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It seems hardly necessary to  repeat t o  an audience of th is  kind the 

importance &"the process known as photosynthesis i n  the interaction 

and t6e interdependence of organisms and i n  the very aiistence of l i f e  

as we know it, This process by which green plants are able t o  capture 

electromagnetic energy i n  the form of sunlight and transform it into 

stored chemical energy i n  the form of a wide variety of reduced (relative 

t o  carbon dioside) carbon compounds provides the only major source of 

energy for the maintenance and propagation of a l l  l i f e ,  

Not very long ago I had occasion t o  witness the very direct re- 

lationship between the amount of photosynthesis taking place in a limited 1 

area and the amount and variety 'or a l l  processes depending upon ito 

During the winter the surface waters of the North Atlantic are relatively 
'\ 

poorly populated with l i f e ,  With the earning of spring, bringing with it 

more suitable conditions fo r  the developnent of photosynthetic ogranisms 

(warmer temperatures and the increase i n  the mineral nutrients required), 

there is a relatively great and rapid increase in the population of the 

photosynthetic microorganisms (algae, diatoms, etc ) , Almost concomitant 

with this, and following it very closelyt i s  a corresponding increase i n  

the population of microanimals which feed upon these p k m y  producers 

and, i n  turn, larger organisms, f i sh  and even mammals increase as the 

summer poceeds. The cycle i s  brought t o  a close with the gradual diminu- 

t ion of the mineral supply and the sunlight, and the cooling of the waters 

as the winter again approaches and the supply of diatoms exhausted, A 

cycle very similar t o  th i s  can be observed i n  any backyard garden i n  

the northeastern prt of our country, 
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For th i s  and other reasons, the study of the nature of this process 

has been a very attractive area for  many years and a wide variety of 

scientif ic  interest and backgrounds have been brought t o  bear upon it. 

These range from the purely biological t o  the s t r i c t l y  physical w i t h  the 

biochenical and physicocheroical area lying between. Important contribu- 

t i o n ~  t o  the understanding of the phenomenon have come from a l l  these 

areas, but i n  spi te  of the enormous amount af work and study that has 

gone in to  the problem, relatively l i t t l e  is  known, or rather understood, 

about the fundamental character of the process even today. It is  perhaps 

pardonable that  one engaged i n  studies i n  th i s  area tends t o  the conclusion 

that  most of the howledge has been acqufred i n  the relatively recent past. 

Discounting that  tendency, I think it is still f a i r  t o  say that  we have 

6nly  just begun i n  the l a s t  decade or so t o  gain same understanding of the 

intimate details by which the basic grocess r e ~ e s e n t e d  i n  the overall reac- 

tion 

+ h r r  

has came t o  be understood. The recognition of this overall reaction as 

written, t o  represent the basic nature of the process of photosynthesis, 

arid, further, that its reversal rep-esents the basic reaction of respira- 

t ion is, of course, an old one. 

As a result of laore recent study, it has been possible t o  separate 

the process of photosynthesis into two dis t inct  and separate parts. 



The general features of this seprat ion m y  be represented i n  the 

following chart: 

Figure 1 

The essential feature of the separation is the independence of the 

photochemical part of photosynthesis Pram the carbon dioxide reduction 

part, We shal l  not here even t ry  t o  outline a l l  of the various forms 

of evidence which have been adduced i n  support of such a scheme but 

only t o  point out additional b i t s  which have been added i n  recent 

years and particularly those which stem from our own worko 1,293 

The scheme stself  is  an outgrowth of proposals of some f i f teen 

4 years ago by Van Niel resulting from his  studies of the comparative 

biochemistry of photosynthesis . More recently, the photochemical 

apparatus has been shown t o  be separable fram the res t  of the plant by 

the experiments of Kill, 5 

He was able t o  make preparations of chloroplasts and chloraplastic 

fragments which, upon illumination in the presence of suitable midizing 

agerrts other than carbon dt&de, were able to  evolve molecular carygen. 
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6 S t i l l  m r e  recently, Ochoa was able t o  demonstrate that  these same preprations 

were capable of using coemyme I and I1 (DPN and TPIJ) as  suitable a i d i s i n g  

agents leading t o  the evolution of q g e n ,  ELlPther~lore, the experiments of 

7 Buben showed that  the molecule of axygen evolved i n  photosynthesis had its 

proxhate origin in the oxygen of the water molecule and that  the axygen atom 

associated with the carbon dioxide must f i r s t  pass through water before arriv- 

ing a t  gaseous axygen, Fro& the chart it may be seen that  the ultimate res- 

u l t ,  then, of the photochdcalreaction ini t iated by the absorption of l ight  

by the chlorophyll molecule i s  the division of the water molecule into an 

oxidimd prt which ultimately leads t o  molecular axygen and same reduced 

parts represented in the chart by . 
This reduced prt [H] we have called 'reducing powerR because as yet it 

is not possible t o  s ta te  specifically what-form or forms it m y  be in ,  &is 

reducing power i s  capable of reducing carbon dioxide i n  the absence of light; 
, 

that  is t o  say, that  the reduction of carbon dioxide i t s e l f  is  a dark reac- 

8 tion. This was indicated first i n  the earl ier  experiment of M c A l i s t e r  i n  

which he was able t o  show that  following a period of photosynthesis a number 

of plants continued t o  absorb carbon dioxide fo r  a short period (seconds t o  

miputes) a f te r  cessation of illumination. We were able t o  demonstrate th is  

i n  an even more direct and unequivocal fashion and generalize it for  a l l  

plants s o  f a r  t r ied  when we were able t o  show that  not only did a l l  of 

these plants absorb quantities of carbon dioxide i n  the dark af ter  i l l u m -  

ination but that the products formed i n  the dark were qualitatively and under 

certain conditions quantitatively s b i l a r  t o  those formed in  a fa i r ly  cam- 

p rab l e  l i gh t  period. !hi' &&hod used for  this demonstration was the same 

as  those t o  be described la te r  i n  the review. The lifetime i n  the dark of 

th i s  reducing power which is generated by l ight  is a lso  of the order of 
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s s e a d s  t o  minutes and a h s t  certainly corresponds t o  a ooncentration of 

one or nore definite chemical species, Xt is quite conceivable, as mea- 

tioned earlier, that  sane 

V e r y  recently it has 

and ieolated chloroplasts 

of it might be i n  the form of reduced coemyiae, 

been reported 99109u that both the higher plants 

emit a ch~I;apinf.scence following cessation 

of illumination. This chemiluminiscence has a decay t h e  which corres- 

ponds very closely t o  tha t  which we have observed for  the reducing power, 

In fact,  it would s e w  almost surely t o  represent the reversal of the 

conversion of electromagnetic into chamical energy, hamely, the transfar- 

mation of a t  l eas t  same of the chemical energy stored i n  the reducing 

power into the electramagnetic energy of luminiscence. F u r t h m r e ,  the 

luminiscence is redwed by the presence of carbon dioxide i n  those cases 

in which the carbon dioxide fkdag  system is  still  wesent, However, 

when the carbon dioxide system has been removed, as  is true in the case 

of chloroplasts, the limuniscenee becomes independent of carbon dioxide. 

