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ABSTRACT 

The major f a t t y  a c i d s  of G a l l e r i a  me l lone l l a  ( L . )  

( ~ e p i d 0 p t e r a : P y r a l i d a e )  were found t o  be c 14:O ( m y r i s t i c  

o r  t e t r adecano ic  a c i d ) ,  0.3%; C 16:O ( p a l m i t i c  o r  hexadecanoic 

a c i d ) ,  38.0•‹/,; C 16:1, 4.7%; C 18:O ( s t e a r i c  o r  octadecanoic 

a c i d ) ,  0.8%; C 18:1, 49.8%; C 18:2, 6.4%. Af te r  i n j e c t i o n  

of 14c-1-acetate,  f o r  s h o r t  exposure pe r iods ,  a c t i v i t y  appeared 

s o l e l y  i n  octadecanoic and 9-octadecenoic a c i d s .  The form- 

a t i o n  of  octadecanoic a c i d  was due t o  e longat ion  of  hexa- 

decanoic a c i d ,  and t h e  f r a c t i o n a l  turnover  r a t e  f o r  t h i s  

-6 
r e a c t i o n  was c a l c u l a t e d  t o  be 7.76 x 10  / minute.   or mat ion 

of 9-octadecenoic ac id  was by d e s a t u r a t i o n  of  octadecanoic 

a c i d ,  and t h e  f r a c t i o n a l  turnover  r a t e  f o r  t h i s  r e a c t i o n  was 

c a l c u l a t e d  t o  be 1.9 x  10-~/minute .  The h a l f l i v e s  w e r e  C 18-0 ,  

4  7  
8 -93  x  10  minutes;  C 18:l ( 9 ) ,  3.65 x  10  minutes;  and t h e  

5  turnover  t imes ,  C 18:0, 1 - 2 9  x  10 minutes;  C 1 8 : l  ( 9 ) ,  

7 
5.26 x  10 minutes.  The turnover  f l u x e s  w e r e  c a l c u l a t e d  t o  

mg/minute. No evidence of  de  novo s y n t h e s i s  was found u n t i l  -- 
a f t e r  4  hours exposure. 

iii 



PREFACE 

I n  1967, Bracken and Barlow repor ted  i n  t h e  

canadian Journal* of Zoology (45:  57-61) t h a t  t h e  p a r a s i t i c  

~chneumonid wasp, Exer i s t e s  comstockii  (Cress . )  d u p l i c a t e s  

t h e  f a t t y  a c i d  p a t t e r n  of i t s  h o s t .  It  was l a t e r  shown t h a t  

another  Ichneumonid p a r a s i t e ,  I t o p l e c t i s  c o n q u i s i t o r  ( S a y ) ,  

e x h i b i t s  a  s i m i l a r  r e l a t i o n s h i p  a s  - E.  comstockii  (Thompson 

and B ~ ~ O W  1970 unpublished r e s u l t s ) .  This  was c o n t r a r y  t o  

previous s t u d i e s ,  which demonstrated t h a t  most i n s e c t s  r e t a i n  

d e f i n i t e  c h a r a c t e r i s t i c s  o f  t h e i r  f a t t y  ac id  p a t t e r n s ,  regard-  

l e s s  o f  t h e  f a t t y  ac id  composition of  t h e i r  d i e t s  (Barlow 

1964, Yendol 1970).  

Af te r  t h e  i n i t i a l  s t u d i e s  on t h e  Ichneumonid 

p a r a s i t e s  w e r e  completed, experiments w e r e  conducted t o  s tudy 

t h i s  phemonema f u r t h e r ,  and t h e  mechanisms r e s p o n s i b l e  f o r  t h e  

p a r a s i t e ' s  dup l i ca ted  p a t t e r n .  Host t r a n s f e r  experiments ( i . e .  

t r a n s f e r  of  2nd i n s t a r  E .  comstockii  t o  a new h o s t  of d i f f e r e n t  

14 spec ies ,  f o r  complete development),  involv ing  C-1-acetate 

i n j e c t i o n s  ind ica ted  t h a t  t h e  two h o s t s ,  L u c i l i a  s e r i c a t a  

( ~ e i g e n )  and G a l l e r i a  me l lone l l a  ( L . ) ,  synthes ized  f a t t y  a c i d s  

at d i f f e r e n t  r a t e s ,  and t h a t  t h e  p a r a s i t e  syn thes izes  f a t t y  

a c i d s  a t  t h e  same r a t e  a s  t h e  h o s t  upon which it i s  rea red  

(Barlow and Bracken 1969 unpublished r e s u l t s ) .  However, s i n c e  



very l i t t l e  was known about t h e  f a t t y  ac id  metabolism of  t h e  

hosts themselves, ,  a  s tudy of t h e s e  h o s t s  appeared t o  be t h e  

next step. 

s i n c e  I was i n t e r e s t e d  i n  t h e  s y n t h e t i c  pathways 

f o r  f a t t y  a c i d s ,  and t h e  p o s s i b i l i t y  of  s tudying  incorpora t ion  

curves and r e a c t i o n  r a t e s  i n  vivo,  I undertook t o  s tudy f a t t y  -- 

ac id  metabolism i n  - G. mel lone l l a .  
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INTRODUCTION 

Biochemical studiesbwith insects have indicated 

that these have similar synthetic pathways for saturated and 

monounsaturated fatty acids as higher animals. Zebe and 

~cShan (1959) first demonstrated the presence of the -- de novo 

14 
synthetic pathway. After injection of C-acetate into 

prodenia eridania activity appeared in palmitic, oleic, 

myristic and lauric acids. The syntheses required malonate, 

ATP, coenzyme A and glutathione. This pathway was later iso- 

lated and further characterized by Tietz (1961) in Locusta 

miqratoria. In both cases, a significant amount of acetate 

was incorporated into fatty acids when malonate was omitted 

from the preparation, indicating the simultaneous occurrence 

of elongation, 

Bade (1964) first demonstrated the formation of a 

monounsaturated fatty acid by direct desaturation of the cor- 

responding saturate. Labelled stearic acid was converted to 

correspondingly labelled oleic acid, in Eurycotis floridana. 

Similar results were obtained with Bombyx mori (Sridhara and 

Bhat 1965). Labelling patterns, consistent with those in the 

studies just described, were also obtained with Anthonornus 

qrandis (Lambremont, Stein and Bennett 1965), and Hyalophora 

cecropia (Stephen and Gilbert 1969). In all these studies 

either no activity or trace amounts were detected in polyun- 

saturates. 



It is evident from previous studies that little 

quantitative information on fatty acid synthesis and turn- 

* over in insects is available. Few researchers have attempted 

to analyze specific activities, fractional turnover rates 

or compartmentation. The purpose of these experiments was 

to study some aspects of fatty acid synthesis in vivo in 

G. mellonella: 1) to elucidate the mechanisms of fatty - 
acid synthesis in - G .  mellonella, 2) to determine fractional 

turnover rates and 3) to study some effects of physiological 

'14 compartmentation on incorporation of C-1-acetate. 
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LITERATURE REVIEW 

Since t h e  ma jo r i ty  o f  s t u d i e s  on f a t t y  a c i d  syn- 

t h e s i s  have been c a r r i e d  ou t  bn microorganisms and h igher  

animals,  it is e s s e n t i a l  t o  d e s c r i b e  t h i s  work, i n  o rde r  t o  

understand t h e  p r i n c i p l e s  of f a t t y  ac id  s y n t h e s i s  and t o s e e  

how t h i s  work i s  appl ied  t o  i n s e c t s .  

I n  1904, Knoop f i r s t  o u t l i n e d  t h e  p ox ida t ion  

scheme f o r  f a t t y  a c i d  ox ida t ion .  Dakin (1923) confirmed t h e  

presence of  Knoop's scheme, and attempted t o  account f o r  t h e  

ketone compound "by-products " . MacKay, Wick and Barnum ( 1940) 

solved t h i s  problem by proposing t h e  p oxidation-condensation 

scheme. ~ e l o i r  and Munoz (1939) f i r s t  observed f a t t y  a c i d  

ox ida t ion  i n  c e l l  f r e e  p r e p a r a t i o n s  of guinea p i g  l i v e r ,  allow- 

i n g  i d e n t i f i c a t i o n  and c h a r a c t e r i z a t i o n  of t h e  i n d i v i d u a l  

enzymatic r e a c t i o n s .  I n  1951, Lynen and Reicher t  i d e n t i f i e d  

t h e  s t r u c t u r e  o f  Knoop's a c t i v a t e d  f a t t y  a c i d s  a s  A-acyl der -  

i v a t i v e s  of coenzyme A ,  accounting f o r  t h e  f a c t  t h a t  none o f  

t h e  proposed in te rmedia tes  o f  f~ ox ida t idn  could be d e t e c t e d .  

Such were t h e  key s t e p s  i n  t h e  e l u c i d a t i o n  of  t h e  fJ ox ida t ion  

scheme. The pathway can be  summarized a s  fol lows:  f a t t y  a c i d s  

a r e  converted t o  t h e i r  acyl-Co A d e r i v a t i v e s ,  followed by 

ox ida t ion  t o  t h e  a p unsa tu ra ted  forms; t h e s e  undergo hydra- 

t i o n  and ox ida t ion  t o  t h e  corresponding p k e t o  d e r i v a t i v e s ,  

a f t e r  which, t h i o l y t i c  c leavage  y i e l d s  one a c e t y l  Co A u n i t ,  

and t h e  a c y l  Co A d e r i v a t i v e  minus two carbon u n i t s .  The 

scheme can be i l l u s t r a t e d  a s  fol lows:  



) CH CH COSCoA 
n-1 2 2 

hiophora e E FAD /-\ FADHdAcyl dehydrogenase 

COSCoA R CO 
1 1 2  CH (CH QI ) CH=CHCOSCoA 

3 2 2 n - 1  

CH (CH CH ) CHOHCH COSCoA 
3 2 2 n - 1  2 ~ ~ : i  .-OH Acyl dehydrogenase ( 4 )  

NADH H 

CH (CH CH ) COCH COSCoA 
3 2 2 n - 1  2 - CH COSCoA 

CH(CHCH)  COSCoA 
3 2 2 n - 1  

Same sequence 
coscoA 

(;8 (CH CH ) COSCoA 
3 2 2 n - 2  

Same sequence 
COS CoA 

CH CH CH COSCoA 
3 2 1 2  

CH COSCoA 
3 

Same sequenceL CH COSCoA 

b 
3 



Although a l l  t h e  enzymes of  t h e  B ox ida t ion  scheme 

1 

have no t  been found i n  any one i n s e c t ,  workers have i s o l a t e d  

va r ious  enzymes and p repara t ions  t h a t  support  t h e  suppos i t ion  

t h a t  p ox ida t ion  occurs  i n  i n s e c t  t i s s u e s .  Hoskins, Cheldel in  

and Newburgh (1956) d e t e c t e d  t h e  a c e t a t e  a c t i v a t i n g  enzyme i n  

Apis m e l i f e r a ,  and Nelson (1958) descr ibed  t h i s  enzyme i n  

~ y a l o p h o r a  cec rop ia .  Zebe (1960) i s o l a t e d  t h e  condensing 

enzyme respons ib le  f o r  t h e  e n t r y  of a c t i v a t e d  a c e t a t e  i n t o  t h e  

t r i c a r b o x y l i c  a c i d  cyc le ,  and $ ke toacy l  t h i o l a s e ,  t h e  enzyme 

respons ib le  f o r  s t e p  5 i n  t h e  ox ida t ion  process .  

More r e c e n t  work h a s  shown t h e  presence of o t h e r  

mechanisms of b i o l o g i c a l  ox ida t ion ,  inc lud ing  a and w ox ida t ion .  

Mead and Levis (1963) have descr ibed  a ox ida t ion-  i n  r a t  b r a i n  

t i s s u e  a s  t h e  ox ida t ion  o f  long chain  f a t t y  a c i d s  t o  a hydroxy 

a c i d s  and a k e t o  a c i d s ,  followed by o x i d a t i v e  decarboxyla t ion  

y i e l d i n g  C02 and t h e  corresponding ac id  less one carbon u n i t .  

The scheme can be  i l l u s t r a t e d  a s  fol lows:  

OH 0 
I I I + 

R-CH*-COOH* R-C-COOH,-)R-C-COOH-+R-COOH 
I C02 

H 

More r e c e n t l y ,  Hitchcock and James (1966)  have i s o l a t e d  such 

a  system from R i c i n i s  q i b s o n i i  ( c a s t o r  o i l  p l a n t )  l eaves .  

