixing, and

the concentration of phosphate

.buffer was 0.15 M. The horizontal

scale is 10 msec/division.
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Figure 11. Oscilloscope tracing obtained upon

mixing solutions ofNNADPH and rat

liver fatty acidssynthetase in the

stopped-f low spectrophotomet,er.

The concentrations of enzYme and

NADPH were 5.0 uM and 100 þMr

respect,ively, after mixing, and

the concentration of phosPhate

buffer was 0.18 M. The horizontal

scale is 10 msec/division.
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fluorescence levels between C and any point between

C and D was likewise a measure of the concentrations

of x' at any time t (x;). Since S is in excess,

pseudo-first-order conditions obtain, and a plot
Iof 1og (X oo - *¿) versus t yields a pseudo-first-

order rate constant, which when divíded. by the con-

centration of NADPH used gave a second-order rate

concentration (K,). Fíqures 12, 13 and L4 show

such plots.

The value of Kn was obtained from K, and the

previously determined value of Kd, (Table II).
Table IIT shows the values calculat,ed for K, and Kn

at three concentrations of potassium phosphate

buffer. Also shown are the NADPH and the enzyme

concentration employed, together with the calculated

saturations of each pair of NADPH binding sites.
As can be seen from the table, the rate

constant for the forward binding reaction remains

constant over the range of buffer concentrations

used, while change in the rate constant for the

reverse reaction is responsible for the observed

change in Kd.,. This is very similar to the-¿
stronger pair of binding sites investigated.
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Figure L2. Semilogaritlumic plot of the change

in concenÈration of enzyme-NADPH

complex with time. The init,ial con-

centrat,ions of NADPH and enzyme were

100 irM and 5.0 UMr respectively,

after mixing, and the concentration

of phosphate buffer was 0.12 M.

The several points at each value of

time are fromddifferent duplicate :',"; 
',:.,,,',',:,',.:.,

oscilroscope traces ofwwhich Fig. g ':'t" '

,-. r.,,:.,..,. 
,-,,,,

is one



'tltr
LLJ

/
a--

1.4

\aJ
x
..t, 1'2
x
Ð
o

1.

810o2 46
, (-r"" )

l.



116

Figure 13. Semilogarithmic plot of the change

in concentralion of enzyme-NADPH

complex with time. The initial

concentrations of NADPH and enzyme

r{/ere 100 uM and 5.0 UMr respectív-

ely, after mixing, and the concen-

tration of phosphate buffer was

0.15 M. The several points at

each value of time are from

different duplicate oscilloscope

traces of which FigJ. 10 is one.
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Figure L4. Semilogarithmic plot of the change

in concentration of enzyme-NADPH

complex with time. The initåaI

concentrations of NADPH and

enzyme were 100 pM and 5.0 uM,

respectively, after mixing, and

the concentration of phosphate

buffer was 0.18 M. The several

points at each value of time are

from different duplicate oscillo-

scope traces of which Fig. 11 is

one.
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TABLE TII

The Effect of Buffer concentration on t,he Rate Constants for NADpH Bindin

Buffer
Concentrationa

(M)

0.12

0.15

0. 18

Enzyme
concenliãtio.,"'b

( uM)

a

b
All concentrations are
Concentration based on

Weaker Pair of NADPH-Binding Sites.

5.0

5.0

5.0

.NADPH
Concentrationa

( uM)

1 1 ,'.
..,'.ì

100.0

100.0

r00.0

after mixing in the stopped-flow apparatus.
moI. \^rt. of 5.4 x 105.

? Saturation of
binding sj-tes

Stronger
pair

100

100

100

lVeaker
pair

Rate Constants for
binding at weaker

at the

air of sites

90

85

78

^3t-t, 
sec

L .34

I. 15

L.28

106

106

106

K4sec

10. 3

20.4

30.8
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DTSCUSSION

$Ie have confirmed and extended the findings
by Dugan and porter (L970, L97L) that the rat,

Iiver fatty acid synthetase possesses four binding

sites for NADPH per mole of 54OrOO0 molecular

weight. A fivefold variation in each of the

dissociation constants for the binding reactions
between NADPH and the two pairs of NADpH-binding

sítes occurred in response to changes in phosphate

buffer over the range 0.L2 0.20 M. Our results
indicate that, it is changes in the rate constants

for the dissociation of the enzyme-NADpH complex

(KZ and K4), rather than in those. for the

association reactÍon (Kf and K3), which lead to
the observed changes in dissociation constants.

Duga4 and Porter (1971) showed t,hat the
phosphate j-on acted as a competitive inhíbitor
of NADPH binding to rat liver fatty acid synthetase,

and suggested that it competed with NADpH for
charged groups at the binding sit,es. Our finding
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suggest raÈher that the phosphate ion binds to the

same enzyme form aé does NADPH, and that this
binding leads t,o subtle changes in the conformation

of the NADPH-binding sites which are reflected in
changes in the rate constant for the dissociation
of enzyme-NADPH complex.

This condlusion is supported by the observation

that rat liver and some other fatty acid synthetases

such as lactating rat mammary gland .enzyme (Smith

and Abraham, L970) , and lactating manìmary gland in
rabbit (Carey and Dils L970), undergo marked con-

formational changes in response to variation of

phosphate buffer concentration through certain

ranges. This is known to be the case for purified

rat liver enzyme (Burton et aI, 1968) whích re-
quired 0,5 M potassium phosphate buffer to maintain

its structural integrity. Storage in low concen-

t,ration buffer (0.05 M) led to rapid inactivat,ion

of all these synthetases. Condit,ions of hrtgh salt
concentration are known to favour the stabilization
of hydrophobic bondsr and to minimize repulsive

effects between charged protein moieties. These

effects may provide a basis for the observed

stabilization of the complexes by high buffer concen-

trations. This is further supported by the obser-
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vation'of Smith and Abraham (1971) that both the

rat liver and lactating rat mammary gland fatty

acid synthetases exhibited cold labiIity. As

pointed out by Scheraga et al (Lg62\ ' hydrophobic

bonds weaken as temperature is decreased from 6Oo-

0o whereas hydrogen bonds become stronger. So,

hydrophobic bonds are probably important in the

maintenance of the quaternary structure of these

enzymes at physiological temperatures. Variation

of the buffer concentrations therefore presumably

leads to changes in hydrophobic bonds, thereby

causing changes in the interaction of the subunits

which make up the complexes. Less marked changes

might also be expected to take place within

individual subunits.

Sj-nce there are two pairs of binding sites

(stronger and weaker affinity) ' and the enzyme

catalyzes two types of reductions (ß-ketoacyl and

or g-eiroyl-enzyme), two possibilities may exist.