Uhile it thus appears that  the unique problem of photosynthesis 

l i e s  i n  the right hand half' of the chart af Figure 1, the discussion 

this evening will be limited t o  the other side of the chart, that is, 

the path through which carbon prsses on its way from carbon dioxide t o  

all t b  reduced materials of the plant, It is essentially a study af 

what we now believe t o  be entirely dark reactions and might best be 

characterimd as  phytosynthesis. This area not only has a great in- 

teres t  for  its own sake but would almost certainly cast some l ight  

upon the nature of the reducing agents which arrive &am the photo- 

c h d c a l  part of the reaction and drive the carbon cycle toward reduc- 

tion. The reasan far Id153 parti* i n t e r e s t  lies i n  the fac t  that 

we have, in  reaent years, came into possession of a tool  which is 



especially suited for  this study, namely, labeled carbon atom i n  the  for^^ 

of a radioactive isotope of oarbon, c14* A l l  of the results that w i l l  be 
t 

described la te r  were made possible through the use of this labeled carbon 

dioxide. With such a labeled molecule available, Che design of an expr i -  

ment f o r  determining the sequence of compounds into which the casboh atoms 

of carbon dioxide may pass k , during the course of their  incorporation i n  
( >  

tbe plant is, i n  its first phase, a straightforward one, 

We my visualize the problem in  terms of the chart i n  Figure 2 

Figure 2 

i n  which the green leaf is  represented schematically as a closed opaque 
1 

container into which stream the raw materials of photosynthesis, namely, 

carbon dioxide, l igh t  and water containing the necessary mineral elements. 

From t h i s  container are evolved the products of @otosynthesis - caFJgen 

gas and the reduced carbon conpounds constituting the plant and its stored 

reserves. Heretofore, it has been possible t o  study i n  a quantitative 

way the nature of the Wocess going on inside the opaque container only 

by varying external conltitions act noting variations in the poducts. 

Although there has been no serious doubt that the formation of sugar did 



not take place by the aggregation of six molecules of carbon dioxide, six 

molecules of4water, and the requisite of a number of light quanta in to  a 

single unit followed by the rearrangement into haxose and molecular oxygen, 

no specific information was available as t o  the cnm'pound which Ioight ac t  

as  an intermediate. Assuming that  such a chain of intermediates exists, 

it is quite clear that by setting up som photosynthetic ogranfsrn, leaf 

or other suitable material, i n  a steady s t a t e  of photosynthesis i n  Aich 

the various ingredients are being absorbed and products formed in same 

uniform manner and injecting the labeled carbon di&de into the enter- 

ing carbon d i e d e  stream, we should find the label appearing successively 

in time in that chain of intermediates,, This can be observed by stopping 

the entire process af ter  a suitable lapee of time and examining the 

incorporated labeled carbon t o  determine the nature of the compounds into 

which it hag been buil t ,  It is also clear that  i n  addition to  the iden- 

t i t y  and sequence af the compounds in to  which the carbon is incorporated, 

we may also det'ermine the order i n  which the various carbon atoms within 

each compound acquire the label, With this type of information a t  hand 

it should be possible t o  reconstruct the sequence of events from the 

time of entry of the carbon atom into  the plant as carbon dioxide un t i l  

it appears i n  the various more or less  finished products of the plant. 

Very early it became clear that  w e  would be required t o  perform 

many experiments, and in order t o  have available as reproducible a 

biochemical material as possible it was advisable fo r  us t o  grow our own 

plants. I n  order that the material be as  nearly constant as passible it 

was necessary that the conditions of growth be easily and accurately 

reproducible. These requirements are most easily ful f i l led  by the uni- 

cellular algae such as QJoreUa and Scenede'sm~g,~ the former being the  



organism that  had been used for  many previous quantitative studies af photo- 

synthesis. We therefore established i n  one corner of the laboratory what we 

c a l l  our algae fazm, a photograph of which is shown i n  Figure 3, The green 

vessels contain the two! culiuke of green algae mentioned, the red on- con- 

tain the purple bacterium, p h o d o s n * r ~  rubruqk These flasks are mounted 

on a shaker in a thermostat over l igh t  cylinders, They are, i n  effect, 

continuous cultures which may be harvested every day or every two days or 

over longer intervals, Such cultures have been maintained for  very long 

periods .axtending beyond three or four months, The organisms so derived 

are quite r e ~ o d u c i b l e  and a good deal of the work here represented was 

originally done with such algae, However, as may be apparent, a variety of 

higher plants were also used such as barley shoots and soy bean leaves, 

Although there are differences f r o m  plant t o  plant, the general character 

of the result  is the same for a l l  of them, We w i l l  not a t  th is  time go 

in to  the comparative biochemistry of the different plants but rather 

emphasize that  behavior which is common t o  a l l ,  

In performing an experiment a sample of algae was harvested and washed 

of its nutrient medium and resuspended i n  solutions placed in a f l a t  vessel 

illuminated from both sides as shown in Figure 4. A stream of carbon 

dioxide containbg air was put through the algae during the course of illu- 

mination for a suitable period of time unt i l  a steady s ta te  of photosynthesis 

was assured, To s t a r t  the experiment, a suitable amount of sodium oarbonate 

was injected into the algae suspension and the photosynthesis allowed t o  

poceed for  a predetermined number of seconds, after which the large s t o p  

cock a t  the bottom of the flask was opened and the algae run into boiling 



leaves were used, the lol l ipop was replaced by a f l a t  c e l l  from whioh one 

of the faces might be easily removed, The reaction was stopped by remov- 

ing the face and plunging the leaf in to  a sui table  k i l l i ng  medium, It is 

now a simple enough matter t o  determine the t o t a l  amount of carbon which 

has been fixed i n  the particular experiment, This i s  done by removing an 

aliquot of the en t i re  extract  and suspension of the material and mounting 

it on a plate t o  be counted by a Geiger counter. 

