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THE PATH OF CARBON JIN PHOTOSYNTHES1So X:KQL 
THE liDENTlFICAT:lON OF CARBOXY -KETOPENTilTOL DltPHOSPHATES 

AS PRODUCTS OF PHOTOSYNTHESiS 

V" Moses and M. Calvin 

Radiation LabCJ~ratory and the Department of Chemistry" 
University of California" Berkeley" California 

January 9o 1958 

ABSTRACT 

Two new compounds utellltatively identified. have been isotated from 

ch?omatograme of ethanol-water extracts of C€lHs of C~l~!'eU~ flY~re~:_,ci~!!~ which 

had been allowed to carry on photosynthesis for 3 minutes in. the pre1oence of 

NaHC
14o 3o Chemical investigation suggested tb.at the two compounds were 

1. 5 diphosphate esters of Z-carboxy-4-ltetopentitol and of the lactone of 

Z-carboxy-3-ketopentit.ol. The latter has been postulated as an intermed.iat~ 

in the ·photosynthetic carboxylation of ribulose -1. 5-diphoaphate to yield two 

molecules of 3-phosphoglyceric acido ARthough the former may be an artifact 

resulting from the techniques used to kill, extract:, and analyze the cells. 

possible biological roles for it have been suggested. 
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THE PATH OF CARBON liN PHOTOSYNTHES1S. XXX:L 
THE 1DENT:!IFICAT1QN OF CARBOXY -KETOPENTXTOL D!PHOSPHATES 

AS PRODUCTS OF PHOTOSYNTHESIS* 

V. Moses t and Mo Calvin 

Radiation Laboratory and the Department of Chemistry. 
University of California, Berkeley~ California 

January 9. 1958 

INTRODUCTiON 

It has been well established that the initial carboxylation reaction of 

photosynthesis in green plants is the combination of carbon dioxide with ribulose 

1. 5 -diphosphate foUowed by hydrolysis of the product to form two molecu~es of 

3-phosphoglyceric acido 1• z. 3• 4 • 5 Calvin has suggested that the reaction proceeds 

via a six-carbon sugar keto acid diphosphate intermediate. Z-carboxy-3-

ketopentitoll-1. 5-diphosphate (Z-phosphohydroxymethy'r,-3-ketopentorlic acid-S­

phosphate~. 6 • 
7 

which has. however, not been identified in experiments 

hitherto reported that involve photosynthesis in the presence of radioactive carbon 

dioxideo 

~The work described in this paper was sponsored in part by the U o S. Atomic 

Energy Commission and in part by the Department of ChElmistry, University of 

California, Berkeley, CaUforniao 

tPostgraduate TraveUing FeUow of the University of London. 1956-57 o 

1Bassham. Benson. Kay. Harris, WHson. and Calvin, Jo Amo Chemo Soco 76~ 
1760 (1954}o . 

2
auay1e. Fuller. B®nson. and Calvin. JoAmo Chemo Soco 76. 3610 (1954)" 

3weissbach. Horecker. and Hurwitz. Jo BioL Chemo 218. "79s (1956~0 
4 --

Maya.udon. Benson. and Calvin; Biochimo et Biophyeo Acta ~3_"... 34Z ( 1957}o 
5Eo Racker. Archo Biochemo and Biophys. 69. 300 ( 1957}o 
6Mo Calvin. Fedo ProCo 13 9 697 (1954»o 
7

M. Calvin. Jo Chemo Soc-o 1895 (1956}. 
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The standard methods used in this laborS-tory for the analysis of the: 

products of short-term photosynthesis experiments performed in the presence of 

c
14

o 2 involve kiliin.g the cells at the desired time by rapidly pouring the ceU 

suspension into four volumes of boiling ethanoL The cell residue: is then 

centrifuged and re -extracted with boiling 20o/o ethanol, followed by a final 

extraction with water. The pooled extracts are evaporated to a small volume 

~-vacuo at temperatures not exceeding 40° 0 and aliquots are chromatographed 

on sheets of oxalic -acid-washed Whatman No. 4 filter paper. The solvents 

(phenol-water in the first dimension and butanol-propionic acid-water in. the 

second dimension) are normally allowed to run only to the bottom edge oi the 

paper (8 to 10 hours at 25°). or at most twice that far. before the papers are 

dried. The locations of radioactive substances on the chromatograms are 

determined by radioautography. 8 

These techniques, although very valuable for general purposes. suffer 

from at least two disadvantages. FirsUy, the extraction of the celll.s by boiling 

ethanol-water mixtures is likely to cause breakdown of heat-labile substances. 

of which 2-carboxy-3-ketopentitoi-1~ 5-diphoaphate (being a J3-keto acid) may be 

expected to be one. Secondly, on chromatograms run for the standard lengths 

of time" the area near the origin containing principally the sugar phosphates 

(and particularly the sugar diphosphates) is not weU. separated; it is known that 

the apparentUy single spots seen in this area are often mixtures containing 

severali diphosphate esters of the relevant sugars. 9 

This communication reporta attempts that have been made to overcom~ 

both these difficulties in an effort to isolate and identify the intermediates 

proposed for the reaction between ribulose diphosphate and carbon dioxide 

to form phosphoglyceric acid. Two substances of the carboxy-ketopentitol 

diphosphate type have now been tentatively identified. 

