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DESPITE all the knowledge available con-
cerning the production of various types of 
synthetic rubber, no elastomer has yet been 
produced that has the low heat build-up or 

low hysteresis of natural rubber. This property is 
essential for  making large size heavy-duty tires. I f  it 
were possible to produce synthetic rubber possessing 
this desirable property, it  would no longer be neces- 
sary to maintain a large stockpile of natural rubber. 
The current carrying charge for the strategic natural 
rubber stockpile is about $20 million a year. I t  has 
been authoritatively stated that "Since the major cur- 
rent requirement for natural rubber is for use in large 
truck tires, a long-range program to develop and ap- 
ply synthetic rubber for this purpose presents the 
only possibility of greatly reducing the Nation's de-
pendence on natural rubber" (1 ) .  

Many chemical approaches have been tried without 
success in an effort to find a synthetic equivalent for 
natural rubber. The present program is a biochem-
ical one. We are finding out the processes involved in 
the formation of rubber in the living plant. It is hoped 
that the knowledge obtained may give us new and 
novel approaches to the deyeloplilent of low heat 
build-up synthetic rubbers. 

Two related investigations are currently under way. 
One a t  the California Institute of Technology has to 
do with the study of rubber synthesis by plant enzyme 
systems. The other, carried on by the U.S. Department 
of Agriculture, is concerned specifically with rubber 
synthesis by the rubber tree, Hevea. The U.S. Depart-
ment of Agriculture is also cooperating in the Ar- 
gonne National Laboratory, Illinois, on production of 
C14-labeled natural rubber. 

Systhesis of rubber in the living plant. Natural rub- 
ber is, of course, a polymer made of repeating iso- 
prene units. Each isoprcne unit contains one double 
bond, and in natural rubber these double bonds all 
have the cis-configuration. This structure has not been 
duplicated outside of the living plant. It is the all- 
cis-configuration, together with the nature of the 
monomer, that presumably is responsible for the low 
hysteresis or low heat build-up properties. I t  may be 
noted that rubber is only one of a general class of 
compounds known collectively as the isoprenoids, all 

of which are based on isoprene as the repeating unit. 
The isoprenoids include the terpenes, in which 2, 3, 
4, or 6 of the 5-carbon isoprene units are bound to- 
gether in a single molecule; the carotenoids, in which 
8 of the 5-carbon units are bound together; and the 
polyisoprenoids, which include rubber and gutta-
percha. All plants synthesize one or another of the 
isoprenoids. Thus, carotenoids and phytol, the long- 
chain alcohol that is a component of the chlorophyll 
molecule, are universal components of higher plants. 
A few kinds of higher plants, about 4000 of a total 
of 400,000 or so species, make large quantities of 
one or another terpene or polyisoprenoid. I n  some 
cases, the lower terpenes are accumulated as a so-
called "essential oil" (the turpentine of pine trees). 
I n  other cases. it  is rubber that is accumulated. as the 
rubber of Hevea, guayule, or other species. So far  as 
we can ascertain a t  the present time, neither rubber 
nor the lower terpenes have any essential function in 
the plant (2). They appear to represent a storing 
away of the basic 5-carbon unit in forms that are not 
usable by the plant. Thus, neither rubber nor the lower 
terpenes, once made, are utilizable as food material 
by any higher plant that has been investigated. 

If  we are to discover how plants make isoprenoids, 
it is first necessary to discover the 5-carbon monomer 
used by the plant. The monomer cannot be isoprene 
itself, since this has not been found to occur in plants. 
This question was first intensively studied with the 
guayule, a shrub that produces large quantities of 
rubber within individual cells. It has been shown (3,  
4) that it is possible to cause small pieces of the 
branches of guayule, or even seedlings of this plant, 
to make additional rubber if they are supplied with 
appropriate carbon-containing compounds. It has 
been shown that the simple 2-carbon compound acetate 
forms the source of all the carbon atoms used in mak- 
ing rubber by the guayule plant. If  we supply radio- 
active C14-labeled acetate to the plant, it makes rubber 
in which every carbon atom is labelcd with C1* ( 5 ,  6) .  
Thus, acetate forms the basic precursor. Yet this 2-car- 
bon compound must somehow be made into a 5-carbon 
branched-chain compound of the structure of isoprene. 
The nature of the 5-carbon compound is suggested by 
the fact that the substance $-methylcrotonic acid pos- 



sesses the ability to support efficiently rapid rubber 
formation in guayule (3). That P-methylcrotonate is 
formed from acetate is indicated by the fact  that when 
plants are fed C14-labeled acetate, they synthesize C14- 
labeled P-methylcrotonate (6) .  The general course of 
rubber synthesis in the guayule may therefore be as 
suggested in the following equation. 