The larger problem now presents i t s e l f ,  namely, t o  determine the 

nature af the compounds in to  which the carbon has been fixed. The first, 

and simplest, s t ep  of the fractionation which was performed was t o  sepa- 

r a t e  the soluble from the insoluble material, Alcohol extracts ( 8 q )  

followed by water extracts were made a ~ d  it was very early learned tha t  

for short  periods of photosynthesis a l l  of the fixed carbon is i n  some 

re l a t ive ly  soluble form, a s  shown i n  Figure 5 ( t o t a l  and soluble product 

for  20° algae). It is only a f t e r  more extended periods tha t  the carbon 

f inds i t s  way i n to  insolubles such a s  p o t e i n ,  cellulose and starch. 

Since a t  t h i s  stage we are wimarily interested i n  the very ear ly prod- 

ucts of incorporation, we have, therefore, t o  be concerned only with 

soluble makerial. Unfortunately, t h i s  c r i te r ion  of so lubi l i ty  does not 

l i m i t  the  possibi l i t ies  very greatly. The soluble constituents of plants 

a r e  myriad and the ordinary methods of analysis would be extremely slow 

and laborious indeed, 

We have, therefore, turned t o  the very elegant method of separation 

12 
chemists, Consden, Martin and Synge , knom as piper par t i t ion chroma- 

tography. The method has since been applied t o  a wide var ie ty  of 



subetances, the only l imits  being tha t  substances be non-volatile so  tha t  

a piece of f i l t e r  paper may be dried and t reated without evaporation of 

the substance. The method is undoubtedly f d l i a r  t o  most of you and 

w i l l  not be described again i n  de ta i l ,  139u The only change which we 

have added was made possible by the radioact ivi ty  of the atoms which we 

seek t o  f ind,  It w i l l  be remembered tha t  we q e  not interested neces- 

sarily in all of the compounds of plant eartract but particularly i n  

those which carry radioactive atoms, These may be detected a f t e r  they 

have been spread on the paper because of the f ac t  t ha t  they carry radio- 

a c t i v i t y  and tha t  t h i s  radfoactivity w i l l  affect photographic film. 

Thus, a f t e r  compounds have been s ~ e a d  i n  two dimensions on a piece 

af f i l t e r  paper, t h i s  paper is dried and placed i n  contact w i t h  a corres- 

ponding sheet of photographic fi lmb Wherever, on the paper, there is a 

radioactive carbon-containing compound, the f i l m  will be bombarded by 

the  beta p r t i c l e s  emitted by these atoms, and a f t e r  a sui table  period 

of time the  f i lm  may be developed and will show axposed areas wherever 

it has been i n  close contact with rad i  oact ivi ty  ,, We a r e  thus able t c  

locate precisely those campounds i n  which we a r e  e x p c i a l l y  interested. 

The photographs of the radioactive products produced by 60 second 

exposure of the algae9 Scenedesrnu~~ t o  radfoactfve carbon is shown i n  
* 

Figure 6, 

(*) In this and a l l  other radiograms or paper chromatograms shown i n  

t h i s  paper the origin spot is the lower r i g h t  hand corner, t he  hori- 

zontal  direction was run from r i g h t  t o  l e f t  i n  phenol-water and the ver- 

t i c a l  direction from b o t t m  t o  top i n  butanol-propionic acid-water, The 
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@otogra@-dc film used was Eastman "N&creenil X-ray filmo The time of 

exposure of the films varied and the absolute-intensities on different 

f i lm are  not t o  be compared as significant, although, of course, spots 

on a single film are camparable 

- 

The position occupied by the radioactive spot with respect t o  the 

origin is, in principle, the means of identifying it chemically. By 

campring the position occupied by a radioactive spot with that taken 

by an authentic sample of the material, a proximate indication is given, 

a t  least,  of the nature of the compound i n  the spot, Ultimate identity, 

however, res ts  upon the sum of a wide variety of observations i n  which 

the unknown spot containing the fixed carbon compound is eluted from the 

paper, a chemical deterrnlnation performed and the resulting material 

chrama-t;ographed a second t ine  t o  determine whether or not the supposed 

chemical change has occurred i n  the unltnown campound, Finally,  a mix- 

ture of the unknown radioactive material w i t h  an authentic sample of the 

proposed substance is chromatographed together anfi complete coincidence 

of the radioactivity with some colored or other visible product of the 

known campound actiieved, The nature af the color spots -poduced on the 

paper i s  dependent, of course, on the particular types of compounds that 

are  being investigated 

Methods of detecting very nearly a l l  varieties of substances which 

are  capable of being chromatographed have been devised9 ranging from the 

simple case i n  which the campound itself is  colored and can be excel- 

lently seen and the original reaction performed on the paper for d e t e c t  

ing amino acids, namely, the purpose color produced when alpha-&o acids 



reac t  with ninhydrin, t o  a number of different  reagents producing colors 

with aldoses and ketoses, a s  well as  the reaction of acids and bases with 

ordinary pH indicators. With methods such as  these a wide range of the 

ear ly compounds produced in photosynthesis have been ident i f ied a s  shown 

in Figure 7, The amount of radioactivity incorporated i n  these compounds 

can be determined quite accurately by using the X-ray f i lm a s  a means of 

defining that area of the paper containing the compound, thus permitting 

the p r t i c u l a r  spot t o  be cu t  out from the larger  piece and eluted from 

the paper and mounted on a plate t o  be counted, 

A much sinapler means would be t o  count the spot r igh t  on the paper 

with a Geiger counter. The fract ion of the t o t a l  amount of radioactivity 

i n  the spot which is  thus registered by the Geiger counter is f a i r l y  constant 

fo r  a l l  compounds f o r  any given chromatographic system* Thus, f o r  most 

purposes it is suf f ic ien t  simply t o  expose the pper t o  X-ray f i lm i n  

order t o  determine just where the radioactive spots are, and then having 

s o  defined them, t o  count them r igh t  on the paper f o r  quantitative com- 

parison, by the Geiger counter, This has been done with the soluble 

products of Figure 5 and the r e su l t  shown i n  Figure 8, It is clear  tha t  

the var iety of' products synthesized a t  room temperature by Scenedesmug 

(as well  as  by a l l  other plants t r i ed )  i s  very great, even i n  a very 

short  time such as  a minute or somewhat l e s s*  But even so, it is clear  

tha t  the predominant campound as the time gets shorter is phosphoglyceric 

acid. 