Either each of the pairs of binCing sites

catalyzes a d.ifferent reduction or the weaker

pair of binding sites might not be catal-ytically

functional. Dugan and Porter (1970) suggested

that the weaker binding sites might result from

a structural alteration undergone by the enzl¡me
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during purification, and that negative cooperativity
may be responsible for the presence of binding sites
of more than one binding affinity. The results
present,ed here suggest rather that both

pairs of binding sites may be functional and both

of which would be expected to bind NADPH at the

NADPH concentrations found in the cell. The studies

of binding of NADPH to fatty acid synthetase

complexes, therefore, remain open to further
investigation.
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PART IT

ADAPTIVE SYNTHESIS OF RAT LTVER FATTY ACTD SYNTHETASE

RESULTS AND DTSCUSSION

Characterization of Antibody to Fatty acid

Synthetase

Figure 15 shows the result of immunoelectro-

phoresis of purified fatty acid synthetase and

130r000 g (average) rat liver supernatant against

rabbit antiserum to rat liver f atty acid synthetase. 
,:.t::

OnIy one sharp precipitin band is detected. "'

Thus the antiserum is apparently monospecific for ,,,,'

fatty acid synthetase.

Figure 16 illustrates the quantitative

precipitin reaction between fatty acid synthetase 
::,:::,,

and its antibod.y. Enzyme extract was prepared by

a 22 38% ammonium sulphate fractionation of

1301000 g (average) supernatant of liver from rats

fed a fat-free diet for 48 hours following 48 
:).:,.

hours fasting. Antiserum was prepared and , 
"
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Figure 15. fmmunoelectrophoresis of purified

fatty acid synthetase and 130r000 g

(average) supernatant of liver from

rats fed a fat-free diet for 48 hr.

following 48 hr fasting. Vüell A:

purified enzyme. Vfell B: 1301000 g

(average) liver supernatant.
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Figure 76. Quantitative precipitin reaction

of fatty acid synthetase.
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partially purified as described. in Materials and

Methods section" 50 ul of antiserumwere added

to increasing amounts of enzyme extract. The

reaction mi-xture also contained 0. t5 M NaCl '
40 mM potassium phosphate buffer pH 7.O, and

5 nM dithiothreitol The total volume was 0.55 m1.

After incubation at 38oc for 30 min and centri-

fugation, the supernatant was assayed for fatty

acj-d synthetase activity. The supernatant was

kept at 40 overnight and then centrifuged. The

precipitated protein was then quantitated. Enzyme

unit is the amount which catalyses the oxid.ation

of I nmole NADPH/min.

Evidence for the existence of m.aterial rea

with ãnti-fatty acid synthetase whi:h is enzymati-

cally inactive.

After 48 hours fastíng, there is a lag

period of 3-5 hours after the acuess to fat-free

diet before the appearance of fatty acid.

synthetase acÈivity. Vüe therefore investigated

the possibility that enzymatically inactive cross-

reacting material might be present in the early

hours after refeeding.
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An experiment Ìâras performed, based on a

method described by McGee and Udenfriend (L972').

Anti-fatty acid synthetase serum inhibits active
pure fatty acid synthetase. Liver extract was

then added to the antibody-antigen complex and

incubated. If immunologically cross-reacting

materials are present in the liver extract, t,hey

should compete with the fatty acid synthetase

enzyme for the bind.ing sites of the specific

antiserum. As a result, some active enzyme should

be released from the antibody-antigen complex

because of the competition. The activity of fatty

acid synthetase liberated is taken as evidence

for the presence of cross-reacting material.

Purified fatty acid synthetase (5 ug) \^¡as

mixed with specific antiserum, such that some 158 ,

of the enzyme activity remained.. To this \dere

added samples of liver supernatant.. Usual-lyf ,i.

we iused :. O.'7 mg protein from livers of rats

. fed a fat-free diet for, differing.- p'eriods;,:r:'r'ô'' follovr-

ing fasting. After incubation at 38oc for 15 min,
'the components of the reaction mixture for (f-14c)

acetyl-CoA incorporation assay of fatty acid
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synthetase were added (see Materials and Methods

section), malonyl-CoA being added last to start.

the assay. The liver supernatant solut,ions v/ere

assayed separately for endogenous fatty acid

synthetase activity.
The results from Table IV show that

extracts of livers of rats fed the fat-free diet
for l, 2 and 3 hours after fasting are able to
compete with pure fatty acid synthetase f.or anti-
body binding sites. Moreover, the degree of
competition increases as the rats a::e allowed

longer access to food. This implies that cross

reacting materials are being synthesized. Because

active enzyme starts appearing after 3-5 hours, it
is not possible to demonstrate competition after
this period.

Figures L7-21 show a series of immunoelectro-

phoretic patterns of purified fatty acid synthetase

and 130r000 g (average) liver supernatant of
different times after refeeding. It is clear that
there ís only one species of cross-reacting

material present in all the different times, even

from liver extracts of animals refed for short
periods following starvation. In ad.dition, this
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TABLE ÏV

Compet.ition for Antibody Binding Sites Bet\^reen

Enzymatically Inactive Rat Liver Extracts and
Purified Fatty Acid Synthetase

Experimental Samples and
Conditions

FASa activitv
(nmoles min-1 ñg-r,o

Purified FAS (S ug) 68.4

Purified FAS + Specific 9.3
antiserum

Purified FAS + Control 68.2
serum
Purified FAS + Specific 14.0
antiserum * liver extract
from 48 hr fasted rat
Purified FAS + Specific 25.6
antiserum * Iiver extract ir

from I hr refed ratc
Purified FAS + Specific 32.I
antiserum * Iiver extract
from 2 hr refed rat
Purified FAS + Specific 38.8
antiserum * liver extract
from 3 hr refed rat

a rAS, fatty acid synthetase
t^t- Fatty acid sy4thetase activity is expressed as
nanomoles (I-r.rC) acetyl CoA incorporated into
long chain fatty acids per minute per milligram
protein.

" Lirr"r extracts from rats refed 0, L, 2 and 3
hr had no endogenous enzyme activity.
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Figure 17, Immunoelectrophoretic pattern

of purified fatty acid synthetase

and 130,000 g (average) liver
supernaÈanÈ from 0 hr refed rats.
V'Iell A: purified enzyme.

Well B: 130,000 g (average)

liver supernatant from 0 hr

refed rats.



13s



136

Figure 18. Immunoelectrophoretic pattern of
purified fatty acid synthetase and

130r000 g (average) liver super-

natant from t hr refed rats.
VüeII A: purified enzyme.

Well B: 130,000 g (average) liver
supernàtant from l_ hr refed rats.
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Figure 19. Immunoelectrophoretic pattern of

purified fatty acid synthetase

and 130r000 g (average) liver
supernatant from 3 hr refed

rats. Well A: purified enzyme.