\
CH, COOH + C = CHCOOR -+ 

Accltate /
CH, 

One might object that the guayule is only one rubber 
plant and other species, such as Hevea, might syn- 
thesize rubber by some different pathway. Experi- 
ments similar to those discussed in preceding para- 
graphs have, therefore, been made with Hevea by H. 
J .  Teas a t  the U.S. Deparament of Agriculture Lab- 
oratory in Mayagiiez, Puerto Rico. It is not possible 
to test the effect of added substances on rubber syn- 
thesis in  Hevea by simply injecting the test substance 
into the latex system and subsequently determining the 
amount of rubber in  the latex collected from a test 
tap. Compagnon and Tixier (7) have shown that injec- 
tions of such nollspecific substances as copper sulfate 
greatly increase the flow of latex and, therefore, t h ~  
yield of rubber in  trees being tapped by commercial 
methods. I n  the present work, the test substances are 
applied in holes drilled in  squares of bark that have 
been isolated from the rest of the latex system by deep 
cuts. After  a n  appropriate period, samples of the 
bark are removed and analyzed for  total rubber. Ap- 
plications of either acetate or P-methylcrotonate have 
resulted in apparent increases in  rubber synthesis in 
Hevea bark. The increases are considerable. amount- 
ing to as much as  50 percent or more. Other sub- 
stances tested had little or no influence on rubber 
synthesis. 

N. J. Scully and his group a t  the Argonne National 
Laboratory have developed facilities that permit the 
growth of plants under completely controlled environ- 
mental conditions and in an atmosphere of radio-
active C1qO,.  Small H e ~ e atrees have been grown in 
this fashion and the latex collected periodically. The 
uniformly labeled rubber obtained is available f o r  the 
study of technologic matters. These experiments indi- 
cate that there is a time lapse of several hours between 
the introduction of C14 to the leaf and its appearance 
in the rubber hydrocarbon. 

Elzzy?nologg of rubber formatiolz. It has been men- 
tioned in a preceding paragraph that  P-methylcro-
tonate is able to support rubber formation in the plant 
and that this 5-carbon aeid may therefore be an inter- 
mediate in the formation of the isoprenoid monomer. 
We now have two problems : ( i )  how do P-methylcro- 

tonate and the monomer get made from acetate, and 
(ii) how is the monomer polymerized? 

I n  order to find out more about these matters, i t  has 
been necessary to work not with intact plants fed with 
particular compounds or particular carbon14-labeled 
radioactive compounds but with isolated plant enzyme 
systems. I t  should be possible in  principle to trace 
the path of acetate carbon atoms to rubber by identi- 
fying the enzymatic steps responsible fo r  the trans- 
formations of acetate on its path to @-methylcrotonate 
and thence to rubber. It has been found that in the 
enzymatic system represented by the contents of plant 
cells, acetate is not further metabolizable until i t  is 
first transformed to the derivative acetyl-coA (8).The 
facts available suggest that  the path of acetyl-coA to 
0-methylcrotonate niay follow this general outline : 

2
1) CH,COOH t coA .?- CH,COcoA 
Acetate aeetgl-coA 

4 )  CH,COCH,COOH i.CHsCOcoA g 
Acetoacetate acetyl-coA 

CH, CH,COOH 

'C' 

5;)  CH, CH,COOH 
\ / 

\ 
C = CHCOcoA + CO, .t H,O 

/ 

I n  this pathway, acetyl-coA is joined with itself to 
form a 4-carbon compound acetoacetyl-coA, which is 
then hydrolyzed to acetoacetate. Another acetyl-coA 
molecule is joined to acetoacetate to  form a 6-carbon 
compound, and carbon dioxide and water are subse- 
quently cleaved from this material to form P-methyl- 
crotonyl coA. 