This i s  even more strongly demonstrated when the experiment is  

carried out a t  reduced temperature, f o r  instance ~ O C ,  so as t o  slow down 

a U  of the reaction and enable us t o  see more c lear ly  the ea r l i e s t  products. 
\ 



Figure 9 shows a plot of the concentration of radioactivity per unit of 

algae for three of the major early compounds, while Figure 10 is a plot 

made fram the same data, but given i n  terms of the percentage in each 

compound of the t o t a l  fixed radioactivity as i n  Figure 8 ,  On such a 

plot as this, it is clear that  those substances which are formed directly 

from carbon dioxide with no appreciable intermediates lying between 

them and carbon diocrcide win be the only ones t h a t  will show a negative 

slope; that  is t o  say, fo r  short enough periods of time the f i r s t  isolable 

products formed must represent one hundsed percent of the t o t a l  carbon 

fixed, This is certainly the case fo r  phosphoglyceric acid and possibu 

for  malic acid indieating a t  leas t  two independent carbon dioxide fixing 

reactions, one leading t o  a three-carbon compound and the other produc- 

ing a f our-carbon cnmpound e 
15 

Since the hexose phosphates appear extremely early i n  a l l  of these 

photosynthesis experhents and because of the bown close relationship 

between the hexose phosphates and phosphoglyceric acids i n  the glycolytic 

sequence, it seened most reasonable t o  suppose that these haxose phos- 

phates were formed from the phosphoglyceric acid by a combination of the 

two three-carbon fragments derived from phosphoglyceric acid in  an overall 

process very similar to ,  if not identfcal with, the reversal of glycolysis. 

One m e a n s  of testing th i s  suggestion would be a comprison of the 

distribution of radioactivity i n  the three carbon atom of glyceric acid 

with those i n  the hexose derived from the hearose phosphates* 'Phis has 

been done for the glyceric acid, and haxose obtained from an experiment 

i n  which barley shoots had been allowed t o  photosynthesize in radioactive 

carbon dioxide fo r  15 seconds w i t h  the result  shown in Figure U i n  which 



the numbers and bar lengths represent the percentage of t o t a l  radioactivity 

i n  the compound which i s  t o  be found i n  the indicated carbon atomso It 

thus appears that  the hexose i s  indeed forraed by the combination of two 

three-carbon molecules derived from the glyceric acid i n  such a manner 

that  carbon atoms three and four of the hexose correspond t o  the carbcacyl- 

carbon of the glyceric acid; earbon atom two and f ive  with the alpha- 

carbon; and carbon a t a s  one and s ix  w i t h  the beta-carbon of the glyceric 

acid, This correspondence is maintained when the distribution i n  these 

two compounds (glyceric acid and hexose) 2s campared for  a variety of 
16 

different times, as may be seen i n  the data cantained i n  Table I. 

Table I 

c14 Distribution i n  Photosynthetic Products of Barley & Scenedesmos 

&la 
Preillum: 
2 min. dark 

4 see. PS 
( plotosynthe- 
sis) 

15 S ~ C  PS 

15 sec. PS 

30 seco PS 

30 sec. PSb 

40 sec, PS 

60 see. PS 

Clyceric Acid Glycolic Acid Sucrose 



Scenedesq: 

5 sec, ?S 

30 see, PS 

30 eec. P S ~  

30 sec . pSfMI/ 

60 sec. FiSf 

60 sec, psfM.I 

f 60 sec, PS 

60 sec, psfMI 

-16- 

Table I (~ontinued) 

GLyceric Acid Glycolfc Acid Sucrose 

Ekperiments are steady-state photosynthesis 10,000 footcandles unless 

otherwise stated, 

1,000 footcandles* 

Alanine obtained from this extract was 4 s  carbcayl-labeled, 

TJhder the same conditions, ChloreUa produced $msphoglycerate labeled 

958, 3% and 2%, respectively, 

In this extract, malic acid was labeled 6,5$ and aspartic acid ,!$ i n  

the non-carboxyl carbons, 

3,000 f ootcandles . 
Blonate inhibited, 



With th i s  clear cut indication of the slmflarfty between the p t h  of 

hexose synthesis and the hown p t h  of i t s  breakdown, another means of 

test ing how closely this parallelism might be followed suggests i t s e l f ,  

The henrose derivative which is last i n  the sequence of changes prior t o  

the breakdown of the carbon skeleton is the fructose-l,&diphosphate. 

Correspondingly, then, it presumably would be the first hexose derivative 

t o  appear i n  the reverse direction, IZ th i s  is the case and, furthermore, 

if the hexose derivative reservoirs involved in sucrose synthesis are more 

or l e ss  isolated f r o m  those involved i n  storage and glycolysis, the radio- 

act ivi ty should appear i n  the fructose half' of the sucrose molecule prior 

t o  its appearance i n  the glucose half,  That th i s  i s  indeed the case is  

demonstrated in Figure I2 which shows the radioautograph of a paper 

chromatogram of some hydrolyzed pure sucrose obtained from barley which 

had been photosynthesizing for 15 seconds i n  radioactive carbon dioxide. 

A direct count of the spots on th is  piper showed the fructose t o  contain 

roughly kdce  as  much radioactivity as  the glucose, While these data 

i n  and of themselves do not unequivocaUy demonstrate that the formation 

of sucrose i n  photosynthesis is  precisely the reverse of the glycolytic 

sequence i n  a l l  its details,  they do indicate that  the general pattern of 

compou11ds lying between glyceric acid and sucrose is much the same i n  the 

two cases. 