Wakabayashi and Shimazono (1963) have descr ibed  

w ox ida t ion  a s  a two s t e p  pathway involving t h e  formation of  

w hydroxy a c i d s  from long chain  f a t t y  a c i d s ,  followed by 
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oxidat ion  t o  t h e  corresponding d ica rboxy l i c  a c i d s .  p oxida- 

t i o n  then  proceeds from t h i s  n'ewly formed carboxyl end.  his 

process  was demonstrated i n  c e l l  f r e e  systems of guinea p i g  

l i v e r .  Sorbic  ac id  amide, o c t a t r i e n o i c  ac id  amide and c a p r i c  

a c i d  amide were a l l  converted t o  t h e  corresponding d ica rboxy l i c  

14 a c i d  monoamides. Af ter  incubat ion  of C-2-sorbic ac id  amide 

14 
wi th  microsomes, t h e  formation o f  whydroxy C-2-sorbic a c i d  

amide was de tec ted ,  and was followed by ox ida t ion  t o  muconic 

ac id .  

Since t h e  s t e p s  o f  t h e  $ ox ida t ion  scheme a r e  r eve r -  

s i b l e ,  it was thought f o r  many yea r s  t h a t  t h e  b i o s y n t h e s i s  of 

f a t t y  a c i d s  was occur r ing  v i a  t h e  r e v e r s a l  o f  t h i s  pathway. 

This  o r i g i n a l  concept was f i r s t  proposed by Lynen (1953), "Fat ty  

ac id  s y n t h e s i s  i s  accomplished through r e p e t i t i o n  of  a c y c l e  

of f o u r  consecut ive  r e a c t i o n s .  a )  Condensation o f  two molecules 

of a c e t y l  Co A t o  form a c e t o a c e t y l  Co A and Co A; b)  reduc t ion  

o f  a c e t o a c e t y l  Co A t o  p hydroxybutyryl Co A; c )  dehydrat ion 

of  p hydroxybutyryl Co A t o  c ro tony l  Co A ;  and d )  r educ t ion  of 

c ro tony l  Co A t o  b u t y r y l  co A wi th  another  molecule of a c e t y l  

Co A,  t o  form p k e t o  caproyl  co A and Co A,  and s o  f o r t h .  The 

c y c l e  i s  repeated  e i g h t  t i m e s  u n t i l  s t e a r y l  Co A i s  formed." 

This scheme can be followed by s tudying  t h e  $ o x i d a t i o n  scheme, 

previous ly  shown, i n  r e v e r s e .   his viewpoint was f u r t h e r  

Supported by o t h e r  workers.  ~ i t u r i  and Gurin (1953) demonstrated 
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that particle free extracts of rat liver, containing an aqueous 

extract of mitochondria could'carry out fatty acid synthesis. 

  ow ever, in these experiments it was found impossible to 

demonstrate conversion of acetyl Co A to butyryl Co A by re- 

combining the purified oxidation enzymes from the mitochondria. 

~ l s o ,  Langdon (1957) suggested, in reference to the enzymatic 

+ 
steps requiring NADH + H , such as the f3 hydroxyacyl dehydro- 

+ + genase step, that the NADH + H :NAD ratio, in the mitochondria, 

is too low to favor the reductive process. 

Van Baalen and Gurin (1953) while studying differences 

in cofactor requirements for the oxidative and reductive pro- 

cesses, suggested that there may be two separate systems for 

the synthesis and oxidation of fatty acids. 

Later experiments showed more conclusively that fatty 

acid synthesis occurs via a modified reversal of the B oxida- 

tion scheme. Langdon (1957) showed that crotonyl Co A was 

+ 
reduced by NADPH + H+ in the presence of an enzyme, NADPH + H 

crotonyl Co A reductase, from soluble extracts of rat liver. 

This reaction is represented by the reverse of step 2 of the 

first cycle in the previous illustration of f3 oxidation. 

Seubert, Greull and Lynen (1957) isolated this enzyme from pig 

liver mitochondria, and demonstrated the synthesis of octanoyl 

Co A and capryl Co A from hexanoyl Co A and acetyl Co A in the 

+ + 
presence of NADH + H , NADPH + H , thiolase, enoyl hydratase, 
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p hydroxyacyl dehydrogenase, and NADPH-specific enoyl Co A 

r educ tase ,  t h e  newly i s o l a t e d  &nzyme. 

Wakil, k c ~ a i n  and warshaw (1960) demonstrated t h a t  

i n t a c t  mitochondria from r a t  l i v e r  could syn thes ize  long chain  

f a t t y  a c i d s  from a c e t y l  Co A .  The mitochondria were incubated 

+ + 
anaerob ica l ly  wi th  a c e t y l  Co A ,  NADH + H , NADPH + H , and 

ATP. The f a t t y  a c i d s  synthes ized  were s t e a r i c  a c i d ,  40%; 

p a l m i t i c  a c i d ,  20%; and l a u r i c  a c i d ,  20•‹/,, Upon decarboxylat ion 

of  s t e a r i c  a c i d ,  t h e  carboxyl  carbon had over twice  t h e  s p e c i f i c  

a c t i v i t y  a s  t h a t  of t h e  whole molecule, i n d i c a t i n g  t h a t  a c e t a t e  

was being enzymatical ly  added t o  t h e  carboxyl  end of s h o r t e r  

cha in  a c i d s ,  The s y n t h e s i s  was p r i m a r i l y  dependent on ATP, b u t  

+ 
NADH + H+ and NADPH + H were r equ i red  f o r  opt imal  a c t i v i t y .  

An u n i d e n t i f i e d  c o f a c t o r  was a l s o  requ i red .  A f t e r  t h e  iden t -  

i f i c a t i o n  of  t h i s  scheme, Wakil termed it t h e  "e longat ion"  o r  

mitochondria1 scheme f o r  f a t t y  ac id  s y n t h e s i s ,  The requirement 

f o r  ATP and a  h e a t  s t a b l e  c o f a c t o r  would no t  be necessary f o r  

simple r e v e r s a l  of t h e  p ox ida t ion  system, but  a  number o f  

common in te rmedia tes  and enzymes a r e  involved.  I n  t h e s e  ex- 

per iments ,  NADPH-specific c ro tony l  Co A r educ tase ,  descr ibed  

previous ly ,  was no t  d e t e c t e d .  The u n i d e n t i f i e d  c o f a c t o r  nec- 

e s s a r y  f o r  t h e  opera t ion  of t h i s  p repara t ion  was l a t e r  i d e n t i -  

f i e d  by Wakil (1961) a s  t h e  coenzyme, pyridoxamine phosphate, Af ter  

d i a l y s i s  of t h e  enzyme p r e p a r a t i o n ,  t h e  s y n t h e s i s  only  proceeded 



a f t e r  t h e  a d d i t i o n  of  t h i s  coenzyme. When pyridoxamine phos- 

-3 phate  concen t ra t ions  reached I0 M t h e r e  was 2 t o  3 t imes t h e  

14 
incorpora t ion  o f -  C-1-acetyl Co A i n t o  long chain  f a t t y  a c i d s .  

The r o l e  of  t h i s  coenzyme was found t o  be i n  t h e  condensation 

s t e p  of a c e t y l  Co A wi th  t h e  f a t t y  a c y l  Co A accep to r ,  and 

t h e r e f o r e  e l imina tes  t h e  requirement f o r  t h i o l a s e  i n  t h i s  r e -  

a c t i o n .  Wakil r e p o r t s  t h a t  t h i o l a s e  has  an extremely low 

equi l ibr ium cons tan t  a s  w e l l  a s  a g r e a t  tendency t o  c a t a l y z e  

condensation of two a c e t y l  Co A u n i t s  t o  a c e t o a c e t y l  Co A ,  i n -  

d i c a t i n g  t h a t  t h i s  enzyme may not  be involved i n  t h e  s y n t h e t i c  

process .  The involvement of  pyridoxamine phosphate provides  

s p e c i f i c i t y  t o  t h e  condensation of  a c e t y l  Co A w i t h  an i n t e r -  

mediate chain  a c y l  Co A ,  and t h e  formation of an a c e t y l  Co A 
0 

pyr idoxal  complex r e s u l t s  i n  t h e  formation o f  a Sch i f f  base 

descr ibed  i n  t h e  pyr idoxal  coenzyme models proposed by o t h e r  

r e s e a r c h e r s ,  inc lud ing  Cornforth (1959).  Wakil s t a t e s  t h a t  

t h i s  base  may a c t i v a t e  t h e  methyl group of t h e  a c e t y l  Co A 

molecule by imposing an e l e c t r o n e g a t i v e  charge,  thus  f avor ing  

condensation wi th  a r e l a t i v e l y  p o s i t i v e l y  charged carbonyl  

group of  a c y l  Co A al lowing t h e  e longat ion  t o  proceed. The 

r o l e  of pyridoxamine phosphate can be shown a s  fol lows:  



2. R-C -SCoA ----*R-C -SCoA 
0 

1 
R r e p r e s e n t s  t h e  r e s t  of  t h e  

pyridoxamine phosphate molecule. 

R r e p r e s e n t s  t h e  a c y l  group o f  t h e  

Co A d e r i v a t i v e  

Before t h e  e longa t ion  system was f u l l y  c h a r a c t e r i z e d ,  

evidence was accumulating i n  support  of a second mechanism of 

f a t t y  a c i d  s y n t h e s i s  loca ted  i n  t h e  cytoplasmic p o r t i o n  of  t h e  

ce l l ,  and no t  a s soc ia ted  wi th  t h e  mitochondria.  This  system 

was f i r s t  de tec ted  i n  avian  l i v e r ,  and t h e  system was found t o  

be f r e e  of  a l l  t h e  f3 o x i d a t i o n  enzymes. Brady and Gurin (1950) 

demonstrated t h e  conversion of oc tano ic  a c i d  t o  s t e a r i c  ac id  

i n  avian l i v e r  e x t r a c t s .  ~ i c a r b o n a t e  was found t o  be e s s e n t i a l  

t o  t h e  r e a c t i o n ,  i n  c o n t r a s t  t o  t h e  e longat ion  system, which 

i s  b icarbonate  independent.  Gibson, Ti tchener  and Wakil (1958) 
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f u r t h e r  cha rac te r i zed  t h e  system, showing i t s  dependence 

2+ 
bicarbonate ,  ATP, Mg o r  ~ n * ? ,  a s  we l l  a s  a c e t y l  Co A.  

upon 

Barron, 

Squi res  and Stumgf (1961) demonstrated t h a t  enzyme e x t r a c t s  

from avocado mesocarp requ i red  CO f o r  f a t t y  a c i d  s y n t h e s i s .  
2 

Squi res  and SLumpf(1959) obtained s i m i l a r  r e s u l t s  f o r  i n t a c t  

14 - 
y e a s t  c e l l s .  Since ~ i b s o n  -- e t  a l .  found t h a t  H C03 was not  in -  

corporated i n t o  long cha in  f a t t y  ac ids  i n  those  organisms which 

r e q u i r e  CO he  proposed t h a t  b icarbonate  served a c a t a l y t i c  
2 ' 

r o l e .  H e  suggested t h a t  a c e t y l  Co A was f i r s t  carboxylated t o  

malonyl Co A be fo re  s y n t h e s i s  of t h e  f a t t y  a c i d s  occurred.  

Brady (1958) f i r s t  demonstrated t h e  conversion o f  malonyl Co A 

t o  f a t t y  a c i d s  wi th  crude  avian l i v e r  p repara t ions .  These prep- 
* 

+ a r a t i o n s  ca ta lyzed  t h e  r educ t ion  o f  a c e t y l  Co A by NADPH + H 

t o  acetaldehyde. Brady then  proposed t h a t  s y n t h e s i s  o f  t h e  

carbon chain  was occur r ing  by t h e  r educ t ion  of a c y l  Co A de r -  

i v a t i v e s  t o  t h e  corresponding aldehydes by condensation between 

t h e  carbonyl carbon of t h e  a c y l  d e r i v a t i v e s  wi th  t h e  methylene 

carbon of malonyl Co A. Cornforth (1959) d i s c u s s e s  t h e  phys ica l  

and chemical f a c t o r s  involved i n  such a mechanism. 

Wakil (1958) i s o l a t e d  and charac te r i zed  t h e  f i r s t  

in termedia te  i n  t h e  s y n t h e s i s  of f a t t y  a c i d s  from a c e t y l  Co A. 