Vüell B: l30r00O g (average)

Iiver supernatant from 3 hr

refed rats.
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Figure 20. ImmunoelecÈrophoretic pattern of
purified fatty acid synthetase

and 130r000 g (average) Iiver
supernatant from 5 hr refed rats.
Well A: purified enzyme.

Well B: 130r000 g (average)

liver supernatant from 5 hr

refed rats.
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Figure 2L. Immunoelectrophoretic pattern of
purified fatty acid synthetase

and 130r000 g (average) liver
supernatant from 24 hr refed rats.
lVell A: purified enzyme.

VÍel-1 B: 130,000 g (average)

liver supernatant from 24 hr

ref ed rats' 
,:',,,,.',.
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species is indistinguishable from purified fatty
acid synthetase. The above results indicate that
the cross-reacting material may be an inactive
enzyme precursor-possibly an apoenzyme which

lacks the 4'-phosphopantetheine group which is
known to be essential for enzyme activity.

Figure 22 represents an experiment

designed to test this possibiJ-ity. Rats \^rere

given intraperitoneal injections of an aqueous

solution containing 3tt-l.b"lled L-amino acid

mixture (80 uci) and D-(f-laC) pantothenic acid
(40 uCi) at appropriate times after refeeding

following fasting. The animals \Àrere killed 1

hour later and liver homogenates were prepared

as described by Rolleston (L972). (see Materials

and Methods section) From this a particle-free
supernatant was prepared by centrifugation at
130,000 g (average) for 45 min. Immunoprecipitation

of fatty acid synthetase r^ras done by the method

of Volpe et aI (L973') , (see Materials and Methods

section) and controls for nonspecífic coprecip-

itation were done by the method of Schimke (1965)

(described in Materials and Methods sectj_on) .

. ... :._._.:;.-

'.-.:. '-:'::

: ..:. :: ::.
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Figure 22. ïncorporation of 3u-1.b"11ed. L-

amino acids and D- tr-racl pantothen-

at.e into material precipitable by

anti-fatty acid synthetase serum.

Fatty acid synthetase act,ivity in

22-388 ammonium sulfate fraction

of 130r000 g (average) supernatant

of liver ( -E-E- ) ; 3it in-

corporation int.o immunoprecipit,ate

( 
-6-0- 

) ; 14c irr.orporation

into immunoprecipitate ( 
-A-À- ) .
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Figure 22 shows that synt,hesis of the

protein portion of fatty acid synthètase commences

within I hour of feeding and relatively quickly

approaches its maximum rater ês judged by the total
radioactivity incorporated into immunochemically

isolated fatty acid synthetase. However, [14C]-

pantothenate is not incorporated at all into immuno-

chemically isolated fatty acid synthetase until
some 3 hours have elapsed from the time of feèding

the animals. Also, it is clearly shown that the

incorporation of tlaCl-pantothenate roughly parallels
the course of development of fatty acid synthetase

activity. This suggests that an apo- to holoenzyme

conversion might be taking place during adaptive

synthesis of the enzyme.

Further evidence was obt,ained to supporÈ

the implications from the aþove experiments. Two

approaches urere used to demonstrate the in vit,ro
generation of fatty acid synthetase from inactive
precursors.

The essence of the first approach is described

as follows.



148

Extracts of liver (130r000 g average) from

rats refed 0-3 hours after 48 hours starvincr r,'rere

used as a source of putative apoenzyme. oio-qor
ammonium sulphate fraction of the microsomal-free

supernatant was used. (These fractionsvnvill be

designated as AS-0, AS-1, AS-2, etc. according to

the number of hours of fat-free diet feeding after
starvation). These preparations have no endogenous

fatty acid synthetase activity.
Similarly, liver extracts from rats refed

l0-L2 hours were used as a source of the puÈ,ative

activating enzyme. Since these preparations contain

considerable amounts of enzyme activity, they were

treated with anti-fatty acid synthetase serum to

remove this activity. The two preparat,ions \^rere

then incubated with CoA, ATP or other substrates

desired and the mixture r^/as passed through a smaIl

Sephadex Gp25 column (1 x 5 cm). The protein eluate

was then assa¡red for fatty acid synthetase activity.

The generat,ion of such activity is taken as pre-

sumptive evidence for the formation of active fatty

acid synthetase complex.

Table V shows the results obtained from this

approach. One can see that enzyme activity is
generated in this system, and that the generation is

dependent on the presence of CoA, and this may be
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TABLE V

Generation of Fatty Acid Synthetase Activity

Conditions (r-lac) -Acetyl CoA
incorporated into long chain

fatty acids (p moles)

Complete

Complete minus CoA

Complete minus ATP

Complete minus ATP and CoA

Complete minus CoA + E. coli
AcP (100 u9)

92

32 .6

B7

1.9

90. B

The complete system contained: AS3 (3mg¡; AS-12
from which fatty acid synthetase activity was
removed by immunoprecipitation (1.5 mg); CoA
(I uM); ATP (0.5 mM); potassium þhosphat.e buffer

pH 7.0,0.15 M. Total volume lfãS 0.3 mI.
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replaced by E. coli ACP - which also has a

4'-phosphopantetheine prosÈ,hèüic Aroup. The

data also show that there is an ATP requirement

for the assay system. This will be discussed later.
Figure 23 demonstrat,es that the generation

of fatty acid synhhetase activity is dependent in
a linear fashion both on the amount of put,ative

apoenzyme used and on the amount of AS-12 which

presumably contains an enzyme capable of transferring
a phosphopantetheíne group from CoA (or acyl carrier
prot,ein) to a putative apoenzyme present in liver
extracts from 3 hour refed rats.

The relationship between CoA concentration

and the generation of fatty acid synthetase activity

is shown in figure 24. The relationship seems to

be typical of that expected for an enzymatic re-

action. As shown i6 figure 25, the K* for CoA

was approximately 0.57 uM.

The pH optimum for the t'activating enzyme"

$¡as found Èo be around neutrality (Figure 26),

while the optimum temperature for the enzlzme üras

37o. (Figure 27) The time dependence curve is

shown in Figure 28.
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Figure 23. Dependence of generation of

fatty acid synthetase activity

in presence of liver extracts

from (a) L2 hr refed. rats, and

(b) 3 hr refed. rats.

(a) Crude liver extract from

3 hr refed rats (3 mg) was

mixed with extract from 12

hr refed. rats as indicated.
(b) Crude liver extract from

12 hr refed rats (1.5 mg)

was mixed with extract
from 3 hr refed rats as

ind.icated.
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Figure 24. The relationship between CoA

concentratíon and the gen-

eration of fatty acid

synthetase activiÈy. The

concentrations of assay com-

ponent,s were t,he same as

described in Table V,

except that the concen-

trations of CoA were varied

as ind.icated. The conditions

for assay lrere described in

the text.
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Figure 25. A double-reciprocal plot

of the generation of fatty
acid synthetase activity
as a function of CoA

concentration.
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Dependence of generation of

fatty acid synthetase activity
on pH. The concentrations of

assay components were the

same as described in Table V,

except that the pH of AS-12

\^/ere varied as indicated.