We may now turn our attention fram the f a t e  of the glyeeric acid t o  

the problem of its origin, An examination of Table I indicates quite 

clearly that the first position i n  the glyceric acid t o  became labeled 

is the carboxyl group. As time proceeds, the other two carbon a t a s  in 

the glyceric acid acquke rad-ioacttivi;ty and it a-ppems that they acquire 

it a t  equal rates, a t  l eas t  within the present accuracy of the speriments, 



It thus appears that a t  high l igh t  intensities the first reaction 

wbich the carbon dioxide can undergo omresponds t o  a C2+, addition 

leading t o  csrbaxyl-labeled glyceric acid, since the C1 is carbon 

d i d d e  or some one-carbon iscarimer of it, The problem is  now one of 

determining the origin of the C2 carbon dioxide acceptor. A further 

examination of the data i n  Table I shows that  the a- and bcarbon 

atoms of the glyceric acid, which presumably originate as the C2 

acceptor, became labeled very early, Thus, we are constrained t o  

devising a sequence of reactions by which t h i s  C2 campound not only is 

continually generated but also generated i n  such a manner as t o  acquire 

labeled carbon dioxide almost equally i n  both carbon atoms a t  a very 

early stage, 

In Earamining the radiograms of early products fo r  compom~ds xhich 

might give some clue as t o  the charaeier of a campound which might serve 

as or be related t o  a C2 acceptor we have found as yet only two compounds 

containing two carbon atams, namely, glycine and glycolic acid. (Phos- 

phoglycolic acid also was identified as a spot just above phosphoglyceric 

acid i n  the radiograms,) Furthermore, the condition under which the 

amounts of these two campounds could be enhanced was illumination of the 

plant system, after  exposure t o  radioactive carbon dioxide, under carbon 

diaxide limitation, 

One mi!!ht expect that  under these conditions any C acceptor produced 
2 

by the plhotochemicaUy generated reducing pover would tend t o  accumulate 

since there would be l i t t l e  carbon dioxide with wbich it could reack t o  

produce glyceric acid. On the other hand, if af ter  a period of i U a -  

tion and following a very short period of darkness i n  the presence of 



carbon dioxide, one would expect very l i t t l e  of the labeled glycolic acid 

and glycine; t h i s  is indeed the case. 17 

If the glycolic acid is closely related o r  actually a precursor t o  

the two-carbon acceptor, one would expeat tha t  the distribution of radio- 

ac t iv i ty  between the two carbon atoms would always correspond t o  tha t  of 

the a- and &carbon atoms of the glyceric acid i n  the same experiment, An 

examination of the  glycolic acid column i n  Table I shows t h i s  t o  be the 

case even i n  the shortest  experiments tha t  have been performed, namely, 

the 4-second photosynthesis i n  barley, 

In an attempt t o  gain a further insight in to  the relat ion of glycolic 

acid t o  the photosynthetic carbon cycle some feeding experiments were per- 

formed i n  which the two possible labeled glycolic acids were fed t o  

Scenedesmug while they were photosynthesizing i n  the presence of unlabeled 

carbon dioxide, The re su l t s '  ahe shown i n  the chart of Figure 13. Thus, 

when a-labeled glycolic acid is  fed, the glyceric acid derived from it 

is  fownd t o  be equally labeled i n  the a- and &carbon atoms and t o  con- 

t a in  very l i t t l e  radioactivity i n  the  carbaxyl group. Similarly, when 

carboxyl-labeled glycolic acid is  fed, again the label  is equal ly dis t r i -  

buted between the ct- and &carbons of the glyceric acid but a very a p p e -  

ciable quantity appears i n  the carboxyl group of the glyceric acid. This 

might be due t o  a par t ia l  oxidation of the glycoUe acid resul t ing i n  same 

labeled carbon dioxide within the c e l l  which would then be incorporated 

i n  the usual fashion, There are, of course, other routes by which this 

I , _  might be achieved. With whole ce l l s ,  unfortu&itely, feeding arperiments 

a re  not very satisfactory since one must always be concerned with the 



question of pepmeability as  well as  the possibi l i ty  of the added metabolite 

entering in to  a wfde variety of reactions other than the  one being tested* 

If we accept the  above two a b s m t i o n s  a5 iql ieat ing t h a t  glycolic 

acid is  e i ther  on a d b e c t  l i n e  t o  the  two-carbon carbon dioxide acceptor 

or else  very closely related t o  it as  a side pkoduet9 and some times i n  

w a c t i c a l  equilibrium with it:, then we m u s t  presume tha t  there d s t s  a 

symmetrical two-carbon compound between glycolic acid and the two-carbon 

acceptor, The above observations a s  yet  give us very l i t t l e  clue a s  t o  the 

origin of the  two-carbon piece, 

There are, of course, only two possibi l i t ies  f o r  i ts  origin, Efther 

it resu l t s  from a one-plus-one combination or it must r e su l t  from the 

s p l i t t i n g  of a fow-carbon compound or a larger  one, In order for it t o  

r e s u l t  fram the combination of two one-carbon fragments there m u s t  exiet  a s  

an intermediate some one-carbon compound more reduced than carbon dioxide 

which, i n  turn? may combine ei ther  with i t s e l f  or  with carbon dicmide, 

Furthermore, the reservoir of this one-carbon intermediate would have t o  

be vanishingly small since since a l l  attempts t o  find labeled, reduced, 

one-carbon compounds, such as  formic acid or formaldehyde:, i n  the early 

stages of photosynthesis have fa i led9 and, i n  addition, the resul t ing 

two-carbon fiagment i s  m y  nearly equally labeled in both carbon atamso 

One would a l so  expect tha t  these one-carbon compounds would tend t o  

disappear under conditions of low carbon dioxide eoncentrations leading 

t o  the disappearance of the two-carbon condensation product resul t ing 

from them, This lmds us t o  the supposition that the formation of gly- 

col ic  acid would be expected t o  drop off under aonditions of low carbon 

dicadde concentration which i s  the  reverse of what is observed, 



We are  thus l e f t  with the followSng possibility for lihg origin of 

the C2 compound - the cleavage of sane Q or larger strwture.  It w i l l  

be recalled that along with glyceric acid one of the earl test  labeled 

campounds t o  appear in photosynthesis experiments is the C4 campound, lrselic 

acid. 'l'his fact ,  taken together w i t h  the lack of any appreciable amounts 

or label  i n  the campounds of the tricarbasylic acid cyclel8, led us t o  

the supposition that d c  acid was eithex, again, a precwsor t o  or vexy 

closely related t o  a f our-oarbon campound whhh could be s p l i t  t o  poduee 

the required two-carbon fragment. 