Upon hydro lys i s  t h e  d e r i v a t i v e  was i n d i s t i n g u i s h a b l e  from 

malonic a c i d ,  and t h e  in te rmedia te  could be produced by re- 

a c t i n g  a c e t y l  co A and C02. ~ a k i l  concluded t h a t  t h e  f i r s t  

s t e p  i n  t h e  s y n t h e s i s  of f a t t y  a c i d s  by t h i s  pathway was t h e  
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enzymatic carboxyla t ion  of a c e t y l  Co A t o  a  malonyl d e r i v a t i v e  

2+ 
i n  t h e  presence of b i o t i n ,  ATP and Mn . The subsequent succ- 

e s s i v e  condensation and r e d u c t i v e  s t e p s  leading  t o  t h e  f a t t y  

+ 
a c i d s  a r e  ca ta lyzed  i n  t h e  presence of NADPH + H . The re- 

a c t i o n  can be summarized a s  fol lows:  

C H ~ C O - S - c o  A + co2 (HCO;) +ATP h4n2+ b i o t i n  a c e t y l  co A carboxyla>e H00CCH2C0S-C0 A+ 

ADP + P i  

The c h a r a c t e r i z a t i o n  o f  a c e t y l  Co A carboxylase was t h e  f i r s t  

major s t e p  toward t h e  e l u c i d a t i o n  of t h i s  second pathway of f a t t y  

a c i d  s y n t h e s i s ,  which Wakil termed t h e  -- de  novo pathway. Wakil 

and Ganguly (1959) r epor ted  t h a t  malonyl Co A could be r e a d i l y  . 
converted t o  p a l m i t a t e  i n  t h e  presence o f  a second enzyme prep- 

+ 
a r a t i o n  wi th  NA3PH + H . Addit ion of  a c e t y l  Co A s i g n i f i c a n t l y  

increased  t h e  r a t e  of s y n t h e s i s .  Butyryl Co A and oc tanoy l  Co A 

could a l s o  be converted i n t o  p a l m i t a t e  i n  t h e  presence  of  malonyl 

Co A.   his prepara t ion  was shown not  t o  con ta in  any of t h e  p 

+ o x i d a t i o n  enzymes. The ox ida t ion  o f  NADPH + H i n  t h e  system 

requ i red  t h e  combined presence o f  malonyl Co A, and some un- 

s u b s t i t u t e d  f a t t y  a c y l  Co A.  No p ox ida t ion  in te rmedia tes  

could r e p l a c e  t h e s e  Co A e s t e r s .  A t  t h a t  t ime t h e  fo l lowing 

scheme was proposed f o r  t h e  de  novo s y n t h e s i s  of f a t t y  a c i d s :  

1- CH3CO-COA t CO2 + ATP -- HOOCCH2CO-COA 



2. CH3CO-COA + HOO CCH2CO-COA d 

CH3CH = C )  COOR) CO-COA 
NADPH + H: 

CH3CH2CH ( COOH ) CO-COA ---3 

The f a t t y  a c i d s  synthesized de novo by t h e s e  enzyme 

p repara t ions  a r e  p r i m a r i l y  p a l m i t i c  ac id  wi th  small  amounts 

of m y r i s t i c  and l a u r i c  a c i d s ,  i n  c o n t r a s t  t o  t h e  e longat ion  

system, i n  which t h e  primary a c i d s  synthesized a r e  s t e a r i c ,  

m y r i s t i c  and l a u r i c  a c i d s .  The s y n t h e s i s  o f  one mole o f  p a l -  

m i t i c  a c i d  r e q u i r e s  7 _moles o f  malonyl 

a c e t y l  Co A. The o v e r a l l  r e a c t i o n  can 

CH3CO-COA + 7HOOCCH2COOC0 COA + 14 

CH3(CH2)14 COOH + 7C02 + ~ ~ N A D P +  + 

Co A, and one mole of  

be shown as follows: 

+ 
NADPH + 1 4 ~  - 
8CoA + 6H20 

Bress le r  and ~ a k i l  (1961) have descr ibed  i n  some 

d e t a i l  t h e  conversion of malonyl Co A i n t o  long chain  f a t t y  

a c i d s .  Using avian  l i v e r  e x t r a c t s ,  they  have demonstrated t h a t  

p a l m i t i c  ac id  and not  i t s  Co A d e r i v a t i v e  is t h e  main product ,  

and t h a t  a c e t y l  Co A c o n t r i b u t e s  carbons 15 and 16 of t h e  

pa lmi ta te ,  whi le  malonyl Co A c o n t r i b u t e s  carbons 1-14. How- 

ever ,  s h o r t  cha in  a c y l  Co A d e r i v a t i v e s  such a s  b u t y r y l  Co A,  

hexanoyl Co A 

into p a l m i t i c  

and oc tanoyl  Co A w e r e  only  s l i g h t l y  incorpora ted  

a c i d ,  and t h e s e  d i d  no t  accumulate dur ing  t h e  
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s y n t h e s i s  of  a c e t y l  Co A .  They then concluded t h a t  f r e e  

a c y l  Co A d e r i v a t i v e s  were n o t , i n t e r m e d i a t e s  i n  t h i s  s y n t h e t i c  

mechanism. Wakil and Bress le r  (1962) demonstrated t h a t  prop- 

iony l  Co A w i l l  s u b s t i t u t e  f o r  a c e t y l  Co A i n  t h e  i n i t i a l  con- 

densa t ion  wi th  malonyl Co A t o  y i e l d  odd chain  f a t t y  a c i d s .  

Bress le r  and wakil  demonstrated a  requirement f o r  a  

p r o t e i n  l inked su l fhydry l  group i n  f a t t y  ac id  s y n t h e s i s  i n  av ian  

l i v e r .  Lynen and Tada (1961) were a b l e  t o  i s o l a t e  an ace toace ty l -  

S-enzyme when y e a s t  p r e p a r a t i o n s  were incubated wi th  14c-ace ty l  

+ co A and malonyl Co A i n  t h e  absence of NADPH + H . They con- 

c l u d e d . t h a t  acyl-S-enzymes w e r e  in t e rmedia tes  i n  f a t t y  a c i d  

s y n t h e s i s .  Goldman, A l b e r t s  and Vagelos (1963) showed t h a t  
t 

p a l m i t i c  and vaccenic  a c i d s  were synthes ized  from malonyl Co A 

and a c e t y l  Co A when incubated wi th  so lub le  e x t r a c t s  from 

~ s h e r i c h i a  c o l i .  These e x t r a c t s  were found t o  con ta in  two 

f r a c t i o n s ,  a  h e a t  l a b i l e  p r o t e i n  and a  h e a t  s t a b l e  p r o t e i n  

f r a c t i o n ,  both of  which were necessary f o r  s y n t h e s i s .  Wakil, 

Pugh and Sauer (1964) r epor ted  t h a t  t h e i r  p r e p a r a t i o n s  from 

av ian  l i v e r  contained 5 p r o t e i n  f r a c t i o n s ,  bu t  a l l  a t t empts  

t o  f r a c t i o n a t e  t h e s e  were unsuccessfu l .  working wi th  E .  c o l i ,  

they  confirmed t h e  r e s u l t s  of Goldman, and showed t h a t  t h e  

h e a t  s t a b l e  p r o t e i n  se rves  a s  a  coenzyme, r a t h e r  than  an enzyme. 

The su l fhydry l  group of t h i s  coenzyme a c t s  a s  an a c y l  acceptor  

and donor and a l l  t h e  s y n t h e t i c  r e a c t i o n s  occur whi le  t h e  a c y l  

cha in  i s  l inked t o  t h i s  p r o t e i n .  The h e a t  s t a b l e  p r o t e i n  was 



experiments w i t h  avian  l i v e r  e x t r a c t s  suggested t h a t  t h i s  system 

behaves s i m i l a r l y  t o  t h a t  of  - E. -4 c o l i  and t h e  requirement f o r  

a  polypept ide coenzyme i s  probably a genera l  c h a r a c t e r i s t i c  o f  

a l l  -- de novo f a t t y  ac id  syn thes iz ing  systems. These workers 

summarize t h e i r  r e s u l t s  a s  fol lows:  1) A h e a t  s t a b l e  p r o t e i n ,  

now r e f e r r e d  t o  a s  acy l  c a r r i e r  p r o t e i n ,  ACP, p a r t i c i p a t e s  i n  

f a t t y  ac id  s y n t h e s i s ;  2 )  This  p r o t e i n  accepts  a c e t y l  and malonyl 

groups from t h e i r  Co A d e r i v a t i v e s ,  forming cova len t ly  l inked  

a c e t y l  and malonyl d e r i v a t i v e s ;  3 )  Acetyl ACP and malonyl ACP 

+ 
r e a c t  t o  form a c e t o a c e t y l  ACP; 4 )  I n  t h e  presence of  NADPH + H , 

malonyl ACP and a c e t o a c e t y l  ACP r e a c t  t o  form long chain  f a t t y  
e 

+ 
a c i d s ;  5 )  Acetyl Co A,  malonyl Co A, NADPH + H , and ACP y i e l d  

a mixture of  $ hydroxyacyl ACP of cha in  l eng ths  C 8' '10' '12' 

'14 
. These $ hydroxyacyl d e r i v a t i v e s  a r e  converted t o  t h e i r  

s a t u r a t e d  homologues o r  p a l m i t i c  a c i d  on incubat ion  wi th  NADPH 

+ H+ and malonyl Co A. 6 )  The f i n a l  product of f a t t y  a c i d  syn- 

t h e s i s  i s  f r e e  p a l m i t i c  a c i d ,  bu t  s t o i c h i o m e t r i c  amounts of  ACP 

and pa lmi ty l  ACP may be i s o l a t e d .  The scheme can be shown a s  

fol lows:  

1. CH CO-S-COA + HS-ACP -4 CH3CO-S-ACP + Co ASH 
3 

2. HOOCCH2CO-S-COA + HS-ACP, HOOCCH2CO-S-ACP + CO ASH 

3 .  CH CO-S-ACP + HOOCCH2CO-S-ACP----+CH3COCH2CO-S-ACP + C 0 2  + HS ACP 
3  

+ + 4 .  CH3COCH2CO-S-ACP + NADPH + H j CH3CHOHCH2CO-S-ACP + NADP 



I 5 .  CH3CHOHCH2CO-S-ACP *CH CH = 
3 CHCO-S-ACP + H20 

+ 
6. CH3CH = CHCO-S-ACP + NADPH1+ H -->CH3CH2CH2CO-S-ACP + NADP' 

Repetition of steps 3 to 5, 6 more times, yields palmityl-S-ACP, 

which is then hydrolyzed to palmitic acid and the acyl carrier 

protein. More recently, Powell, Elovson and Vagelos (1969) have 

demonstrated that pantothenate is a prosthetic group of the two 

coenzymes Co A and ACP. The pantothenate is present in both as 

1 4 -phosphopantethiene, to which the acyl groups are covalently 

bound as thioesters. It was also shown that Co A is the irnmedi- 

ate precursor of ACP. Prescott, Elovson and vagelos (1969) 

have described in more detail, the specificity of acyl carrier 

protein synthetase. * 

Wakil (1961) has schematically illustrated the inter- 

relationship of the elongation scheme and the de novo scheme for 

fatty acids synthesis as follows: 

synthesis system2 (iytoplasm) 

Palmitic acid (C ) + Acetyl CoA-Stearic acid (C ) 

I 
16 118 

t 
synthesis system1 (mitochondria) 

Tricarboxylic acid cycle 

co 2 

Acetyl CoA+ +C14 acid 

p-oxidat ion 

Malonyl CoA+Acetyl CoA 4 . 
I 
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From t h e  previous  d i s c u s s i o n ,  it i s  apparent  t h a t  

ace ty l  Co A i s  t h e  b a s i c  b u i l d i n g  block f o r  f a t t y  a c i d  syn- 

t h e s i s .  Af ter  t h e  e l u c i d a t i o n  o f  va r ious  pathways f o r  t h e  

~ ~ n t h e s i s  of f a t t y  a c i d s ,  c e r t a i n  phys io log ica l  problems be- 

came apparent .  Determination of  t h e  o r i g i n  of  a c e t a t e  was one 

of t h e  f irst  problems encountered. Cytoplasmic o r i g i n s  of  a c e t y l  

co A a r e  l i m i t e d  t o  t h e  ATP dependent c leavage of c i t r a t e  and 

t h e  a c e t a t e  t h i o k i n a s e  r e a c t i o n .  Since t h e  main source of 

a c e t y l  Co A i s  in t rami tochondr ia l ;  by t h e  ox ida t ion  of  pyruvate ,  

and t h e  mitochondria1 membrane i s  r e l a t i v e l y  impermeable t o  

a c e t y l - c o  A ,  t h e  q u e s t i o n  a r o s e  as t o  t h e  source  of  a c e t y l  Co A. 