The conditions for assay were

described in the text.

Figure 26.
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Figure 27.
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Dependence of generation of

fatty acid synthetase activity
on temperature. The concen-

trations of assay components

were the same as described

in Table V, except that the

temperatures of incubation

were varied as indicated.

The conditions for assay

\^rere described in the text.
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Dependence of generatíon of

fatty acid synthetase activity

on time. The concentrations

of assay components were the

same as described in Table V,

except that the times of in-
cubation l.irere varied as

indicated. The cond.itions

for assay r^lere described in
the text.
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The second experimental approach was as

foIIows. The liver extracts. - AS0, 493 A$.]"2r..etc.-

were incubated with coenzyme A which was labelled

with 14c in th" 4'-phosphopantetheine moiety. The

appearance of 14c in a protein bound form is taken

as evidence of the transfer of 4r-phosphopantetheine

to fatty acid synthetase precursors from CoA.

Table VI shows the data obtained by the
1A 1/l

assay of '=c-incorporation from [-=c] -CoA. As can

be seen from the table, radioacÈivity from CoA is

incorporated into protein bound forms only when

both AS-3 and ASf2 ¿re present. In addition, a

high proportion of LAc is released from the protein

bound form by aIkali treatment but not, by acid

treatment. This is consistent with our knowledge

of the nature of bond between the protein and

prosthetic group in fatty acid synthetase.

Figure 29 demonstrates that the ability of

liver extracts to catalyze hhe CoA-dependent

generation of fatty acid synthetase activity from

putative apoenzyme (AS-3) is dependent on the

length of time rats vtere refed after starvation.

Essentially, samples of AS-3 were incubated with

fractions obtaíned from different times after

refeeding, that is, from AS=0r AS-l .-..l\5=1,2tAS-24

and AS:48 - The procedure of the experiment was
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TABLE VT

rncorporation of 14" from [tn") coa into protein
Bound Form

Conditions Radioactivity in protein ppt
(d. p.m. )

Complete 390

Complete minus AS'Z 49

Complete minus AS, L2

Radioactivity released from 85

protein by acid (1 ¡¿ HCl,
1000, 1o min)

Radioactivity released 243
from protein by alkali
(pH 12 , 70o, I hr)

The Complete system contained: OS¡ (7.5 mg) ¡ ASL2
(1.5 mg) from which fatty acid synthetase \^ras

removed by immunoprecipitation; ATP (0.55 rnM);

(1n")-coA (7g5 dpm, 1.3 nmote); and potassium
phosphate buffer pH '7, 0.1 M. Total volume was

0.45 ml.
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Figure 29. Dependence of generation of
fatty acid synthetase activity

on length of refeeding follow-

ing starvation. AS-3 (1.5 mg)

was mixed with 0.5 mg of 20-402

ammonium sulfate fraction from

livers of rats refed for times

indicated.
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described earlier. It is shown from

that there is no "activating enzyme"

of rats refed 6or short periods, but

activity is present in livers of rats
longer periods.

L67

t,he figure
in livers

that the

refed for
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DÏSCUSSION

Adaptive Synthesis

About 24 hours after refeeding with fat-
free diet, Ëhe enzyme level rises some 2O-fold

compared to the 1evel observed in the beginning

of starvation. HÍcks et al (1965) showed that the

rise in the leve1 of liver fatty acid synthetase

upon refeeding can be prevented by administration

of purpmycin or actinomycin D at the beginning

of the refeeding period. Their results suggest

that, the increase in fatty acid synthetase activity
is primarily due to an íncrease in d_e- novo synthesis

of the enzyme protein and not to activation of pre-

existing enzyme. Burton et aI (1969) confirmed

this result by demonstrat.ing that the actual

amount of enzyme isolated from the livers of
fasted, normal and refed rats varied according

to the nutritional state of the animal. Various

other approaches (Craig et al 1972, Volpe et al
1973) indicate that this is due to the 'adaptive
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synthesisr of the enzyme. Since there is a lag

period of 3 to 5 hours after the onset of re-
feeding before the appearance of fatty acid

synthesizíng ability, the events occurring during

the early stages of adaptive enzyme synthesis

are of particular interest.
Two possibilities may account for this

lag period:

Firstr oo enzyme protein is synthesized,

or second, there is synthesis of closely related

or cross reacting mat,erial which has properties

very similar to those of the active enzyme but

which has no enzymatic activity. Thj-s latter
possibility is attractive since the rat liver
fat,ty acid syntheÈase has a prosthetic group -
4'-phosphopantetheine. So, it is possible that
inactive prot,ein is converted to the active enzlzme

by the incorporation of the prosthet,ic Aroup. A

somewhat similar situation in the case of acetyl-

CoA carboxylase is indicated by the work of

Majerus and Kilburn (1969) and Jacob et al (1970),

in which it was shown that animals fed a biotin
deficient diet accumulated apo-acetyl CoA

carboxylase and that administration cöf biot,in led

to the formation of the holoenzyme.

.t: :,
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The data presented in Table IV and

Figure 30 i-ndicate the presence of material
closely related to fatty acid synÈhetase prior
to the appearance of fatty acid synthet,ase

activity. Imnunoelectrophoresis of l3O,OO0 g

(average) liver supernatants from all stages

of adaptive synthesis showed that there is only

one species of material cross reacting with anti-
fatty acid synthetase serum, and that this species

is indist,inguishable from purified fatty acid

synthetase by this technique. From our experimental

evidence, this appears to be an apoenzyme. Earlier
reports from Eweto and Larrabee (1972) and Craig

et a1 (1972) have support,ed the possible existence

of apo-6aü,py acid synthetase.

The results from the tlaCl-pantothenate and
3tt-1.b"1led amino acid incorporation experj-ment

(Figure 16) further support this possibility.
The incorporation of tlaCl-pantothenate by the

liver follows a similar course to that of enzyme

act,ivity, r,,rhereas the incorporation of 3U-

labelled amino acids into material precipitable
by anti-fatty acid synthetase serum follows a

different path. This can be explained by the
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assumption that inactive but cross-reacting material
is being synthesized in very early stage of
adaptive synthesis, and that is why there is only
negligible activity detect,ed here. The appearance

of enzyme activity later represents the step in
which the inactíve precursors are converted to
active enzyme by the incorporation of the 4t-
phosphopantetheine group.'