An axperiment designed t o  t e s t  whether or not malic acid lay i n  the 

direct l ine  leading t o  the two-carbon fragment was performed. The form- 

tion of labeled malic acid during photospthesis was largely inhibited 

by the addition of malonic acid, and the ra te  of appearance of radio- 

active carbon i n  the a- and &carbon atams of the glyceric acid was deter- 

miaed.19 It was found that even under greatly inhibited poduotion d 
'I 

maUc acid the r a t e  of appearance of labeling in the a- and &carbons of 

glyceric acid was hardly affected; if anything, it appeared t o  be same- 

what, accelerated. This seemed t o  preclude the possibility that malic 

acid lay directly i n  the twcrcarbon regenerating cycle, and we wgre tan- 

tdttively forced t o  the supposition that  the sequence of reactions lead- 

ing t o  the regeneration of the two-carbon fragment began with oxaloacetic 

acid which we cannot observe on our chromatograms. A number of inter- 

mediates lying beiiween omloacetic acid and the campound which would u l t i -  

~ t e l y  be s p U t  were woposed, but not any of them have as yet been found. 

~n the cowse of this search far both the t w ~ a r b o n  acceptca. and 

its immediate wecursors the techniques of paper cbrol~atograph~ of Phoslhabs, 



in particular, were improved, and the device af enzymatically hy&olping 

the phosphates so  as  not t o  destroy or  a l t e r  the carbon skeleton appreciably 

was introduced. These improvements i n  technique, and continued work with cn 

var ie ty  of organisms, resulted i n  the recognition of a t  l e a s t  two rather  

important compounds formed very early i n  @otosynthesis by all the organisms 

which we have s o  f a r  studied. 

In fac t ,  curiously enough, the first real izat ion of the possible im- 

portance of these two unknown compounds began t o  grow a s  a r e s u l t  of studies 

of photosynthesis with Rhodos~irillutq. It was found, for  example, t ha t  when 

the phosphates from re la t ive ly  short  photosynthetic experiments were hydrowed,  

e i ther  with a malt-phosplatase preparation or w i t h  a cornmarcia1 "Polidase," 

and then chrarraatopaphed,a wide variety of organic substances appeared, moQt 

of which had already been identifiee as glucose, fructose, glyceric acid, 

glycolic acid and t r iose.  There were, however, two unknown spots whose import- 

ance seemed t o  increase re la t ive ly  as the photosynthetic period wars shortened. 

One of these lay between glucose and fructose on the chromtogran and the 

other l ay  just  beyond alanine. For the first of these we used the symbol Us 

u n t i l  it was ident i f ied and f o r  the second we used the symbol Ua ( ~ i g u r e  U+) 

The s tory of the work leading up t o  the identification of these two spots 

is  indeed an interest ing oneo In fac t ,  it occupied the major portion of the 

laboratory's e f fo r t  f o r  well over a yea:. and acted more or l e s s  as a brake 

upon any further progress. The struggle9 however, did force the development 

of a technique of s t ructure determination when only microgram amounts or 

l e s s  of the unknown material wereavailable and those only i n  the f o r m  of 

spots on the paper, not a s  isolated crystal l ine substances. This technique 

depends upon the accumulation of several var ie t ies  of evidence, a l l  involving 



the radioactive property of the unknown compound. 

In order t o  give some idea of the nature of t h i s  technique it might be 

worthwhile a t  t h i s  point t o  outline br ie f ly  the particular sorts of evidence 

leading t o  the ident i f icat ion of the spot known as Us. The ea r l i e s t  work 

constituted simply recognizing tha t  the spot gave no color with ninhydrin 

and was, therefore, e i ther  not an amino acid or perhaps might be one present 

i n  amounts so small a s  t o  f a i l  t o  reac t  with ninhydrin; secondly, recogni- 

zing from the p r t i c u l a r  position occupied by Us tha t  it might very well be 

a sugar type of molecule. 

-om the known behavior of a wide variety of sugars it could be expected 

tha t  if Us were a sugar it would have more than f ive  carbon atoms. That it 

was not any of the comoii hexoses was very soon determined by cutting out the 

spot and rechromatographing it mixed with authentic samples of a wide variety 

of hexoses which could be detected by color reactions. It was found t o  run 

extremely closely with mannose and especially sorbose. However, it did not 

coincide exactly with any of the hexoses which we had available. 

A considerable amount of the chemistry of Us was tested by simply cutting 

out the spot as defined by the radiogram, gerforming a chemical. operation 

upon the solutioa containing the t racer  amount of material, and then re- 

chromatographing the resul t ing product t o  determine the nature of the changes 

which might have been brought ab?utp 

I cannot a t  t h i s  time describe the many fa i lures  and repetit ions which 

were performed on Us,, Rather it seems be t te r  t o  l ist  those chemical properties 

which were defini te ly established just prior t o  the recognition of i ts  

identity.  



1. Us is  quite sensitive t o  re la t ive ly  d i lu te  acid, Upon heating for 

f ive  minutes a t  100' i n  1 hydrochloric acid it i s  converted almost compZetely 

in to  a new compound which moves on the chromatogpam considerably further than 

the original Us i n  the horizontal (phenol) direction and about the stme dis- 

tance i n  the ve r t i ca l  (butanol-propionic acid) direction, This conversion 

product we calleii Ulir the product from Us by &id treatment ( ~ i g u r e  15). 

2, men  Us i s  heated with phenylhydrazine hydrochloride t o  try and form 

an osazone, most of the product appeared as  $, 

3, When Us, formed i n  5 minute photosynthesis by soy beans, is  oxidized 

with periodate a f t e r  adding caPbon dioxide, formate and formaldehyde as  

carr iers ,  111.5% of the activi'Cy contained i n  the sample appeared as formalde- 

hyde, 55% as  formic acid, a negligible amount a s  carbon .ioxide, and the re- 

minder  (about 25%) a s  non-volatile ac t iv i ty  i n  the oxidation f lash ,  Since 

5 minute photosynthesis i n  soy bean is ample time t o  saturate the unlmown 

compound with radioactivity, it can be presumed that  all. of its carbon atams 

a re  of equal specific ac t iv i ty ,  If tha t  be the case and the orridation re- 

actions camplete, the presence of l4.,5;% of the radioactivity i n  a single 

carbon atom requires tha t  there be a t  l eas t  s h  carbon a tom i n  the  con^ 

pound and possibly seven if we accept l4..5$ a s  being a vexy accurate detemni- 

nation, 

4* US if not fermented by Lactobacillus. 

5, % is  very insensitive t o  most reagents and re la t ive ly  s table  t o  

acid and a l k a l i  and t o  nitrous acid and is a neutral campound, 

6. yI r e s i s t s  reaction with hydroxylamine and phenylhydrazine,. 