S r e r e  (1962) has  demonstrated t h a t  c i t r a t e  s t i m u l a t e s  t h e  syn- 

t h e s i s  of f a t t y  a c i d s ,  and suggested t h a t  t h e  d i f f u s i o n  of 

c i t r a t e  from t h e  mitochondria  i n t o  t h e  cytoplasm may s e r v e  a s  

a primary source o f  a c e t y l  Co A. The c i t r a t e  a r i s i n g  w i t h i n  

t h e  mitochondria from t h e  condensation of  oxa loace ta te  wi th  

a c e t y l  Co A.  

Mahler and Cordes (1966) have b r i e f l y  descr ibed  carn-  

i t i n e  mediated t r a n s p o r t  of  a c e t y l  Co A a c r o s s  t h e  mitochondrial  

membrane. The r o l e  of c a r n i t i n e  i n  t h e  t r a n s p o r t  of a c e t a t e  

can be shown schemat ica l ly  a s  fol lows:  



g l  cose Y 
pyruvate  

mitochondria1 
membrane 

c a r n i t i n e  / 

acetyl-SCoA a c e t y l  c a r n i t i n -  ace ty l  c a r n i t i n e  

a c e t a t e  HSCoA I c a r n i t  i n e  

f a t t y  a c i d s &  c a r n i t i n e  
acetyl-SCoA 

intramitochondr 
b iosyn thes i s  C a c y l  - ca rn i t ine+fa t ty  a c i d s  

c a r n i t i n e  

extramitochondr i a l  

~ r i e d m a n  and Fraenkel (1955) were t h e  f i r s t  t o  d e s c r i b e  t h e  

group t r a n s f e r  of a c e t a t e  from coenzyme A t o  c a r n i t i n e .  Been- 

akkers  (1963) f u r t h e r  c h a r a c t e r i z e d  t h e  r o l e  of  c a r n i t i n e  t r a n s -  

a c e t y l a s e ,  t h e  enzyme involved i n  t h e  t r a n s f e r  o f  a c e t a t e ,  and 

demonstrated i t s  r o l e  a s  a mediator of a c e t y l  Co A between t h e  

mitochondria and t h e  cytoplasm i n  ra t  h e a r t  muscle. 

A s i m i l a r  problem t o  t h a t  j u s t  descr ibed  involved 

+ 
t h e  p o s s i b l e  source  of reduced NADP and NAD+ necessary  f o r  

t h e  r educ t ive  s t e p s  of f a t t y  a c i d  s y n t h e s i s  i n  t h e  cytoplasm. 

Klingenberg and Bucher (1960) descr ibed  t h e  a glycerophosphate 

c y c l e  t o  exp la in  t h e  source  of t h e s e  coenzymes. By t h i s  path-  

way,hydrogen generated i n  t h e  mitochondria could be made a v a i l -  

a b l e  t o  t h e  cytoplasm and v i c e  v e r s a .  Hydrogen i s  t r a n s f e r r e d  
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between the two pools as a glycerophosphate, which passes 
C19' "4- 

across the mitochondrial membrane. a glycerophosphate 

dehydrogenase within the mitochondria accepts hydrogen directly 

from the electron transport chain, and reacts with dihydroxy- 

acetone phosphate to form a glycerophosphate. After diffusion 

across the mitochondrial membrane, the a glycerophosphate reacts 

with NAD-dependent extramitochondrial a glycerophosphate de- 

+ 
hydrogenase releasing dihydroxyacetone phosphate and NADH + H . 
~ l s o ,  Krebs, Gascoyne and Notton (1967) suggested that a malate- 

oxalacetate system is used in mammals to transfer reducing 

equivalents across the mitochondrial membrane. 

Since the elucidation of various aspects of saturated 

fatty acid synthesis, much work has been done on the various 

facets of these mechanisms in many animals, including several 

insects. However, less is known about the synthetic mechanism 

for unsaturated fatty acids, the mono- and polyenoic acids. 

The formation of long chain monounsaturated fatty 

acids from their corresponding saturated acids was first des- 

cribed by Schoenheimer and Rittenberg (1936). Jacob, (1956) 

described in some detail an enzyme system from rat liver which 

could desaturate preformed fatty acids. Bloomfield and Bloch 

(1960), have demonstrated, in yeast cells, the synthesis of 

palmitoleic and oleic acids, both A 9 monounsaturated fatty 

acids, from their corresponding saturates, palmitic and stearic 

acids respectively, by direct desaturation. The proposed 
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scheme for synthesis can be shown as follows: 
1 

1. palmitic acid C0 A ,balmityl-Co A 
M ~ ~ +  

O2 
2. Palmityl-Co A - -> (oxy-palmityl-co A) 

NADPH+H+ 

3 .  (oxy-palmityl-co A) .->Palmitoley1 Co A 

Thiolase 4. Palmitolcyl Co A ) ~almitoleic acid + co A 
+ The cofactors necessary for the process were Co A, ATP, NADPH + H , 

2+ 
~g and 02. ~ight, Lennarz and Bloch (1962) obtained evidence 

to suggest that hydroxy stearate and palmitate intermediates, 

irreversibly bound to the enzyme, are involved in this scheme. 

When labelled 9 or 10-hydroxy stearic acid or 9 or 10 hydroxy 

stearyl Co A were incubated with yeast, 9 and 10 acetoxy stearic 

acids, and their ethyl esters were formed, rather than the mono- 

enoic acids. It appeared likely that some intermediate is 

formed in the oxidation of the saturated acids, and that this 

can be converted to one of the monoenoic acids or, in small 

yield, to hydroxy acid. This direct desaturation system, des- 

cribed by Mead (1965) as the aerobic mechanism of monounsaturate 

synthesis, has also been found in Mycobacterium phlei, Anabena 

variabilis (a blue green alga), and Penicillium chrysoqenum by 

Lennart, Scheuerbrandt and   loch (1962). In the bacterium, 

M. phlei, the cofactors Fe2+, and a flavin are required, in - 
addition to those cofactors previously mentioned. 



cribed the stereo-specific conversion of stearic acid to oleic 

acid in the bacte~ium, Corynebacterium diphtheriae. Since 

oleic acid (cis-9-octadecenoic acid) is the sole product of the 

desaturation of stearic acid, the reaction is characterized by 

positional and geometrical stereospecificity. Four stereospecific- 

ally labelled monotritiostearic acids were prepared from the 

enantiomorphic pairs of 9-hydroxy octadecanoate and 10-hydroxy 

octadecanoate. The four labelled stearic acids were incubated 

with growing cultures of a strain of Corynebacterium diphtheriae, 

and theoleateproduced by the organism was isolated in each case. 

LOSS of tritium occurred with the 9 D  and 10D tritiostearic acids, 

but not with the two L-tritio compounds. The conversion of 

stearate to oleate is, therefore, stereospecific with respect 

to the removal of hydrogen at carbons 9 and 10. Isotope effects 

observed in the formation of oleate suggested that hydrogen 

removal at carbon 9 precedes hydrogen removal at carbon 10 of 

stearate. 

Goldfine and Bloch (1961) demonstrated in the anaerobic 

bacteria, Clostridium butyricum and Clostridium kluyveri, a 

different mechanism of synthesis for monounsaturated acids. In 

this case, the long chain saturates were not the sources of their 

corresponding monounsaturated analogues. No conversion of 

labelled stearic or palmitic acids to oleic or palmitoleic acids 



was observed. Laurate and myristate underwent chain elongation, , 

but did not give rise to olefinic products, the C 18 unsaturated 

14 14 
acids. However, , C-1-octanoate and C-1-decanoate were in- 

corporated equally into both saturates and unsaturates. These 

workers proposed that a chain elongation process, combined with 

the introduction of a double bond during elongation, as the pre- 

dominant mode of synthesis. 

'Scheuerbrandt -- et al. (1961) have studied this mechan- 

ism in more detail. The monounsaturated acids of - C. butyricum 

consist of two pairs of isomers, 7- and 9-hexadecenoic and 9- and 

11-octadecenoic acids. The mechanism of synthesis proposed in- 

volves the two carbon addition to octanoate or decanoate, followed 

by a f3, y elimination of water from the presumed f3 hydroxy acid 

intermediates, followed by addition of further two carbon units 

without reduction of the double bond. As the two carbon units 

are added, the distance between the double bonds, and the carboxyl 

end of the molecule increases. The mechanism can be illustrated 

as follows: 



CH3- 

* 
HOOC 

CH3- 

HOOC- (CH2 ) -COOH 

Octanoate is the precursor of the unsaturated acids which con- 

tain the double bond between carbons 7 and 8, and the decanoate 

is the precursor of the two corresponding isomeric acids with 

the double bond between carbons 9 and 10, counting from the 

methyl end in each case. 



14 14 C-1-octanoate and C-1-decanoate t h e  ind iv idua l  f a t t y  a c i d  

f r a c t i o n s  were i s o l a t e d ,  and t h e  hexadecanoate and octadecan- 

o a t e  f r a c t i o n s ,  both  c o n s i s t i n g  of t h e  isomers p rev ious ly  

descr ibed ,  w e r e  c leaved,  and t h e  r e s u l t i n g  d ica rboxy l i c  a c i d s  

w e r e  analyzed. The r e l a t i v e  propor t ions  of  t h e s e  e s t e r s  in -  

d i c a t e d  t h a t  t h e  monounsaturated f a t t y  a c i d  isomers were p resen t  

i n  t h e  fol lowing r a t i o s :  7-hexadecenoic ac id  t o  9-hexadecenoic 

a c i d ,  60: 40, and 9-octadecenoic a c i d  t o  11-octadecenoic a c i d ,  

14 
37:63. When C-1-octanoate was t h e  p recurso r ,  only  t h e  C9 

d ica rboxy l i c  ac id  from t h e  hexadecenoic a c i d s ,  and t h e  C 1 1  

d ica rboxy l i c  a c i d  from t h e  octadecenoic a c i d s  was r a d i o a c t i v e ;  

14 14 
whereas i n  t h e  experiment wi th  C-1-decanoate, C was found 

predominantly i n  t h e  C7 d ica rboxy l i c  ac id  from t h e  hexadecenoic 

a c i d s ,  and t h e  C9 d ica rboxy l i c  a c i d s  from t h e  oxtadecenoic 

a c i d s .  This  l a b e l l i n g  p a t t e r n  can be seen i n  theprevious ly  

i l l u s t r a t e d  scheme. The p o s s i b i l i t y  of d i r e c t  in t e rconvers ion  

of double bond isomers was t h e r e f o r e  ru led  o u t .  The even tua l  

l o c a t i o n  of t h e  double bond i s  determined by t h e  l e n g t h  of  t h e  

medium s i z e d  a c i d  a t  t h e  p o i n t  where t h e  pathways t o  s a t u r a t e d  

and unsa tura ted  a c i d s  d ive rge .  Since t h e  chain  length  of t h i s  

in termedia te  i s  v a r i a b l e ,  more than  one double bond isomer can 

be produced, a s  i l l u s t r a t e d .  This  i s  i n  c o n t r a s t  t o  t h e  

previous ly  descr ibed  ae rob ic  mechanism i n  y e a s t ,  i n  which t h e  



-25- 

'  orr responding long chain saturated fatty acids are the pre- 

cursors, affording only a single monounsaturated acid. 

Scheuecbrandt and Bloch (1962) have demonstrated 
A**' 

that the non-oxidative pathway, or anaerobic pathway, operates 

not only in obligate anaerobes, but in various aerobic members 

of the ~ubacteriales as well, including 2. coli, Lactobacillus 

arabinosus, Pseudomonas fluorescens and Rhodopseudomonas 

spheroides. These workers have further summarized their work 

by proposing the following scheme (an elaboration of the scheme 

just illustrated) to show the relationship between this type 

of synthetic mechanism, and the monoenoic acids actually found 

in these species (shown in the closed area of the illustration): 

3 3 9 
16 

9 ' 11 ' 
-cl+ A A -C18 

11 ' 13 ' 
18 

In addition, these workers have demonstrated that this pathway, 

still referred to as the "anaerobic" pathway, results in 

primarily 11-octadecenoic acid, as the major monoenoic acid, with 

smaller amounts of 9-hexadecenoic (palmitoleic) acid and 7-tetra- 

decenoic acid; while the "aerobic" mechanism of synthesis, 
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discussed p rev ious ly ,  r e s u l t s  i n  t h e  A 9 monoenoic a c i d s ,  

~ a l m i t o l e i c  and o l e i c  a c i d s ,  d i t h  small  amounts of l l - o c t a -  
- .- ,SF 
t$r 
8, 
.I :" 

decenoic ac id  formed by e longa t ion  of p a l m i t o l e i c  a c i d .  I n  

t h e  organisms employing t h e  "anaerobic"  mechanism, no poly- 

unsa tu ra tes  were d e t e c t e d .  