The experiments on the in vitro generation

of fatty acid synthetase activity from inactive
precursors further supports the "holo-apo-enzyme"

relationship between fatty acid synthetase and its
biosynthetic precursors. This system seems to be

mediated by an enzyme which is capable of trans-
ferring a phosphopantetheine group to putative apo-

fatty acid synthetase, From the results shown in
Table V, fatty acid synthetase activity is
generated when AS-3 (as a source of puÈative

apoenzyme) and. AS-12 (as a source of "activating
enzyme") are incubated together in the presence

of CoA. In addition, CoA can be replaced by E. coli
acyl carrier protein which also has a 4'-phospho-

pantetheine prosthet,ic aroup. The observation that
the amount öf fatty acid synthetase activity in-

tS"" appended material overleaf.



Appended Material

Another process which might form a
part of the overall process of conversion of
inactive material to active fatty acid synth-

etase, is that of proteolysis of a prcursor.

This sort of process is known to take place in
several systems, for example, Steiner and Oyer

(1967) showed that insulin was_ formed from a

single chain precursor of larger size than ins-
uIín by proteolysis. This"large" precursor is
known as "proinsulin". Recent work by Russell

and Geller(1973) indícated the presence in rat
liver microsomes of an albumin-like molecule

(pro-albumin), which v¡as proteolytically clea-
ved forming albumin. The possibility of opera-

tion of a similar mechanism obviously exists
in the case of fatty acíd synthetase. However,

if such a mechanism is operative ; it must be

only a part of the overall process, since there

is no doubt that the production of active fatty
acid synthetase involves the incorporation of
4r-phosphpantetheine into the active form of
fatty acid synthetase.

References:

Russell J.H. & Geller, D.M. (1973) Biochem. Biophys.
Res. Comm. Ð_, 239-245 .

Steiner, D.F.& Oyer, P.E"(L967) Proc. Nat. Acad.
Sci. U.S. 57, 473.
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creased in a linear fashion either when increasing
amount of putat,ive apoenzyme or increasing amount

<r ,,1of activating enzyme was added supports that an

enzyme system as mentioned above is involved.
Furthermore, the relationship between coA concen-

tration and the generation of fatty acid
synthetase activity foll_ows a Michaelis-Menten

pattern which seems to be typical of that expect,ed

for an enzymatic reactj_on.

As can be seen from Table V, the generation

of fatty acid synthetase activity is affected by

the presence of ATP. Ìühile ATp is not an absolute

requirement, it does seem t.o affect the response

of the assay system to CoA. lVe have been unable

to clarify the reason for this phenomenon, but

the recent observat,ion that activity of acetyl-
CoA carboxylase can be altered in vitr-o by

phosphorylation-deptrosphorylation suggest the

possibility that this "fat,ty acid synthetase

activating enzyme" may also be regulated in this
manner.

Figure 29 shows that, the ability of liver
extracts to catalyze the CoA dependent generation

of fatty acid synthetase activity from putative
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apoenz]¡me is dependent on the length of time rats

were refed after starvation. This ability does

not appear in liver until 3 hours after onset

of refeed.ing, rises to maximum about L2 hours,

and declines slightly thereafter. This is in ex-

cellent agreement with the time course of in vivo

incorporation of tlacl-pantothenate in fatty

acid synthetase, and of the development of liver

fatty acid synthetase. act.ivity during adaptive

synthesis (Yu and Burton 1974).

Radioactivity was incorporated into

protein bound form when 493ì, As12 .rrd l4c-coA

labelled in the pantothenate moiety were incubated

together. A high proportion of radioactivity is

released by alkali treatment but noÈ wiÈh acid

seems to be consistent with the nature of the

bond between protein and prosthetic aroup in fatty

acid. synthetase.

The regulat,ion of mammalian lipid synthesis

seèms to be quite complicated. IÈ has been

shown that in diabetic animals the hepatic fatty

acid synthetase is markedly decreased (Gibson and

Hubbard 1960) and that this is caused by a
diminution in synthesis of the enzyme (Lakshmanan

et aI L972). They have also demonstrated that
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the synthesis of fatty acid synthetase in rat
liver j-s stimulated by insulin and inhibited by

glucagon and cAlr{p, and they have suggested that,

the insulin effect may be mediated by changes

in the intracell-ular concentration of cAlr{p.

cAI4P and dibutyryl cAMp have been shown

to inhibit lipid synthesis in liver slices from

rats (Allred and Roehrig 1972, Tepperman and

Tepperman 7972, Bricker and Levey Ig72) and

chickens (Allred and Roehrig 1972, Lg73) .

Evidence indicates that, a major portion of the

inhibition of lipogenesis is attributable to
inhibit,ion of acetyl-CoA carboxylase (Allred
and Roehrig L973, Carlson and Kim Lg73). They

suggested that acetyl-CoA carboxylase might be

one of those enzymes which can be interconverted
from an active to an inactive form b1z phosphory-

lation-dephosphorylation reactions which are cAlrtp-

dependent. Recently, Carlson and Kim (L974a)

reported that the activation of rat liver acetyl-
CoA carboxylase by ¡¿g*+, accompanied by the

release of protein-bound t', , r^ras antagonistic
t,o inactivation of t,heeenzyme by ATp. They also

observed that the more active and the less active
forms of carboxylase showed significant differences
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i-n response to several key metabolit,es. Low cou-

centrations of citrate were required to act,ivate

the more active form while the less aative form

was more strongly inhibited by palmityl CoA,

avidj-n and ATP (Carlson and Kim I974b).

Nepokroeff et al (I974) recently demonstrated

that insulin ís obligatory for the coordinate in-
duction of the lipogenic enzymes - fatty acid

synthetase, citrate cleavage enzyme, acetyl-CoA

carboxylase, malic enzyme, 6-phosphogluconate

dehydrogenase, glucose-6-phosphate dehydrogenase-

during the feeding of a fat-free diet. to previously

fasted rats. These obse::vations indicaÊe the

complexity of the problem of the control of fatty
acid synthesis. The incorporation of pantothenate

into fatty acid slznthetase could represent another

facet of this problem. This is somewhaÈ, similar
to the apo-acetyl-CoA carboxylase which has been

mentÍoned before. In the presence of the prosthetic

group and activating enzyme, holoenzyme is formed.