7. Perhaps the most interest ing change tha t  has taken place i n  UH i s  

i ts  behavior with respect t o  periodate oxidation,, It gives no formaldehyde, 



and only L!$ of its radioactivity appears i n  formic acid, the remainder being 

i n  the  non-volatile residue i n  the oxidation f lask* 

8. Us, and especially U is res is tant  t o  bramtne addat ion,  although 
H ' 

here, again, the ac id i ty  appren t ly  converts a smaU amount of US t o  &. 

9. US can be hydrognated, and the hydrogenation poduct, upon periodrte 

oxidation, shows a p ~ ~ t e l y  twice as much of the ac t iv i ty  in formaldehyde, 

the reminder being f ormio acid o$). 

10, UH is  easi ly susceptible t o  acetyletion. 

An examination of these properties seems t o  pret ty defini tely require 
3 

a molecule of carbohydrate character, containing a t  l e a s t  six and possibly 

seven carbon atoms. The outstanding reaction in the whole l ist  above i s  the 

ease with which Us is  converted t o  UH a t  t racer  concentrations. (One mole- ' 

cule of Us is involved i n  the transformation). This l a t t e r  seems t o  indicate 

that % i s  a cyclic anhydride of same s o r t  and the ease of its fornation is 

the crucial  piece d informtion which leads t o  the suggestion tha t  U8 is a 

heptore of the e l t rose  ser ies ,  i n  p r t i c u l a r ,  ~ e d a h e ~ t u l o s e . ~ ~  A s  soon as 

this real izat ion was achieved, the acquisition of an authentic eample of 

sedoheptulose followed by 00-chromatography of both the original sugar and 

the anhydride formed from it, as well a s  the hepitotol obtained upon reduction, 

a l l  confirmed the identification, (Figure 15), In a similar manner, the 

identification of U' was made as  the ketopentose, ribulose. 21 

There seems t o  be very l i t t l e  question tha t  the phosphates af the five- 

and seven-carbon carbohydrate acquire the l abe l  a t  lea& as early, and 

probably earl ier ,  than the  haxoses, Some indication of t h i s  may be seen in 



Figures 14 and 17. These a re  radiograms showing enzymatic hydrolysis products 

c;f phosphates which have been cut out of the t o t a l  chromatograph as  indtcated. 

Thus, two seconds of p l ~ ~ ~ o s y n t h e s i s  i n  barley produabs p x c t i c e l l y  no labeled .- 
-, *% I 

glucose phosphates; all. the monophosphates tha t  ark labeled a r e  fructose 
I: 

and sedoheptulose . Similarly, there i s  very 1ittl.d labeled fructose diphosphate; 
\ 
J 

most of the labeled diphosphate being that of r i W o s e .  (The in tens i t ies  of 

these two spots on the radiograms of Figures 16 and 17  a r e  nok-ta;.be camparad 
, -s. 4-g ' - - % .  

since the  aliquot of the material and the exposure time is muah-&eater-in the 
F 
3 

ribulose cbramatogram.) In t h i s  same way it is clear  tha t  ip soy bean the 

heptose phosphate becomes labeled a t  l e a s t  as  f a s t  as the f w h s e ,  and i n  a l l  

pobabi l i ty ,  i f  shorter experiments were performed, it would be the only labeled 

phosphate ~ e s e n t  among the monophosphates . 
1% is perhaps worth spe~d ing  a few moments a t  t h i s  point t o  discuss the 

significance of $he r a t e  of appearance of radioact ivi ty  i n  the particular c a w  

pound a s  we can observe it by t h i s  cbromatog~aphic method. It is clear  tihat 

we do not easi ly  get, by t h i s  method alone, the specific ac t iv i ty  of the par- 

t i cu la r  campound involved, Me get only the concentration of radioactivity i n  

a particular catnpound; tha t  is, the amount of radioactivity per uni t  of orga- 

nism which i s  i n  a particular f o r m .  Actually, tliis quantity as a function 

of time is precisely the quantity which i s  needed in order t o  determine the 

sequence of events. The specif ic  ac t iv i ty  as  usually determined (comts/ 

minute/milligram of compound) i s  not necessarily s ignif icant  i n  establishing 

a precursor-~oduot relationship when the compound is isolated from s. complete 

organisa, as it is in  t h i s  case. Almost certainly there are a number of 

different  sources f o r  any p r t i c u l a r  compound and these sources may be more 

or l e s s  isolated and not i n  equilibrium w i t h  each other, so  tha t  although 



the speclfic ac t iv i ty  of a particular poclxrsor i n  a cer tain ~ y s i o l o g i c a l  

area of the organism-night be very high, it would not appear t ha t  way when 

tha t  compound i s  isolated from the whole organism and thus diluted by the 

i n e r t  reservoirs from other sources. A more precise, rigorous and general 

c r i te r ion  would be t o  repeat the type of plot mde i n  Pigure 10; t lmt is, 

percentage i n  a given compound of a p c u p  of compounds, Isut instead of 

using carbon dioxide a s  the s ta r t ing  yoint, as tre did iii Pipre 10, t o  

use phos@oglyceric acid as the s ta r t ing  point and debennine vhich compounds 

appear percentage-wise with negative slopes from this .  It is clear  tha t  t h i s  

procedure w i l l  give us the next step, or steps, i n  the tramsfomnation of 

the @osphoglycei-ic c?c:iP, If pllosphoglyceric acid is transformed ent i re ly  

into one other campound thore w i l l  be onljr one cmpomd appar ing  following 

it with a negative slope on such a plot  and representing one hundred per- 

cent of the first product of transformation of phosphoglyceric acid. If, 

however, there a re  .two or nore indelpendent piths f o r  the transformation 

of phosphoglyceric acid there w i l l  be two corresponding negative sloped 

l ines  f o r  them. Another d i rec t  kinet ic  way which we have a t  the moment 

of determining the order of entry is  the r a t e  a t  which a particular reser- 

voir becomes saturated with radioactivity i n  terms of i t s  specific concen- 

t ra t ion,  a s  nentf oned ear l ie r .  

Although a kinet ic  experiment of suff ic ient  accuracy t o  determine 

unequivooally the position occupied by the heptose and pentose i n  tlie 

sequence of events has not yet  been performed, it is very l ike ly  on the 

basis of the data of Figures 16 and 17 that  they precede any of the 

hexoses (with the possibi l i ty  tha t  heptose and fructose came i n  simul- 

taneously), especially i n  view of the easi ly  established f a c t  that  the 



stat ionary s t a t e  concentration of hexose derivatives is certainly much 

larger  than tha t  of the heptose in most of the plants we have examined. 