Bernhard and Schoenheimer (1940) demonstrated wi th  

t r a c e r  s t u d i e s ,  t h a t  animal t i s s u e s  could not  syn thes ize  poly- 

unsa tu ra tes .  This  view was upheld f o r  many y e a r s  u n t i l  t h e  

work of Mead and o t h e r s  demonstrated t h a t  animals could,  i n  

f a c t ,  syn thes ize  such a c i d s .  Mead, S te inberg  and Howton (1953) 

demonstrated t h e  formation of a rachidonic  a c i d  from a C 1 8  

precursor  by e longa t ion  wi th  an a c e t a t e  d e r i v a t i v e .  S te inberg  

et a l .  (1957) found t h a t  a rachidonic  ac id  was be ing  formed -- 
from l i n o l e i c  a c i d ,  and proposed t h a t  t h e  conversion cons i s t ed  

of t h r e e  s t e p s ;  one involv ing  chain  e longat ion ,  and two in -  

volv ing  dehydrogenation. The sequence of t h e  s t e p s ,  however, 

was not  determined. ~ n d i r e c t  evidence was obta ined  t o  in -  

d i c a t e  t h a t  l i n o l e n i c  ac id  i s  converted t o  e icosapentaenoic  

a c i d ,  a polyunsa tura te .  

Mead (1961) descr ibed  t h e  fol lowing scheme f o r  t h e  

s y n t h e s i s  o f  a rachidonic  a c i d  : 



e l i n o l e i c  

cS3- (CH ) -CH=CH-CH2-CH=CH-CH -CH=CH-(CH ) -COOH 2 4 
1 

2 2 4 

1 y- l ino len ic  

CH3 
- (CH ) -CH=CH-CH -CH=CH-CH -cH-cH-(cH~)~-CH~-CH~-COOH 

2 4 2 2 

a rachidonic  

The s y n t h e s i s  involves  t h e  formation of polyunsa tura ted  i n t e r -  

mediates.  The pathway was t r a c e d  by a s e r i e s  of experiments 

involv ing  t h e  admin i s t r a t ion  of 1 4 C  l a b e l l e d  a c i d s  t o  r a t s ,  

14 
followed by l o c a t i o n  of  t h e  C i n  a rachidonic  a c i d .  

14 c-l- 

a c e t a t e  a c t i v i t y  appeared only  i n  t h e  carboxyl group o f  t h e  

C 20 a c i d .  
14 

C-1- l inole ic  a c i d  a c t i v i t y  appeared i n  carbon 1, 

as a r e s u l t  of  i t s  breakdown t o  a c e t a t e ,  and i n  carbon 3 .  

14 
A c t i v i t y  from C-1-linolenic a c i d  appeared almost e x c l u s i v e l y  

i n  carbon 3 of t h e  C 20 a c i d ,  demonstrating r a p i d  conversion 

of  t h e  former i n t o  t h e  l a t e r .  F i n a l l y ,  t h e  a c t i v i t y  from 8 ,  11, 

14 
and 14 e i c o s a t r i e n o i c  2 ,  3 C ac id  appeared only  i n  t h e  cor-  

responding carbons of  a rachidonic  ac id .  S t a r t i n g  from t h e  

e x i s t i n g  double bonds of  t h e  p recurso r  a c i d  ( i n  t h i s  case ,  

l i n o l e i c  a c i d )  a d d i t i o n a l  double bonds a r e  introduced i n  t h e  
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1:4 relationship toward the carboxyl group, until the next 

&ditional double bond would he in the a $ or f, y positions. 

chain lengthening then permits the addition of one or more 
", . 

double bonds. Similar experiments with linolenic acid as the 

. > 

precursor acid led to the following pathway resulting in the 

synthesis of eicosapentaenoic, docosapentaenoic and docosahex- 

aenoic acids: 

Mead has therefore demonstrated that the polyunsaturated fatty 

acids of the animal body could be built up from dietary un- 

saturated acids by these previously described pathways. 

Prior to these studies by Mead, it had been shown 
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that polyunsaturated acids could be derived from monounsaturated 

acids, which are themselves synthesized from acetate. Klein 

A ^? 

and Johnson (1954') while studying the nature of the trienoic 

acid which accumulates in the tissues of fat deficient animals, 

found that the acid was primarily 5, 8, 11-eicosatrienoic acid. 

comparison of the activity incorporated into this acid from 

14 14c-1-acetate with that of C-1-oleic acid isolated from the 

same rats, revealed that the former acid was derived from the 

later by a pathway such as this: 

J. leic 
6,9-octadecadienoic 

2 7 

I 
CH3- (CH -CH=CH-CH2-CH=CH- (CH -COOH 

I 
2 6 

In addition to the eicosatrienoic acid, the 7, 10, 13-isomer, 

formed from palmitoleic acid, was also found. The ratio of 

the former to the later was of the same magnitude as the ratio 

of palmitoleic to oleic acid. 

Mead (1961) has stated that at the present time it 

seems logical that three enzyme systems are operative in the 

formation and interconversions of polyunsaturated fatty acids. 



There inc lude ,  a  polydehydrogenase, which dehydrogenates mono- 

or polyenoic a c i d s  i n  posi t ion 's  i n  t h e  1:4 r e l a t i o n s h i p  from 

t h e  e x i s t i n g  double bonds towards t h e  carboxyl group: an a c y l  

t r a n s f e r a s e ,  which adds two carbons when chain  lengthening  i s  

necessary;  and a  system which d isposes  of unsa tura ted  a c i d s  

wi th  double bonds a p o r  p y t o  t h e  carboxyl group. 

Yuan and Bloch (1961) have demonstrated i n  Torulops is  

u t i l i s  t h e  conversion of  o l e i c  a c i d  t o  l i n o l e i c  a c i d .  Since 

t h e  r e a c t i o n  requ i red  oxygen, it was suggested t h a t  t h e  re- 

a c t i o n  was s i m i l a r  t o  t h a t  of  t h e  "aerobic"  pathway, descr ibed  

p rev ious ly ,  f o r  t h e  s y n t h e s i s  of o l e a t e  from s t e a r a t e .   his 

i d e a  was supported by t h e  previous ly  descr ibed  work of Scheuer- 

brandt  and Bloch, 1962, i n  which no polyunsa tura tes  were found 

i n  those  organisms which d i s p l a y  t h e  "anaerobicv mechanism of 

monoenoic a c i d  s y n t h e s i s .  

Harlan and wakil  (1962) demonstrated t h a t  s u b c e l l u l a r  

p a r t i c l e s  from r a t  l i v e r  were capable  of incorpora t ion  of a c e t y l  

Co A i n t o  s a t u r a t e d  and unsa tura ted  f a t t y  a c i d s .  Sa tu ra ted  

f a t t y  a c i d s  w e r e  synthes ized  v i a  a  de  novo pathway, o r  by 

e longat ion  of s h o r t e r  f a t t y  a c y l  Co A d e r i v a t i v e s .  These workers 

r e p o r t  t h a t  t h e i r  mitochondria1 system from r a t  l i v e r  converted 

14 
C-1-myristate t o  p a l m i t a t e ,  46%, s t e a r a t e ,  17%, a r a c h i d a t e ,  

11%, and behenate,  4%. 
14 

C-1-oleate was converted t o  C 1 8  

d ieno ic ,  C 20 t r i e n o i c  and d i e n o i c  and C 22  t r i e n o i c  and d i e n o i c  



acids. Harlan and Wakil (1963) demonstrated that the process 

of desaturation leading to the) formation of mono- and polyenoic 

acids could be co,upled with both the elongation and the de novo -- 
synthetic mechanisms. 

Olson (1966) has summarized the pathways of fatty 

acid metabolism as follows: 

S y r m  Subrtratcr Cofacton Product Cell fraction 

Dc n m  fonnadon .4cctyl-CoA +hldonyl.CoA NADPIf. ACP C16:O Soluble complu 

Elonpadon I) Long chain uyl-CoA+acet~l-CoA NADPII. NADH Cm.r:y ncyl-CoA (y -0-6) Mitochondria 
(eat or uns l t )  

2) Long chain acyl-CoA+mdayl-CoA NADPH C.,::O awl-CoA 31lcromrnes 
(ClO:O-C16:0) 

3) U n n t  acyl-CoA+mdonyl-CoA NADPH U n s l t  Cm,: acyl-CoA Mlcrommea 
(C18:3 >Cl8:l >ClB:l) 

0 Unsat-HO-C18+ncetyl-CoA NADPH. NADH Unrat. HO-CZO Mitochondria (plant) 

Corrdensltlon C. awl-CoA (n -8.  10. 16. 24) NADII. Mn. ATP C:. acyl-CoA Soluble 

Cpdopropane acid U n s j t  plrorphatldyl ethanolamlnc S-Adenowl-metlrionlne Cyclopropane-ph08phoUpld Soluble 
formation 

bOxlda.jon C. uyl-CoA ( ra t  or u n n t )  NAD. FAD Acetyl-CoA (n -even) Mitochondria 
Proplonyl-CoA (n -odd) 

u-Oxidation C. wid (n -8-14 >16. 18) NADII. Fesf 0: wH0-C. 

NAD. Ferf ATP RCOOH 
DMPHr a Amrba te  

Microromes (liver) 
Soluble (bacteria) 

Deraturation R(CHs),CIJ:CH;(CH3yCOCoA 6. NADPH R(CH3xCH=CH(CH:)#XLCoA hlicrosomes 
(Fesf FAD) 

Hydndoo R(CIIJ,CH=CH(CII~,CO-COA HrO 

OH 
A 

DR(CH3,CH-CH(CII:)yCO-CoA Soluble 

a Abbre\htlonr not prevloudy specified Include: 110-. h y d r o ~ ;  DMPHr. dimethyltebhydroptuidine. 

~t is evident from the previous discussion that the 

major pathways of fatty acid synthesis described occur in a 

great many higher and lower forms, throughout the animal and 

plant Kingdoms. It is likely, therefore, that insects have 

similar pathways. The purpose of these experiments is to study 

fatty acid synthesis -- in vivo in G. mellonella. 



MATElXIALS AND METHODS 
I 

G .  m e l l o n e l l a  l a r v a e  were ob ta ined  from a  colony - 

r e a r e d  on a  ~abl-um based d i e t  (Dutky, Thompson and Cantwell 

1962) .  Seventh i n s t a r  l a r v a e  w e r e  s t a r v e d  f o r  24 h o u r s ,  and 

then  a n a e s t h e t i z e d  w i t h  a  mix tu re  o f  CO and a i r  ( 2 : l  v / v ) .  
2 

14 
A s o l u t i o n  o f  C-1-acetate,  sodium s a l t  (52 .9mci /m~)  i n  d i s -  

t i l l e d  water  ( 2 p ~ i / p l ) ,  was i n j e c t e d  i n t o  t h e  hemocoel w i t h  a  

25 p 1  microsyr inge ,  d o r s a l l y  and p o s t e r i o r l y ,  through t h e  5 t h  

o r  6 t h  body segment. The reduced g u t  volume fo l lowing  s t a r v -  

a t i o n  minimized b l e e d i n g  a f t e r  punc tu re  and i n j e c t i o n .  In -  

j e c t i o n s  were made d i r e c t l y  i n t o  t h e  hemocoel t o  minimize any 

c o n t r i b u t i o n  by g u t  m i c r o f l o r a  (Bucher and Will iams 1 9 6 7 ) ,  even 

though i n s e c t  m i c r o f l o r a  p robably  have l i t t l e  o r  no i n f l u e n c e  

on f a t t y  a c i d  s y n t h e s i s  (Lambremont 1965; Lambremont, S t e i n  

and Bennet t  1965) .  

14 
P re l imina ry  s t u d i e s  w i t h  v a r i o u s  dosages  o f  C - l -  

acetate showed t h a t  approximately  l b c i / 1 0  m g  body weight  was 

needed t o  o b t a i n  s i g n i f i c a n t  a c t i v i t i e s  i n  t h e  f a t t y  a c i d s ,  

a f t e r  s h o r t  exposure  p e r i o d s .  Subsequent ly  l P c i / 9  mg i n s e c t  

weight  was i n j e c t e d  i n  a l l  t h e  exper iments ,  t o  a l l o w  d i r e c t  

comparison and a n a l y s i s  o f  s p e c i f i c  a c t i v i t i e s  o f  a l l  i n s e c t s .  