In the absence of prosthetic group or activating
enzyme, only the inactive apoenzyme is synthesized.
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PART TIT

SUBCELLUT,AR STTE OF SYNTHESTS OF FATTY

ACID SYNTHETASE

RESULTS AND DTSCUSSION

Fatty acid synthetase is a soluble enzyme

which is normally isolated in the cell sâp, but

is presumably synthesized on ribosomes. When

enzyme synthesis is greatly acclerated during t,he

process of adaptive synthesís, fatty acid synÈhetase,

(or its inactive precursors) might be expected to be
; : :r:,r¡r:ri_ -:,,:

associated with the microsomal fraction. Figure 30 "..',1.,,-¡1:1

represents an experiment performed t,o tesÈ this l', 1-', 
-

possibility. Livers vTere homogenized in 5 volume 
ji r:r:

of 0.25 M sucrose, and the homogenate was centrifuged

at 14t000 g (average) for 10 min. The.supernatant 
,...:.,::1.,r¡j

r,tras fractionated into microsomal and cell sap ""-"-":'

fractions by centrifugation at 130r000 g (average)

for 90 min. The microsomal pellet was resuspended



i,:

L77

in 0.15 M NaCl to a final volume of ü0 ml. Re-

suspended microsomal fraction (0.5 ml) or a

volume of cell sap varying from 20 to 200 ul
according to time after refeedíng, was mixed with

30 pg human serum albumin and excess rabbit anti-

human albumin serum. The reaction mixture also

contained 0.15 M NaCl, 1 mM NaNa, and 5Z Dextran

I'70 (Pharmacía) in a final voLume of 5 ml. After

incubation for 45 min at gg8c and overnight at Aoc,

precipj-tated material was removed by centrifugation.

The supernatant was again treated with human

albumin as above. To the supernatant from this

second precipitation was added 100 uI of anti-fatty

acid synthetase serum, and after incubation as

described above, the precipitated protein was

quantitated.

Figure 30 shows that there is a large

increase in the level of immunoprecipitable

material in the cell sap fraction while there is

no such increase ín the microsomal fraction, over

the 48 hr period of redeeding following starvation.

To further investigate the subcellular sit'e

of fatty acid synthetase' the gxperiment illustrated

in figure 31 was performed. The experimental approach

was to admínj.ister 14c-1.rr.irr" ín an 8-minuÈe pulse
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Figure 30. Quantitatiie immunoprecipitation

of fatty acid synthetase from

the microsomal and cell sap

fractions of livers of rats
as a function of time aft,er

feeding a fat-free diet
following fasting.
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to a rat which had been Eed a fat-free diet for
10 hours following fasting and was synthesizing

fatty acid synthetase rapidly. Subcellular

f ractions Ì^¡ere prepared from the liver, and

subjected to analysis by double diffusion and

radioautography as described in the MaÈerials

and Methods section.

The results from this experiment showed

that there is neither cross react,ion nor radio-

activity detected by radioautography from the

nuclear and mitochondrial fractions. Againr âs

can be seen from Fígure 31, there is no cross

reaction from the smooth and rough endoplasmic

reticulum fract,j-on and the precipitin lines and

radioactivity are detected only in cell sap and

free ribosome fractions of the ceII. Therefore

fatty acid synthetase is apparently synthesized

specifically on free ribosomes and is released

diæectly into cytoplasm.
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Figure 3t. Double-dif fusion analysis

and. radioautography of
extracts of subcellular

fractions of liver from

rats which were pulse

labelled with (14c) leucine.

Upper portion, double dif-¡
fusion; lower portion,
radioautogram. VüeI1 2,

extract of smooth endoplasmic

reticulum; Vüell 4, cell sap;

üIell 6, extract of rough endo-

plasmic reticulum; V,IelI 8,

extract of f ree rj-bosomes;

hle1ls 1, 3, 5, 7, and 9,

purified fatty acid synthetase.

All wells in the lower row

contained anti-fatty acid

synthetase serum.



IB2

':;-



183

DTSCUSSION

Subcellular site of synthesis

The liver cell contains two populations

of ribosomes, one attached to the membranes of

endoplasmic ret,iculum and the other free in

cytoplasm. The membrane bound and free ribosomes

are thought to be functionally dist,inct. The

former seem to be active in the bioslznthesis of

proteins to be secreted by the cell and the latter

in the biosynthesis of intracellular protein.

Early biochemical support for this hypothesis

was provided b1r studies on the pancreas. SiekeviLz

and Palade (1960) showed that radioactive cr-chymo-

trypsinogen \^las bound to attached ribosomes of

pancreas rather than to free ribosomes, at 1 min

after an intravenous injection of a radioactive

amino acid into a guinea pig. Peters (1962)

showed that st,udies in in vivo of albumin synthesis

in rat liver had indicated that the newl1z formed

albumin fírst appeared in the deoxycholate

soluble extracts of the rough endoplasmic reticulum.

This implies that it was being synthesized on

attached ribosomes. Redman (1969) showed that
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attached ribosome make about 7 times more

secretory proteins than do free ribosomes. It
has been noted that cells which are activety
engaged in protein synthesis and secretion have

larger numbers of attached ríbosomes than cells
which are engaged for the most part i-n making

proteins for thej-r own use. The rat liver fatty
acid synthetase, a nonexportabie protein, is
expected to be synthesized by the free ribosomes.

The experj-ments reported in Figure 31, which shows

that the enzyme appears to be synthesized on non-

membrane-bound polysomes, are in agreement wiÈh

this generalization. This finding indicates that
the enzyme is released directly into Èhe cyÈoplasm

from its site of synthesis.

These fj-ndings raise the question as to how

polysomes that are programmed for making secretory

protei"ns can recognj'ze and be attached to the

endoplasmic reticulum while free polysomes which

are making nonexportable protein, remain free in
cytoplasm. Two models were presented (Redman

1969). Fírst the messenger RNA for secretory

protein is on the membrane, and therefore rib-
osomes bound to it have to make secretory protein.
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The second alternative implies that a polysome,

scheduled to make secretory protein, is pre-

assembled in the cytoplasm. This polysome then 
l

proceeds to make secretory proteins before it is
attached to endoplasmic reticulum membrane, but

needs the membrane in order to complete the

secretory protein. The observations made by

Blobel and Potter (1967), Wilson et aI (Lg67) and ,

Sabatini et al (1960) seem to favor the first.
model.
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PART IV

ATTEMPTED DISSOCTATTON OF RAT LIVER FATTY

J\CTD SYNTHETASE COMPLEX

RESULTS A}üD DTSCUSSION

Yang et al (L967) dissociated the pigeon

liver fatty acid synthetase by treatment with
phenol-acetic acid-urea and subjected it to

electrophoresis on potryacrylamide gels. Since

about eight bands vrere visible, a multienzyme.

complex comprísing at least eight subunit,s was

suspected. In the presence of low ionic strength

buffers, the pigeon liver fatty acid synthetase

complex raias inactivated and dissociated into half-
molecular weight subunits (Kumar et al I970a).