P-Hydroxy-P-methylglutarate (BOG) was first sus- 
pected as  an intermediate in this series of reactions 
when it was tentatively identified as  a product of the 
metabolism of C1"labeled acetate by a n  acetone pow- 
der of spinach leaves (9) .  BOG 1s now known to he a 
naturally occurring plant product ( l o , 1 2 )  and its me- 
tabolism in the plant has been elucidated by J. A. 
Johnston and D. Racusen. The sequence of reactions 1 
through 4 can be consummated with an enzyme system 
prepared from flax seedlings, a plant that normally 
accumulates considerable quantities of BOG. Reactions 
1,2, and 3 have been studied in several systems (12-
2 4 )  including those of plant2 (8)and are common t o  
the fa t ty  acid metabolism as well as to isoprenoid syn- 



thesis. Reactions 4 and 5 have been investigated con- 
veniently in the reverse direction, using labeled $-me- 
thylcrotonate and CO, as  the substrates. 

It is now of interest to know how B-methylcrotonyl 
units are  polymerized and whether it is the P-methyl- 
crotonyl-coA derivative that is involved in rubber for-  
mation. It appears possible that union of 5-carbon 
units is carried on in a manner basically similar to 
that by which the 2-carbon acetyl-coA fragments are  
united to form the 4-carbon acetoacetyl-coA. Reduc- 
tion of the 10-carbon compound, which would result 
from the initial polymerization, would lead then to a 
10-carbon hydrocarbon. But  this union necessarily in- 
volves several individual enzymatic steps. It involves 
the introduction of the specificity of the cis-bond in 
each of the two 5-carbon units. We do not yet under- 
stand how the responsible enzyme catalyst assures 
that  each unit as  it  is introduced into the whole will 
be of the cis-configuration, but we do a t  least have an 
effective and readily studied system f o r  the working 
out of these important matters. 

It is interesting to note that the pathway by which 
plants make rubber is not unique to plants but has 
its parallel in microorganisms and in animal tissues. 
The participation of acetate and of B-methylcrotonyl 
units in the syntheses of carotenoid pigments by a 
variety of lower organisms appears probable (15). I n  
these lower organisms, however, as  in  most higher 
plants, polymerization of the monomer stops when 8 
units are  put  together. This 8-unit piece is then modi- 
fied by the introduction of further double bonds until 
a carotenoid pigment is formed. 

The steroid cholesterol appears to be synthesized 
from acetate in the animal body as  is rubber in the 
plant (16). All carbon atoms of cholesterol derive 
from acetate. Both P-methylcrotonate and the 6-car- 
bon, B-hydroxy, B-methylglutarate are  indicated as in- 
termediates in this synthesis (16, 17). That the syn- 
thesis of /3-methylcrotonate by liver proceeds from 
acetate through B-OH, P-methylglutarate as  outlined 
in reactions 1-5 has been indicated by recent work 
(18-21). It appears possible from the work of Bloch 
(16) that the animal may first synthesize a linear tri- 
terpene containing 6 of the 5-carbon monomer units 

and then cyclize this triterpene to form a precursor 
of cholesterol which is then modified by elimination 
of appropriate carbon atoms to form the final carbon 
skeletal of the substance. 

Summary. The problem of how rubber is synthe- 
sized in the plant has been divided into two portions: 
( i )  the nature of the monomer used and how this 
monomer is synthesized, and (ii) the nature of the 
polymerization reaction by which the monomer is 
transformed to rubber. With respect to the first, the 
monomer appears to be the 5-carbon branched-chain 
compound 0-methylcrotonic acid or  a derivative 
thereof. This substance is synthesized in the plant 
from acetyl-coA. With respect to the second, no in-
formation is available, since polymerization of the 
5-carbon monomer units to polymers has not yet been 
achieved outside the living plant. 
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IF desoxyribonucleic acid, obtained by osmotic nucleotides. This result is in  distinct contrast to that 
shock from T2rf bacteriophage, and deprotein- obtained with calf thymus or wheat germ desoxyribo- 
ized, is treated successively with pancreatic des- nucleic acid, which are  degraded quantitatively to  
oxyribonuclease and purified venom phosphodi- mononucleotides by this procedure (1, 2) .  The re-

esterase ( i ) ,  62 percent of the phosphorus (P) of mainder of the P is in the form of enzyme-resistant 
the nucleic acid can be recovered in the form of mono- di-, tri-, and polynucleotides. 