A f t e r  de t e rmina t ion  of  t h e  i n i t i a l  i n c o r p o r a t i o n  phases  o f  

a c e t a t e  i n t o  l i p i d s ,  exposure  t i m e s  o f  10 ,  20 and 30 minutes  

were found convenient  t o  s t u d y  f a t t y  a c i d  s y n t h e s i s .  TheJtaximum 
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r a d i a t i o n  dosage, without  c o r r e c t i o n  f o r  
14 

C02 e x p i r a t i o n  was 

c a l c u l a t e d  t o  be 1.83 ~ads /g ram f o r  i n s e c t s  exposed f o r  30 minutes.  E 
... 
F, ~ h r e e  r e p l i c a t e s  o f  two i n s e c t s  each were exposed f o r  each of  

t h e  t h r e e  t ime pe r iods .  

The exposure t imes chosen allowed measurements of  

incorpora t ion  and turnover  fol lowing i n i t i a l  compartmentation 

e f f e c t s , m d  befsre  decrease of s p e c i f i c  a c t i v i t y  from t h e  f a t  pool ,  

o r  component pools ,  c h a r a c t e r i s t i c  of  a  p u l s e - l i k e  feeding .  

 his w i l l  be  d iscussed  i n  more d e t a i l  l a t e r .  I n  a  c o n t r o l  t e s t  

t o  determine i f  a  pu l se - l ike  feeding  was occurr ing ,  t h e  f a t t y  

a c i d  samples were a l l  d i s so lved  i n  hexane, followed by d i s t i l l a -  

t i o n  under diminished p r e s s u r e  and radioassay  of t h e  c o l l e c t e d  

hexane , wi th  which any a c e t i c  a c i d  p r e s e n t  would have co- 

d i s t i l l e d .  No a c t i v i t y  was d e t e c t e d ,  i n d i c a t i n g  t h a t  a l l  f r e e  

r a d i o a c e t a t e  had been used o r  bound some t i m e  p r i o r  t o  10  

minutes a f t e r  i n j e c t i o n .  Indeed, t h e  turnover  of a c e t a t e  i s  

exceedingly r a p i d .  

Af ter  exposure, t h e  i n s e c t s  were homogenized i n  a  

t i s s u e  g r i n d e r ,  t h e  t o t a l  l i p i d  e x t r a c t e d  ( ~ l i g h  and Dyer 1959) ,  

saponi f ied  (Lepper 1950) and e s t e r i f i e d  wi th  diazomethane 

(Shlenk and Gellerman 1960) .  The f a t t y  a c i d s  w e r e  f r a c t i o n a t e d ,  

according t o  t h e i r  degree of  s a t u r a t i o n  on s i l i c i c  a c i d - s i l v e r  

n i t r a t e  columns ( D e  ~ r i e s  1963) .  F a t t y  ac id  a n a l y s i s  was 

c a r r i e d  o u t  on a  Carlo-Erba gas l i q u i d  chromatograph wi th  h o t  
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wire  d e t e c t o r  and f r a c t i o n  c o l l e c t o r .  Two meter g l a s s  columns 

( 4  mm I . D . )  were packed wi th  15% d ie thy lene  g lyco l  s u c c i n a t e  

on Chromosorb W (AW) ,  mesh 60/80. The c a r r i e r  gas  was helium. 

' ~ e t h y l a t e d  f a t t y  a c i d  s tandards  (myr i s t i c  ac id  ( C  1 4 : 0 ) ,  p a l m i t i c  

ac id  ( C  l6 :O) ,  p a l m i t o l e i c  ac id  ( C  l 6 : l ) ,  s t e a r i c  ac id  ( C  l8 :O) ,  

o l e i c  ac id  ( C  1 8 : 1 ) ,  l i n o l e i c  a c i d  ( C  1 8 : 2 ) ,  l i n o l e n i c  a c i d  

( C  18 :3 ) )  w e r e  run  be fo re  and a f t e r  each sample, a l lowing f o r  

i d e n t i f i c a t i o n  and q u a n t i t a t i v e  c a l c u l a t i o n s .  The unsa tura ted  

f a t t y  a c i d s  used i n  t h e  s tandard mixture,  p a l m i t o l e i c ,  o l e i c ,  

l i n o l e i c  and l i n o l e n i c  a c i d s ,  a r e  s p e c i f i c  isomers,  each of  

which belongs t o  a  group of  isomers represented  a s  C 16:1, 

C 18:1, C 18:2 and C 18:3 r e s p e c t i v e l y .  However, s i n c e  t h e  

GLC technique used only  s e p a r a t e s  t h e  mixture according t o  

chain  l eng th  and degree of  unsa tu ra t ion ,  any one of  t h e  isomers 

i n  a  group may be used a s  a  s tandard  f o r  t h a t  group. 

The i n d i v i d u a l  f a t t y  a c i d  f r a c t i o n s  were c o l l e c t e d  

from t h e  column e f f l u e n t  i n  s i d e  arm c o l l e c t i o n  tubes  immersed 

i n  a  d ry  ice-acetone b a t h .  Their  a c t i v i t y  was determined i n  a  

Beckman LS-250 l i q u i d  s c i n t i l l a t i o n  spectrometer .  The p o s i t i o n  

of  double bonds and t h e  d i s t r i b u t i o n  of r a d i o a c t i v i t y  w i t h i n  

i n d i v i d u a l  r a d i o a c t i v e  unsa tura ted  f a t t y  a c i d s  were then  d e t e r -  

mined by o x i d a t i v e  cleavage of  t h e  unsa tura ted  f r a c t i o n s  a t  

t h e  double bond (Von Rudloff 1956; Davidoff and Korn 1963) ,  

followed by GLC a n a l y s i s  and radioassay  of t h e  monocarboxylic 



C 
4- (de r ived  from t h e  methyl end of t h e  longer  cha in  unsa tu ra ted  
r ,  

? 
a c i d )  and d ica rboxy l i c  (der ived  from t h e  carboxyl  end of  t h e  

a c i d )  a c i d  producks. Standard mixtures  of monocarboxylic 

and d ica rboxy l i c  a c i d s  w e r e  run be fo re  and a f t e r  each sample 

f o r  i d e n t i f i c a t i o n  purposes.  The cleavage products  were, i n  

tu rn ,  c o l l e c t e d  from t h e  column e f f l u e n t  i n  g l a s s  c a r t r i d g e s  

con ta in ing  anthracene coated wi th  s i l i c o n e  o i l  550 (50"/, w/w) 

(Karmen, ~ u i f f r i d a  and Bowman 1 9 6 2 ) -  The c a r t r i d g e s  were then  

radioassayed d i r e c t l y .  

~ x p e r i m e n t s  c o n s i s t i n g  of exposure f o r  4 hours ,  

followed by f a t t y  a c i d  a n a l y s i s  and radioassay  w e r e  a l s o  c a r r i e d  

ou t  

14 
Radioac t iv i ty  l o s s  due t o  ox ida t ion  and CO ex- 

2 
I 

0 

p i r a t i o n  was measured by t r a p p i n g  t h e  expi red  
14 c02 i n  a  mixture 

of 2 aminoethanol and e thy lene  g l y c o l  monomethyl e t h e r  (2:l v /v ) .  

The l o s s  was c a l c u l a t e d  a s  t h e  pe rcen t  dosage l o s t .  



The 

mel lone l l a  

RESULTS AND DISCUSSION 

1 

percentage of i n d i v i d u a l  major f a t t y  a c i d s  

c a l c u l a t e d  from gas chromatograms ( ~ i g .  1) 

of  

a r e  

ga 
a?+ a s  fol lows:  C 14:0, O.3/,;  C 16:0, 38.0'/,; C 16:1, 4.7%, C 18:0, 

0.&/,; C 18:1, 49.8%; C 18:2, 6.4%. No po lyunsa tu ra tes  except  

C 18:2 w e r e  d e t e c t e d .  T h e  f a t t y  ac id  composition i s ,  i n  g e n e r a l ,  

c o n s i s t e n t  wi th  t h a t  found by o t h e r  workers (Niemierko and 

Cepelewicz 1950; Barlow 1964; Young 1964; Yendol 1970) .  The 

composition i s  inf luenced both by s y n t h e t i c  p rocesses  (Table I ,  

11) and- by t h e  d i e t  (F ig .  2 )  on which t h e  i n s e c t s  a r e  reared  

(Yendol 1970).  

14 
Analysis  of l i p i d s  from i n s e c t s  exposed t o  C - l -  

a c e t a t e  f o r  10,  20 and 30 minutes (Table I )  revealed  rad io -  

a c t i v i t y  only  i n  t h e  C 18:O and C 1 8 : l  f a t t y  a c i d  f r a c t i o n s  

(Table 11). o x i d a t i v e  c leavage  of  t h e  C 1 8 : l  f r a c t i o n  y ie lded  

the  d ica rboxy l i c  a c i d s ,  nonanedioic (89%) and undecanedioic 

(nonanedicarboxylic)  a c i d s ( l l % )  ( ~ i g .  3 ) .  The C 1 8 : l  monoun- 

s a t u r a t e d  f r a c t i o n  i s  t h e r e f o r e  composed of 89% 9-octadecenoic 

a c i d  and 11% 11-octadecenoic a c i d .  Analysis  was no t  c a r r i e d  

ou t  t o  determine which s p e c i f i c  geometric isomers of t h e s e  two 

a c i d s  w e r e  p r e s e n t .  A l l  c o l l e c t e d  a c t i v i t y  was found i n  non- 

aned io ic  a c i d ,  t h a t  i s ,  11-octadecenoic a c i d  d i d  not  incorpora te  

14 
d e t e c t a b l e  q u a n t i t i e s  of  C-1-acetate dur ing  t h e  exposure 

pe r iod  . 



Figure 1 A chromatogram of the fatty a.cids of ~alleria 

mellonella (L.) (Lepidoptera:~yralidae), 



Figure 2 A chromatogram of t h e  f a t t y  ac ids  i n  t h e  d i e t  on 

which ~ a l l e r i a  p e l l o n e l l a  ( L . )  ( ~ e p i d o p t e r a :  

Py ra l i dae ) .  



Figure 3 A chromatogram of the oxidative cleavage products 

of the C 18:l fatty acid fraction of Galleria 

mellonella (L.) (Lepidoptera:~yralidae) 
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d e s a t u r a t i o n  of t h e  corresponding s a t u r a t e d  f a t t y  a c i d s  (Bade 

1964; Sr idhara  and Bhat 1965) ,  t h e  d i s t r i b u t i o n  of  l a b e l l e d  

atoms w i l l  be t h e  same i n  t h e  monounsaturated f a t t y  a c i d s  and 

t h e i r  corresponding s a t u r a t e d  p recurso r s .  Since a l l  t h e  a c t i v i t y  

de tec ted  from t h e  cleavage products  of t h e  C 1 8 : l  f r a c t i o n  was 

found i n  nonanedioic a c i d  (der ived  from t h e  carboxyl  end of 

9-octadecenoic a c i d ) ,  t h e  corresponding s a t u r a t e d  a c i d ,  oc ta -  

decanoic a c i d ,  i s  probably be ing  formed by e longa t ion  of a 

14 
s h o r t e r  cha in  f a t t y  a c i d ,  u s u a l l y  hexadecanoic a c i d ,  wi th  C - l -  

a c e t a t e .  The r e a c t i o n s  occur r ing  can be summarized a s  fol lows:  

* e longa t ion  * -2 H 
C 16:O + CH3COOH synthesis) C17H37COOH ( C  18:O) > 

* o x i d a t i v e  cleava3e 
'gH18 

= C H COOH 
8 15 C8H1 COOH wi th  p e r i o d a t e  

9-octadecanoic a c i d  nonaneoic a c i d  

nonanedioic ac id  

There was no d e t e c t a b l e  -- de  novo s y n t h e s i s  involv ing  t h e  incorp- 

14 
o r a t i o n  of  C-1-acetate, du r ing  t h i s  exposure pe r iod .  I f  

d e  novo s y n t h e s i s  had occurred ,  an equal  l a b e l l i n g  would occur -- 
i n  both  t h e  monocarboxylic and d ica rboxy l i c  ac id  cleavage pro- 

d u c t s .  I n  a d d i t i o n ,  no e longa t ion  of  9-hexadecenoic ac id  

( C  1 6 : l )  with 14C-1-acetate was d e t e c t e d .  The e longa t ion  of 

t h i s  a c i d  can be i l l u s t r a t e d  a s  fol lows:  
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C 1 6 : l  ( 9 )  + C2--> C 1 8 : l  (11) 

I f  t h i s  r e a c t i o n  were occur r ink  a c t i v i t y  would be d e t e c t e d  i n  

t h e  C 11 d ica rboxy l i c  a c i d  product a f t e r  c leavage of  t h e  C 1 8 : l  

f r a c t i o n ,  s i n c e  a f t e r  e longat ion  of C 1 6 : l  ( 9 ) ,  t h e  p o s i t i o n  

of t h e  double bond i n c r e a s e s  two carbon u n i t s ,  from A 9  t o  A 11. 