However, further dissociation of the fatty acid

èynthetase complexes to active component enzymes

has not yet been achieved. Thus, a number of

dissociating agents have been employed in attempting

complete or partial dissociation of the rat liver

fatty acid synthetase.
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Succinylation and. maleylation have been

used widely in dissociation of enzymes into sub-

units. The reversible blocking of amino groups

with succinic and maleic anhydride introduces

negative charges into protein molecules which may

be dissociated through electrostatic repulsion.
Potassium permanganate was chosen for trial

as a dissociating agent since permanganate, a

structural analogue of the phosphate ion, may lead

to modification of the enzyme complex by oxidation
of functional groups in or near the phosphat.e

binding sites of the protein. This could tead

to dissociation.
D ioxane is -an=estab,jlislhed "dissociating" agent for
proteins (Churchich and lfold 1963). Sanwa1 et, aI
(1966) observed that phosphoenolpyruvate carboxylase

from Salmonella typhimurium was completely "d.esen-

sitized" to the action of the allosteric effectors,
aspartate and fnuctose-I, 6-diphosphate, in the

presence of dioxane.

Sanwal et aI (1966) also observed that
spermidine activated the phosphoenolpyruvate

carboxylase. There is a possibility that the

activation of the enzyrne is brought about by the

dissociation of the enzyme subunits or some other

conformational changes in iÈs structure.
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(i:) 9ug_cinylation

Purified rat liver fatty acid synthetase

(10 mg/ml) was dialyzed against Tris-glycine
buffer (5 mltt Tris, 35 mM glycine, 1 mM EDTA) pH

8.4 for 36 hr. 5 mE of solid succínic anhydride

v/as added to I ml of enzyme solution (50 ml,t

succj-nic anhydride). This was done under pH con-

trolled condítions and the reaction was allowed

to proceed for I hr at Oo. The reaction mixture

htas then dialyzed agaj-nst Trís-glycine buffer
(concentration and pH same as above) overnight.

Velöcity sedimentation of the succinylated enzyme

r,tras carried ouÈ in a Spinco Mode1 E ultracentrifuge.
The schlieren pattern is shown in figure 32.

This same mixture was then dialyzed against

Tris-glycine buffer (5 ml¡ Tris, 35 mM glycine and

1 mM EDTA) pH 8.4 with 1 M potassium chloride
overnight at 40. The purpose of addi-ng potassium

chloride was to neutralize the charges created by

succinic anhydride on the protein molecules. This

preparation was again analyzed in the ultracentrifuge.
As can be seen from figure 33, polydispersion resulted.
The S20w of the visible peak was calculated to be 9.25.

This is probably the half-molecular weight subunit

found in the previous experiment when the rat liver
fatty acid syntheta€e was dialyzed with Tris-glycine
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F:lgure 32. Sedimentation pattern of
succinylated. rat liver fatty
acid synthetase. The medium

contained 40 mM Tris-glycine
buffer and 50 mt4 succinic

anhydride. Measurements

were made at 2Oo. The rotor
speed was 60'OOO rpm. photo-

graphs were made at 16-

minute intervals.
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Figure 33. Sedimentation pattern of

succinylated rat liver fatty

acid synthetase. Measurements

hrere made at 2Oo in a medium

containing 40 mM Tris-glycine

bufferandlMpotassium

chlorÍde. The rotor speed

\^ras 60r000 rpm. Photographs

were made at 4-minute

intervals.



l-92



193

buffer. Similar results were obt,ained usinq 25 mM

and 100 mM succinic anhydride.

(ii) Maleylation

Similar experiments were performed using

maleic anhydride. Purified rat liver fatty synthetase

(10 mg/mI) Ì^tas dialyzed against Tris-glycine buffer
(5 ml,t Tris, 35 mM glycine, l mM EDTA) pH 8.4 for

36 hr. 100 mg of maleic anhydride was dissolved in

acetone and. 10 ul of this preparation was added to

1 ml of enzlrme solution (10 mM maleic anhydride) .

This was done under pH controlled conditions and the

reaction was allowed to proceed for I hr at Oo. The

reaction mixture was then dialyzed against 40 mM

Tris-glycine buffer pH 8.4 overnighÈ and velocity

sedimentation of the 'maleylated enzyme was carried

out in a Spinco Model E ultracentrifuge. The

sedimentation pattern (Figure 34) is very similar

to that of figure 32.

This mixture was then dialyzed against 40 mM

Tris-glycine buffer with 1 M potassium chloride

overnight at 4o. The schlieren pattern of this is

shown in figure 35. This is again similar to t,he

polydispersed pattern bbtained from succinylation.
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Figure 34. Sedimentation pattern of

maleylated rat liver fatty

acid synthetase. Measure-

ments ürere made at 2Oo in a

medium containing 40 mM

Tris-glycine buffer and.

10 mM maleic anhydride.

The rotor speed was 601000

rpm. Photographs were made

at 16 minut,e intervals.
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Sedimentation pattern of

maleylated rat liver fatty

acid synthetase. Measurements

vrrere made at 2Oo in a medium

containing 40 mM Tris-glycine

bufferandlMpotassium

chloride. The rotor speed

v/as 60,000 rpm. Photographs

\^¡ere made at 4-minute intervals.

L96

Figure 35.
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(iii) Potassi-um permanganate

Purified enzyme (5 mgrlml) was dialyzed

against 0.5 M potassium phosphate pH 7.0 without

dithiothreitol or EDTA. Portions(0.1 ml) of the

enzyme were treated with quantities of permanganate

ranging from 10 micromolar to one millimolar of

MrrO. . The mixture was incubated for 15 mins at
4

room temperature and 50 ul of each was added to

0.45 ml of 0.5 14 potassium phosphate buffer pH 7.0

with 10 mM ß-mercaptoethanol and I mM EDTA. This

was again incubated for 10 mins at 37o- 0.1 mI of

this preparation was assayed for: enzyme activity'

An identical experiment was performed using

fatLy acid synthetase which had been dialyzed. against

o. 2 M rlmidazole-HCl. Figure 36 shows the stoichio-

metry of inactivation of fat'ty acid synthetase by

potassium permanganate. As can be seen from the

figure, a rapid loss of enzlrme activity accompanied

the presence of increasing amounts of potassium

permanganate. Figure 37 shows a plot of the enz]¡me

activíty versus the number of moles of Mn04 Per

mole of fatty acid synthetase. Extrapolation of the

linear portions of the curves produced a line which

inlersects the abscissa at 7 moles of potassium

permangana.te per mole of enzlrrne for imidazole-HCl

and 23 moles of permanganate per mole of enzyme for
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Figure 36. Stoichiometry of inactivation
of rat liver fatty acid syn-

thetase by potassium per-

manganate.

KPi, potassium phosphate

IMH, Inidazole-HCL
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Figure 37. A plot of the rat. liver fatty

acid synthetase act,ivity
versus the number of moles

of permanganate per mole of
fatty acid synthetase.

KPi, potassium phosphate

Il4H, ïmidazole-HCl

FAS, rat liver fatty acid

synthetase
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0.5 M potassium phosphate. From the sedimentation

velocity studies, potassium permanganate fails to
dissociaÈe the enzyme beyond the half-molecular weight

subunits.