The question a s  t o  the re la t ive  order of the heptose and pentose is, 

however, not so easi ly  answered, In Figure 18 is shown a complete chrmtogram 

from the solyble material from a 15 second photosynthetic barley experiment. 

&re, there has been considerable phosphate hydrolysic i n  the extract i t s e l f  

(presumably by the r e s i s t an t  phos,$a'casos present), and if we mke the not 

&reasonable sssumption tha t  the re la t ive  amount of f r e e  sugars we see i n  

t h i s  chromatogram re f l ec t s  the r e l a t ive  amount of s ~ r  phosphates tha t  

were originally p e s e n t  it would appear tha t  the heptose i s  c d n g  i n  prior 

t o  the pentose. A comparison of the r a t e  of approach t o  saturation of the 

pentose and hexose i n  the rather  rough kinetic data shown in Figure 19 

a l so  leads t o  a similar implication, 

As yet, the only degradation data which we have available f o r  short- 

term heptose and pentose indicate tha t  the labe l  appears i n  these two com- 

pounds somewhere in the center of the chain f i r s t ,  l a t e r  coming in to  tihe 

terminal carbon atoms. A l l  ihat  can be said, then, is t h a t  the pentose and 

heptose are not l i ke ly  t o  have been formed via  a terminal carboxylation of  

a t e t rose  or hexose, respectively. 

It. is perhaps now worthwhile t o  reconsider what modifications, if any, 

may be made i n  the originally proposed photosynthetic cycle of some years 

ago, which consisted, i n  essence, of the following sequence of steps:* 



x- It should be re-emphasized* a t  t h i s  point Wat  practically aU. 

the campounds discussed i n  connection with any poposed photosynthetic 

cycle a r e  @I~sphoryhted compounds, many of them of the anhydride or 

en01 es t e r  type (high energy phosphates). Since the onlj. mechanism as  

ye t  known f o r  the  production of such high energy phosphate involves an 

oxidation reaction (not necessarily d i rec t ly  connected with molecular 

cxygen) it is  clear  tha t  a t  l eas t  the reduction of carbon dioxide involves 

the  cooperation of energy derived &am oxidation reactions. W h a t  is oxidized 

seems t o  be some of the compounds which constitute the primary or secondary 

stored %educing power" mentioned above. Since there is  an appreciable 

reservo& of t h i s  which may be stored for same seconds t o  minu4ies9 it is 

clear  tha t  f o r  very short  periods of time the apparent quantum requirement, a t  

l e a s t  for  carbon dioxide reduction, need have no d i rec t  relationship t o  the 

r e a l  efficiency of the photochemiml energy transformation. That such is 

indeed the case has bean recently demonstrated by Burk and Warburg. 23 

In fact ,  it would appear from t h i s  work t ha t  the actual  evolution of 

molecular axygen a l so  requlires a redis t r ibut ion of the primarily photo- 

chemica- produced chemical energy. Here, again, it i s  e a s i k ~  possible 

t o  imagine systems in which oxidation or  mygemtion reactions taking 

place i n  the short dark intervals  can contribute t o  the 

evolution of ayygen i n  the immediately following l i g h t  11itervi;~c;. r'urther- 

more, t h i s  conclusion i s  not dependent upon the assumption made by ~urk and 

Warburg that the oxygen absorption and carbon dioxide evolution observed 

in  the dark periods continues unchanged i n  the l i g h t  periods, 



The particular nature of the C compound and the route by which it 4 
might return t o  C2's has been the subject of speculation, and, a s  men- 

tioned ear l ie r ,  a ~ " ~ e t  no campounds had been isolated which might defini- 

t i ve ly  be placed along tha t  route other than glycolic acid i n  close connec- 

t ion  with the C2 c ~ ~ p o u n d s .  

It now appears not a t  a l l  unlikely tha t  the pentose and heptose which 

have jus t  been described might actuaUy be part  of the path by which the 

two-carbon carbon dioxide acceptor is regenerated, It is possible t o  

visual ize the condensation of a te t rose derived from the i n i t i a l  four- 

carboq compound with a t r io se  derived from the i n i t i a l  three-carbon com- 

pound t o  form the heptose. This, i n  turn, would then lose a two-carban 

fragment, possibly twice i n  succession, producing two $wo-aarbor, compounds 

and regenerating the t r io se  molecule, Since both heptose and p n t o s e  a re  

2-ketoses the s p l i t  p r e s m b u  would take plnoe batween the number two and 

number three carbon atoms i n  each case, by a reverse acyloin type of re- 

action, a s  has already been suggested, u In fac t ,  recently s m e  very sig- 

nificant evidence has been presented24 tlmt such a reaction can take p b c e  

when arabinose-1-GU is converted in to  ace t ic  acid and l a c t i c  acid by 

Iaotobacillus mntoaceticus. The ace t ic  acid m s  a l l  labeled i n  the 

mekhyl group. 

It might be mentioned here tha t  there is  d i s t inc t  evidence f o r  the 

presence of both te trose ( t p e s m b l y  erythrose) and the corresponding 

aldonic acid (presumably erythronic acid) i n  the =tracts ,  It is not9 

however, possibw t o  be sure tha t  they tire prirnr'irz proclwts and not 

formed a s  axidation or breakdown products of t!ie pentose and heptose on 

the paper . 



Assuming f o r  the moment tha t  these -hro Pour-carbon compunds a re  

genuine f n t e m d i a t e s  it might be proposed tha t  the four-carbon acid 

(erythronic acid) would be formed by a single reductive carboxylation of 

dihydroxyactitone i n  a manner exactly p r a l % a l i n g  the formation of malic 

acid from pyrwic acid by the widely distributed malic enzyme. 
6,25 

This, 

In turn, would be reduced t o  erythrose by an enzyme system comparable t o  

the one which can reduce glyceric acid t o  t r iose?  thus providing the 

te t rose  precursor t o  heptose, 

We could thus ineorpor.ate the pn toee  and heptose i n t o  our basic 

scheme whieh would, i n  effect ,  be the s p l i t t i n g  of the four-carbon Crag- 

ment in to  two ~ I J O ~ S  as before9 but carryiug along three more carbons t o  

provide the mechanism fo r  it. Quite 6bvious3.y9a defini t ive answer t o  ; 

the inany questions thich a r i s e  must await more detailed information. 

The work described was sponsored by the U,S. Atomic Enera  Commission. 
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