However, no a c t i v i t y  was d e t e c t e d  i n  undecanedioic a c i d ,  e l imin-  

a t i n g  t h e  p o s s i b i l i t y  t h a t  t h i s  r e a c t i o n  was occur r ing  t o  any 

e x t e n t .  The r e l a t i o n s h i p  between t h e  two s y n t h e t i c  pathways 

wi th  r e s p e c t  t o  C 16 and C 1 8  a c i d s  can be i l l u s t r a t e d  a s  

fol lows:  

de  novo -- e longa t ion  s y n t h e s i s  

'2 s y n t h e s i s  ' 16: I 2 .  I 
> C 18:O 

3 1 d e s a t u r a t i o n  s y n t h e s i s  4 .  I . 
C 1 6 : l  

e longa t ion  
5. 

) C 1 8 : l  

Reactions 2 and 4 have been i s o l a t e d  and no evidence o f  r e a c t i o n s  

1, 3 , a n d  5 was found. 

~ v i d e n c e  of -- de  novo s y n t h e s i s ,  involv ing  t h e  incorp-  

14 o r a t i o n  of C-1-acetate was not  de tec ted  u n t i l  a f t e r  4  hours  

exposure, even though t h e  i n s e c t s  were anae the t i zed  wi th  CO 
2 -  

Increased de  novo s y n t h e s i s  occurs  wi th  increased  b ica rbona te  

i o n ,  used i n  t h e  conversion of a c e t y l  Co A t o  malonyl Co A 

( ~ i b s o n ,  ~ i t c h e n e r  and Wakil 1958; Wakil 1958) .  Af te r  4 hours  

exposure, a c t i v i t y  was d e t e c t e d  i n  C 16:O. I n  an i n d i v i d u a l  

c o l l e c t i o n ,  t h e  s p e c i f i c  a c t i v i t i e s  of i n d i v i d u a l  f a t t y  a c i d  
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f r a c t i o n s  were a s  fol lows:  C 16:0,  4  disintigrations/chromat- 

agram u n i t ;  C 18:0, 59 dpcu; C' 18:1,  1 dpcu. Detec t ion  of 

r a d i o a c t i v i t y  i n  sthe C 16:O f r a c t i o n  i s  c o n s i s t a n t  wi th  previous  
L(1 

d 

8. s t u d i e s  demonstrating t h a t  t h e  primary product of de  novo syn- 
3 

-- 

t h e s i s  i s  hexadecanoic ( p a l m i t i c )  ac id  (Wakil 1961; Wakil, ~ u g h  

and Sauer 1964).  However, no a c t i v i t y  was de tec ted  i n  t e t r a -  

decanoic ( m y r i s t i c )  o r  dodecanoic ( l a u r i c )  a c i d s ,  both secondary 

products  of -- de novo s y n t h e s i s ,  which Wakil (1961) r epor ted  t o  

appear s imultaneously wi th  hexadecanoic a c i d .  Although t h e  

s p e c i f i c  a c t i v i t i e s  of  t h e  f a t t y  a c i d s  c o l l e c t e d  i s  s t i l l  very  

low a f t e r  4 hours exposure,  t h e  t o t a l  a c t i v i t i e s  c o l l e c t e d  were 

s i g n i f i c a n t  and a c t i v i t y  i n  t e t r adecano ic  and dodecanoic a c i d s  

should have been d e t e c t e d .  Lambremont, S t e i n  and Bennett (1965) ,  

Bade (1964) and Sr idhara  and Bhat (1965) have a l s o  no t  de tec ted  

t h e  s y n t h e s i s  of t h e s e  a c i d s  by -- de  novo s y n t h e s i s  i n  i n s e c t s .  

Therefore,  i n  - G.  me l lone l l a ,  and perhaps i n  o t h e r  i n s e c t s ,  t h e  

only  product of -- de  novo s y n t h e s i s  appears  t o  be hexadecanoic 

a c i d .  The s h o r t e r  cha in  p r e c u r s o r s  probably remain bound t o  t h e  

a c y l  c a r r i e d  p r o t e i n ,  and a r e ,  t h e r e f o r e ,  d i f f i c u l t  t o  d e t e c t .  

No evidence was obta ined  t o  i n d i c a t e  t h a t  t h e  s a t u r a t e s  

and unsa tu ra tes  a r e  formed by two completely independent mechan- 

i s m s .  Sedee (1961) concluded t h a t ,  s i n c e  t h e  u n s a t u r a t e s  

became more h igh ly  l a b e l l e d  than  t h e  s a t u r a t e s ,  and s i n c e  t h e  

two d i d  not  o b t a i n  t h e  same i s o t o p e  content  dur ing  t h e  exposure 



per iod ,  t h e  unsa tu ra tes  

corresponding s a t u r a t e s  

s a t u r a t e s  have a  h igher  

-45- 

could not  be d i r e c t l y  formed from t h e  

by dehydrogenation. However, i f  t h e  

f r a c t i o n a l  turnover  r a t e  than  t h e  un- 

s a t u r a t e s ,  they  could very l i k e l y  have a  lower s p e c i f i c  a c t i v i t y  

a f t e r  a  cons iderable  exposure time. S t r i c t  precursor-product  

r e l a t i o n s h i p s  cannot always be  expected o r  found i n  a  complex 

l i v i n g  organism, 

Since only  octadecanoic and 9-octadecenoic a c i d s  were 

l a b e l l e d  i n  g.  mel lone l l a ,  exchange r e a c t i o n s  between t h e  t e rmina l  

carbons of va r ious  f a t t y  a c i d s ,  and between f a t t y  a c i d s  and t h e  

a c e t a t e - p o o l  (Barron 1966) were probably minimal. 

Regression ana lyses  were c a r r i e d  ou t  on t h e  d a t a  i n  

Table 11. The s p e c i f i c  a c t i v i t i e s  of  r e p l i c a t e  1, exposed f o r  

30 minutes,  a r e  exceedingly low, and do not  r e f l e c t  t h e  cha rac t -  

e r i s t i c  i n c r e a s i n g  s p e c i f i c  a c t i v i t i e s  observed between t h e  o t h e r  

r e p l i c a t e s  and t h e  i n s e c t s  exposed f o r  s h o r t e r  pe r iods .  It was 

assumed, t h e r e f o r e ,  t h a t  something de t r imen ta l  had happened t o  

one o r  both of  t h e  i n s e c t s  i n  t h i s  group, and t h e s e  va lues  were 

not  used i n  t h e  subsequent r e g r e s s i o n  analyses .  The equat ion  

14 
of t h e  r eg ress ion  curve r e p r e s e n t i n g  t h e  incorpora t ion  of  C- 

1-ace ta te  i n t o  t h e  t o t a l  f a t t y  a c i d  f r a c t i o n  (Table 1I )was  

y = 1473.4~-9755.5 ( F i g .  4 )  ( y  = s p e c i f i c  a c t i v i t y  of f a t t y  

a c i d s ,  dpm/mg; x  = t ime,  minu tes ) ,  wi th  a  c o r r e l a t i o n  c o e f f i c i e n t  

of 0.94. S i m i l a r l y ,  t h e  equat ion  f o r  t h e  curve r e p r e s e n t i n g  
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incorporation into C 18:O was y = 5834.6~ - 38591.7 (~ig. 5), 

with a correlation coefficient' of 0.86; and into c 18:1, 

y = 59.1~ - 137 (Fig. 5), with a correlation coefficient of 

0.75. The regression curves representing incorporation of 

14 
C-1-acetate into C 18:O and C 18:1, from 10 to 30 minutes 

(Fig. 5) illustrate precursor-product characteristics (Zilver- 

smit, Entenman and Rishler 1943) . 
The fractional turnover rates of C 18:O and C 18:l (9) 

were calculated from the incorporation data; and various forms 

of compartmentation, which are characteristic of -- in vivo in- 

corporation studies, were discussed, 

Table 111. and Figure 6 summarize and illustrate a 

14 
typical incorporation of C-1-acetate into lipid components 

of individual insects, E. mellonella, after various exposure 

periods. The experiment was carried out on several individual 

sets of insects, and resulted in the same phases of incorporation 

illustrated in Figure 6. The exposure times of 10, 20 and 30 

minutes were chosen to study fatty acid synthesis, after con- 

sideration of the following criteria: 1) They could be reason- 

ably replicated  able 11), such that mathematical determina- 

tions of the equations of the incorporation curves could be 

made, and fractional turnover rates could be calculated. 

14 
2) C-1-acetate incorporation was asclose as possible (with 

consideration of 1) to the exponential phase (after 1 hour, 
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FIGURE 5- THE INCORPORATION OF 14c-l -ACETATE INTO OCTADECANOIC AND 

9-OCTADECENOIC ACIDS IN  GALLEHIA hlEL1 ONELLA (L.) (LEPIDOPTERA: 
PYRALIDAE)@REPRESENTS THE MEAN AT EACH TIME PERIOD 



0.5 1 2 3 4 
TIME (HOURS) 

FIGURE 6- INCORPORATION OF 14C-1-ACETATE INTO LIPIDS OF INDIVIDUAL 
INSECTS GALLERIA MELLONELLA (L.) (LEPID0PTERA:PYRALIDAE) 
AFTER VARIOUS EXPOSURE TIMES. 



Table I11 - Incorporation of 14c-1-acetate into lipids of 

individual insects, ~alleria mellonella ( L , )  

(Lepid0ptera:~yralidae) after various exposure times. 

Exposure Time 
(minutes) 

Weight of Insect ~njection Specific Acticity 
(m9) (pl) of Lipids (dpm/mg) 
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~ i g u r e  6), when t h e  system was e q u i l i b r a t e d ,  and t h e  incorp-  

o r a t i o n  r a t e  i s  a  t r u e  measure'of t h e  turnover  r a t e .  3 )  They 

allowed t h e  s y n t h e t i c  processes  t o  be s tud ied  b e f o r e  t h e  

E 
s p e c i f i c  a c t i v i t y  of any of t h e  component f a t  poo l s  decreased 

C 

s i g n i f i c a n t l y  due t o  a  p u l s e  t y p e  o f  exposure. S ince  t h e s e  

t imes  a r e  not  q u i t e  i n  t h e  exponent ia l  phase of incorpora t ion ,  

l i n e a r  equat ions  w e r e  determined. 

I f  t h e  r e g r e s s i o n  curve  r e p r e s e n t i n g  t h e  incorpora-  

14 
t i o n  o f  C-1-acetate i n t o  t o t a l  f a t t y  a c i d s  i s  e x t r a p o l a t e d  

t o  t h e  o r i g i n  ( ~ i g .  4 ) ,  it i s  ev iden t  t h a t  a  mul t iphas ic  i n -  

crease i n  s p e c i f i c  a c t i v i t y  i s  occur r ing .  The r a t e  o f  incorp-  

o r a t i o n  i s  slow a t  f i r s t  and g radua l ly  i n c r e a s e s .  This  l a g  
.? 

! per iod  of incorpora t ion ,  which l a s t s  f o r  approximately 1 0  

minutes a f t e r  i n j e c t i o n ,  i s  more evident  when t h e  curve  i s  

p l o t t e d  l i n e a r l y  (F ig .  4 - i n s e r t ) .  The mul t iphas ic  i n c r e a s e  

i n  s p e c i f i c  a c t i v i t y  sugges t s  t h a t  a c e t a t e  i s  conta ined  i n  a  

multicompartment system such a s  t h a t  descr ibed  by Z i lve r smi t  

and Shore (1952),  Beaven (1964) and Montanari, Beaven and 

~ r o d i e  (1963).  According t o  t h e  model proposed i n  ~ i g u r e  7 ,  

t h e  a c e t a t e  i s  f i r s t  i n j e c t e d  i n t o  pool  1, t h e  hemolymph o r  

"blood",  and slowly d i f f u s e s  i n t o  t h e  second pool ,  t h e  f a t  

body t i s s u e s .  A t  equ i l ib r ium,  t h e  i n c r e a s e  i n  s p e c i f i c  a c t i v i t y  

w i l l  be  exponent ia l  ( F i g .  6 ) ,  t h a t  i s ,  t h e  r a t e  w i l l  be  c o n s t a n t ,  

and i s  then  a  measure of t h e  r a t e  of  f a t t y  a c i d  tu rnover .  S ince  
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the hernolymph cannot synthesize fatty acids (chino and Gilbert 
I 

1964), fat is synthesized only in pool 2. Therefore, the in- 

i 
crease in fatty acid activity will be the least during the 

early period after injection, when the specific activity is 

the highest in pool 1 and lowest in pool 2. Following this 

early lag period, as the two pools approach equilibrium, the 

specific activity of acetate in pool 2 increases along with 

the rate of incorporation into fatty acids, which finally, 

at equilibrium, becomes exponential (Fig. 6, after 1 hour), 

Although the model is hypothetical, it appears to describe the 

data and incorporation curves obtained. 