(iv) Dioxane

Plfrified enzlzme (6 mg/ml-) was dialyzed with
0.1 M poÈassium phosphate pH 7.0 overnight. Dioxane

was added such that the fínaI concentration wás 10å.

The mixture $/as then analyzed in a Spinco Model E

ultracentrifuge and the sedimentation pattern is
shown in figure 38. The polydispersed pat,tern was

obtained and thi-s is similar to the results from

succinylation and maleylation experiments.

(v) Spermine

Purified enzyme (6 mg/mJ-) was dialyzed with
0.5 M potassium phosphate pH 7.0. Sp"rmine was then

adcled such that the final concentration was I mM.

Velocity sedímentation was carried out in analytical
ultracentrifuge and the schlieren pattern is shown

in f igure 39. Tt appears t,hat spermine hps no

ef fect on the enz]¡me. At the same time, the

spermine-treated enzyme was assayed for activity.
No significant inhibitíon was detected.
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Figure 38. Sedimentation pattern of puritiea

rat liver fatty acid synthetase

with 103 dioxane. Measurements

r4rere made at 2Oo. The rotor
speed was 60,000 rpm. Photo-

graphs r'irere made at 8-minute

intervals.
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Figure 39. Sedimentation pattern of .'..,.,

purified. rat liver fatty .:,::.:,::.,:
.:,..,-,.,:r:

acid synthetase with 1 mM

spermine. Measurements

were made at 2Oo in a medium

containing 0.5 M potassium

phosphate and I mM spermine.

The rotor speed was 601000

rpm. Photographs were made

at 8-minute intervals.
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(vi) Sodium dod.ecyl suI{ate

Purified rat liver fatty acid synthetase

(5 mg/ml) was dialyzed against 0.1 U SDS and

0.18 ß-mercaptoethanol overnight at 40. The

enzyme solution was then placed in a boiling
water bath for 5 min after which the enzyme !Ìras

subjected to polyacrylamide gel electrophoresis.

The result is shown in Figure 40.

As can be seen from the figure, a large

number of bands are observed. This may be due

to aggregation of various protein species. So,

this method of dissociation of the enzyme complex

does not appear very promising.

''l .: ,'
';. ::.) .:
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Figure 40. Disc gel electrophoresis

of rat liver fatty acid

synthetase treated with SDS.
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DÏSCUSSÏON

The methods of dissociation of enzymes by

succinylation and maleylation have been employed

with quite a number of systems. Succinic and

maleic anhydride are known to react with amino

groups of proteins. Because of the introduction

of negatíve charges into the protein, electro-
static repulsion may be able to cause the separation

:ìi. i :'t.:.

of subunits of a protein.

The reaction of maleic anhydride

amino group of a protein is depicted as
o
//

- C-O _>

-c,'o

Protein-NHZ+ HC

ll
HC

with an

follows:
HOttl

Protein-N-C-C"
ll
CH

ooc

However, the experiments with succinic and

maleic anhydrides have yielded little success with

the rat liver fatty acid synthetase. Polydispersed

patü,erns were obtaj-ned from the sedimentation

velocity experiments. No discrete peaks can be

observed.
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As indicated in fig.ure 36, a rapid loss of
the enzyme activity occurred when stoichiometric
amounts of permanganate and enzymes are used.

This is likely due to the oxidation of thiol
groups to sulfonate groups by permanganate. Thiol
groups have been shown to be important for the

activíty of the fatty acid synthetase since they

are sites for covalent binding of acyl groups.

From the extrapolat,ion of the curves, 7

moles of potassium permanganate were reguired for
modification of functional groups with consequent

inact,ivation of the enzyme which was in 0.2 M

imidazole-HCl, while 23 moles of permanganate

were required when the enzyme was in 0.5 M

potassium phosphate. Such a differencenmay be

due to the observation that potassi-um permanganate,

a structural analogue of phosphate ions, competes

with phosphate for the functional sites.
Oxidation of a thiol group to a sulfonic

acid group requires the removal of 6 electrons by

the exidízing agent. Since reduction of a per-

manganate ion to manganese dioxide consumes 3

electrons, 7 permanganate ion will consume 2L

electrons. This roughly equals to Èhe oxidation

of 3 thiol groups (for the enzyme in 0.2 M imidazole-
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HCl buffer) r and 11 thiol groups (for the enzyme

in 0.5 M potassium phosphate buffer).
However, from the sedimentation velocity ,,,,,:,

studies, potassium permanganate fails to dissociate

the enzyme beyond the half-molecular weight sub-

units 
.l

The use of dioxane and spermine had met 
'"
; _..,-

with little success. ',,',

The dissociation of fatty acid synthetase

complexes into individual enzymatically active

subunits has not yet been achieved. Hor,irever,

Lornitzo et al (1974) recently separated the two

non-identical subunits from the pigeon liver fatty
acid synthetase by means of affinity chromatography.

They further dissociated the acyl carrier protein

from one of the halves by the same technique 
j,;_,a,,

(Qureshi et a1 L974). Thus, affinity chromatography "
:';': 

^' "appears to be the most promising technique for the ,,,,

dissociation of the complexes into subunits.

':aì
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CONCLUSION

The kinetics of binding of NADPH to the

rat liver fatty acid synthetase have been studied

using the technique of stopped-flow fluorescence

enhancement. We observed that it is thecchange

in the rate constant for dissociation of the

enzyme-NADPH complex, and not the rate constant

for the association reaction, which accounts for
the variation in dissociation constants (Kd)

values exhibited by both pairs of binding sites.
The binding of NADPH üo the enzyme may lead to

change in conformation of the NADPH-binding sites.
As a result of this, the rate constants for the

dissociation reactions vary. At present, little
is known about the interaction between subunits

in the fat,ty acid synthetase complex. Many of
the questions about the quarternary structure of

the fatty acid synthetase and the arrangement of
individual units making up the complex, may be

answered when the dôssoci-ation of the enzvme

into active subunits is achieved.
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The process of adaptive synthesis of

fatty acid synthetase in response to a situation
of nutrit,ional stress has been investigated. The

experimental data presented supports the notion

that one important step in the adaptive synthesis

of fatty acid pynthetase is the conversi-on of an

inactive apoenzyme to an active holoenzyme. The

conversion seems to be catalyzed by an enzyme,

which can transfer 'a 4'-phosphopantetheine from

CoA or other donors, to the putative apo-fatty

acid synthetase. The incorporation of pantothenate

into fat,ty acid synthetase eould further indicate

the complexity of the problem of the control of

fatty acid synthesis. Previous work (Lakshmanan

et aI L972, Allred and Kim :.-973) has indicated

that insulin, glucagon, cyclic AI\4P, and phosphory-

lation-dephosphorylation may be involved. The

role of this ract,ivating enzyme'in the problem of

control may be elucidated when the enzyme and the

inactive precursors are purified.
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