This model system can be further characterized by 

analysis of the experimental incorporation curve of fatty acids 

(~ig. 4 ) .  We can describe this experimental curve as being 

composed of two component curves with differing slopes, each 

representing primarily one phase of the multiphasic system pre- 

viously described. The first component curve is composed of 

the lag phase portion of the experimental curve from 0 to 10 

minutes, and is primarily representative of the equilibrium 

rate between the two pools. The average slope of this curve 

is 500 dpm/mg/minute, and the fractional transport rate rep- 

resented by this slope is 1.30 x 10-~/minute (calculated accord- 

ing to footnote 2.). The second component curve, obtained by arith- 

matically substracting the extrapolated first component curve from the 
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exper imenta l  cu rve  a f t e r  10  minutes  exposure ,  i s  a  more c o r r e c t  

measure o f  f a t t y  a c i d  s y n t h e s i k  i n  poo l  2 .  The r e s o l u t i o n  of  

t h e  exper imenta l  eu rve  ( ~ i g .  4 )  i n t o  t h e s e  two component cu rves  

i s  shown i n  F igu re  8 .  The f r a c t i o n a l  t u rnove r  r a t e  o f  f a t t y  

a c i d s  ( c u r v e  2 )  i s  ob ta ined  by s u b t r a c t i n g  t h e  f r a c t i o n a l  

t r a n s p o r t  o f  t h e  f i r s t  component cu rve ,  determined p r e v i o u s l y ,  

from t h e  f r a c t i o n a l  t u r n o v e r  ra te  of  t h e  exper imenta l  cu rve  

from 1 0  t o  30 minutes ,  and i s ,  t h e r e f o r e ,  1.66 x l ~ - ~ / m i n u t e .  

S i m i l a r l y ,  t h e  f r a c t i o n a l  t u rnove r  r a t e s  of oc tadeca  

-6 and 9-octadecenoic a c i d s  w e r e  c a l c u l a t e d  t o  be  7.76 x 1 0  / 

-8 minute ,  and 1 .9  x 10  /minute r e s p e c t i v e l y .  The h a l f l i v e s  3 

4 7 
are: C 18:0,  8.93 x  1 0  minutes ;  C 18:l ( 9 ) ,  3.65 x  1 0  minutes ;  

4 5 
and t h e  t u rnove r  t i m e s  a r e :  C 18:0 ,  1.29 x  10  minutes ;  C 1 8 : l  

7  
( 9 ) ,  5.26 x  10 minutes .  The tu rnove r  f l u x e s 5  w e r e  c a l c u l a t e d  

t o  b e  C 18:O. 8.50 x  mg/minute; C 1 8 : l  ( 9 ) .  1.28 x  1 0 - ~ m ~ /  

minute .  These r a t e s  are c o n s i s t e n t  w i t h  t h o s e  found f o r  v a r i o u s  

o t h e r  enzyme systems in v i t r o  (Weast 1968) .  

I t  should be  no ted  a t  t h i s  t ime ,  t h a t  a l t hough  t h e  

c h a r a c t e r i s t i c s  o f  t h e  i n c o r p o r a t i o n  cu rves  have been d e s c r i b e d  

as i n d i c a t i v e  o f  hernolymph-fat body compartmentation,  o t h e r  

a l t e r n a t i v e s  a r e  p o s s i b l e .  The l a g  phase  could be  due t o  t h e  

d i s t r i b u t i o n  o f  l a b e l  w i t h i n  t h e  hemolymph i t s e l f  ( F i g .  7 ) .  

Also,  enzyme i n d u c t i o n  could  account  f o r  t h e  l a g  p e r i o d ,  a l t hough  

i t  i s  u n l i k e l y  t h a t  t h e  enzymes f o r  f a t t y  a c i d  s y n t h e s i s  are 
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FIGURE 8- 
RESOLUTION OF THE EXPERIMENTAL CURVE (FIG. 4 )  INTO ITS TWO COMPONENT CURVES, 
ONE REPRESENTING COMPARTMENTALIZATION, THE OTHER, SYNTHESIS. 



-56- 

repressed, particularly at this stage of the life cycle, when 

I 

the insect is synthesizing "energy stores" for pupation. other 

possibilities include other types of compartmentation, both 

physiological and biochemical. 

Regression analysis of the percent dosage lost as 

1 4 C 0  expiration (Table IV) determined the equation of the 
2 

-5 curve to be y = 5.9~ + 306.7 (y = % dosage x 10 ; x = time, 

minutes) with a correlation coefficient of 0.97. It can be 

calculated that 4.83 x of the dosage is lost as 14c02 

(indirectly representative of oxidation) in 30 minutes, and 

-2 
2.08 x 10 % within 5 hdurs. This is not necessarily indicative 

of a slow oxidation rate, and slow turnover of acetate, since 

the amount of acetate injected was exceedingly small, and pro- 

bably negligible in comparison to the total acetate pool. 
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SUMMARY AND CONCLUSIONS 

, 

The turnover  r a t e  of a c e t a t e  appears t o  be very  r a p i d .  

14 Af te r  s h o r t  exposure pe r iods  t o  C-1-acetate, - G.  mel lone l l a  

incorpora tes  a c t i v i t y  i n t o  octadecanoic ( s t e a r i c ) a c i d ,  con- 

s i s t e n t  wi th  t h e  e longat ion  s y n t h e t i c  mechanism. NO * 
14 novo s y n t h e s i s ,  involv ing  t h e  incorpora t ion  of C-1-acetate 

was de tec ted  u n t i l  a  few hours  a f t e r  i n i t i a l  exposure.  I t  

appears ,  t h e r e f o r e ,  t h a t  t h e  two s y n t h e t i c  mechanisms of 

e longa t ion  and de  novo s y n t h e s i s  can be s tud ied  independent ly,  

by r a r y i n g  t h e  exposure pe r iods  t o  14C-1-acetate. 

The d e s a t u r a t i o n  r e a c t i o n ,  y i e l d i n g  9-octadecenoic a c i d ,  

14 
corresponds wi th  t h e  incorpora t ion  of C-1-acetate i n t o  

octadecanoic a c i d ,  i n  a  t y p i c a l  precursor-product f a sh ion ,  

b u t  t h e  r a t e  of incorpora t ion  i s  much s lower,  

14 
NO e longat ion  of unsa tura ted  f a t t y  a c i d s  wi th  C-1-acetate 

was de tec ted  i n  g. mel lone l l a ,  i n  t h e  f i r s t  30 minutes of  

exposure. 

The f r a c t i o n a l  turnover  r a t e s  c a l c u l a t e d  f o r  octadecanoic 

a c i d ,  formed by e longat ion  of hexadecanoic a c i d ,  and 9- 

octadecenoic a c i d ,  formed by d e s a t u r a t i o n  of  octadecanoic 

a c i d ,  a r e  wi th in  t h e  range of o t h e r  - i n  v i t r o  enzyme systems. 

The f r a c t i o n a l  turnover  r a t e  of 9-octodecenoic a c i d  i s  much 

lower than  t h a t  of octadecanoic a c i d ,  i n d i c a t i n g  t h a t  t h e  

unsa tu ra tes  may be  s t o r a g e  products .  
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7 .  Accurate c a l c u l a t i o n s  of f r a c t i o n a l  turnover  r a t e s  i n  vivo -- 
a r e  imprac t i ca l  a t  t h i s  ti'me. It  i s  evident  t h a t  m u l t i p l e  

physiological:  and biochemical r e a c t i o n s  a r e  occur r ing  a t  

t h e  same t i m e ,  and r e s o l u t i o n  of incorpora t ion  curves  

under such cond i t ions  i s  d i f f i c u l t .  It should be noted ,  

however, t h a t  such g r a p h i c a l  r e s o l u t i o n s  have been c a r r i e d  

o u t ,  and i n  some c a s e s ,  have been proven c o r r e c t  and 

accura te  by l a t e r  s t u d i e s .  Although t h e  importance of  

i n  vivo s t u d i e s  cannot be underestimated, in v i t r o  s t u d i e s  -- 
would appear t o  be more conclus ive ,  a t  t h i s  t i m e .  
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FOOTNOTES 

1. The first number refers td the carbon number and the second, 

the number of double bonds. 
e 
c 2. The weight of compound corresponding to a given activity can 
F 
i be calculated by using the following formula: 

-8 
W = 0.77 x 10 xmCix A x  t* 

number of labelled atoms per molecule 

where W = weight of the compound in mg. 

mCi = number of millicuries of activity 

A = molecular weight 

t$ = half-life of the isotope involved in days. 

The derivation, as described by Francis, et al. (1959), is 

as follows: The number of atoms in 1 curie of isotope 

= N x W where N = Avogardro 's number 
A 

W = weight of the isotope in grams 

in one curie 

A = mass weight of the isotope 

10 
The disintegration rate, 3.7 x 10 dps for is equal 

to the number of atoms present, multiplied by the disinte- 

gration or decay constant, KD (%= 0.693) . Since the 
half-life) 

disintegration rate is expressed in seconds, half-life 

must also be expressed in seconds. Thus, if the half-life 

of an isotope is t$ days, the equation is: 



and t h e  w t .  of  an i s o t o p e  i n  mg represented  by a c e r t a i n  

-8 
a c t i v i t y  i n  mCi= 0.77 x 10  x A x t% x m C i  

I n  order  t o  c a l c u l a t e  t h e  weight of a  compound wi th  a 

c e r t a i n  a c t i v i t y ,  t h e  equat ion i s  m u l t i p l i e d  by: 

molecular w t  . of  X - . t h e  number of  l a b e l l e d  atoms 
mass w t .  of  t h e  i s o t o p e  

For example, t h e  shape of  t h e  curve i n  f i g u r e  4 represented  

from 10 t o  30 minutes i s  equal  t o  1473.4 dpm/mg. Therefore ,  
minute 

t h e  weight o f  compound which i s  represented  by 1473.4 dpm 

can be c a l c u l a t e d  a s  fol lows:  

-8 (molecular w t  . ) x n x t f  
W(mg)  = ( 0 * 7 7  lo (ma (mass w t .  of t h e  i s o t o p e )  

number of  l a b e l l e d  atoms 

Since we  have shown t h a t  t h e  l a b e l l e d  malecules a r e  l a b e l l e d  

only  once,  i n  t h e  C p o s i t i o n :  

-8 
~ ( m g )  = (0.77 x 10  ) ( m a  ( A )  (t+) lmolecular  w t . )  

( A 1 

= 2.96 x mg. Note t h a t  t h e  two 14s  cance l .  

The s lope  of  t h e  r e a c t i o n  i s  t h e r e f o r e :  
minute 

-6 
and t h e  f r a c t i o n a l  turnover  r a t e ,  K, i s  2.96 x 10 /minute. 



3 .  The h a l f - l i f e  can be c a l c u l a t e d  from t h e  fo l lowing  s t anda rd  

r a d i o a c t i v e  decay r e l a t i o n s h i p :  

1 =*= t% - where K = f r a c t i o n  tu rnove r  r a t e  
K l n2  0.963 

t& = h a l f - l i f e  

4 .  The tu rnove r  t i m e ,  T t  = 1, s i n c e  KA = amount t u rned  ove r  i n  
K 

u n i t  t i m e  o r  t i m e  1, where A = t h e  t o t a l  amount o f  t h e  

subs t ance  tu rned  o v e r .  

1 i s  t h e n  t h e  t i m e  r e q u i r e d  f o r  t h e  t u rnove r  o f  an amount o f  , - 
K 
A equa l  t o  t h e  t o t a l  amount o r i g i n a l l y  p r e s e n t  i n  t h e  p o o l ,  

and t h e r e f o r e  i s  t h e  average  l i f e  o f  t h e  molecules  i n  t h e  

compartment. 

5. The tu rnove r  f l u x ,  Tf, i s  a  t u rnove r  r a t e  expressed  as 

mg/min, and i s  t h e r e f o r e  dependent on t h e  body poo l  s i z e .  

I t  i s  c a l c u l a t e d  a s  fo l lows :  

Tf = ( K )  (body poo l  s i z e )  
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