8 
B<~nson. Bassham, Calvin, Goodale" Haas, and Stepka; Jo Am. Chern. 

Soco 72, 1710 (1950). 

9 A. Ao Benson. in Modern Methods of Plant Analysis o :m (Springer. BeTlin~ 
Gottbgon-Heide:b,~rg, ~.955'1 • p, L3 
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METHODS 

Cells of ChloreUa pyrel'loidosa for experimental purposes were grown 
=~~-H~ - 10 

in the continuous -culture apparatus described by Holm-Hansen et aL 'The ce'Hs 

were harvested and washed twice with distiUed watero and 400 iJ.l of wet-packed 

cells were resuspended in 10 ml of distilled water in a "lollipop" of suitable 

size. To obtain the ceUs in a steady metabolic state the ceU suspension was 

flushed for 30 minutes with air containing lo/o {v/v} C02; the loUipop was 

immersed in a wate:t· bath at room temperature and illuminated fi1"om both sides 

with 150 watt RS-P-Z photospot liamps. After 30 minutes of nuahingo th® 

gas -flushing tube was removed from the lolllipop. and l minute later Oo25 ml of 

NaHc
14o 3 (100 iJ.C; 6.6 iJ.moles) was added. The lollipop wae stoppered and 

shaken 0 and the cells were aUowed to photosynthesize between the Hght eou1·ces 

for 3 minutes. The ceU suspension was then poured rapidly into 40 ml of 

ethanol (precooled to -15°) and was extracted overnight at -15°. After 

centrifugation at this temperature~ the residue was extracted overnight with 20 

ml of ZO% ethanol at 0° 0 and again with 10 ml of ZOo/o ethanol at 0° overnight~ 

The ceU residue was finaHy extracted with !0 ml of ZOo/o ethanol at 60° for 30 

minutes. The extracts were poolied and evaporated to a smaU volume~~ !~~~2=at 

room tempe ratu?e. 

AUquots of the concentrated extract were spotted onto oxa.Hc-acid-wash~d 

What:man No. 4 filter paper and a current of air at room temperature was used 

to dry the spots; the chromatograms were deveRoped in the first dimenai~n with 

pheno1~water and in the second dimension with ~-butanol-propionic acid-water. 

the solvents being allowed to run for 48 hours in each dimension. Radioactive 

materials were located by radioautography on Dupont blue -sensitive sing)>e­

coated x-ra.y fill.m 507E o 

RESULTS 

Chromatography for 48 hours in each dimension of the ethanol- and water­

solubTle components of algal ceUe after 3 minutes of photosynthesis in the 

presence of c 14oz showed three distinct radioactive spots in the diphosphate 

area of the chromatogram (Figo lp~ Each of these spots was cut out 8 eluted. 

phcsphataaed, and rechromatographed. The spot iabel~d 11 RuDP11 containedv 
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KETO ACID DI-P'S ('i'l 

CHLORELLA 3 MIN PS 

PHENOL-WATER (48 HOURS) ot(---I 

UCRL-8113 

FQP AND 
OTHER DI-P's 

BUTANOL­
PROPIONIC 
ACID-WATER 
(48 HOURS) 

ZN -1865 

Fig. 1. Radioautogram of ethanol-water extract of Chlore lla 
after 3 minutes of.photosynthesis in the presence of 
cl4o2 . The solvents were allowed to run for 48 hours in 
each dimension. 
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after phosphatasing, predominantly ribulose, and smaller quantities of glyceric 

and glycolic acids. together with twelve or more weakly l"adioactive substances 

which were not identified. The_ spot labeled "FDP and other Di-Pus~' contained. 

after phosphatasing. mainly fructose, glucose 0 and sedoheptulose~ together 

with small quantities of glyceric and glycolic acids and one unidentifiad compound., 

The third spot ("Keto acid Di-P2s''L never pr~viously observed, ran sliower in 

S:he butanol-propionic acid solvent than the other two. It se(!!lmed possible that 

this spot might contain a component more acidic than the other sugar diphoaphates. 

and steps were taken to determine the nature of this substance. 

After treatment with purified Polidase s. 11 or with human aeminall acid 

phosphatase, lZ overnight in approximately O.OZ M acetate buffer, pH So 

a number of spots were seen on subsequent chromatography and radioautography 

(Fig. Z). Two of these appeared of particular interest, and they hav(l now been 

tentatively identified (see Discussion) as Z-carboxy-4-ketopentito! 

(CHzOH. COH(COOH). CHOH. CO. CHzOHio and the lactone of Z-carbo,cy-3~keto­

pentitol (CH20H. COH(COOH}. CO. CHOH. CHzOH). These substances wiU 

henceforth be referred to as the y-keto acid and the ~-keto acidp respectively. 

Investigation of the y-Keto !tc~ 

A number of teste have been applied to determine the strocture of this 

compound 9 the results of which are consistent with its being Z-carboxy-4~ 

ketopentitol. At no time have more than tracer amounts of either the ~- or the 

y-keto acid been available. and aU investigations have depended on following 

the radioactivity after various treatments. 

11s. S, Cohenp J. Biol. Chern. ZOl. 71 (1953). 

lZA gift from Prof. H.A. Barker.. 
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BUTANOL­
PROPIONIC ACID­
WATER 
18 HOURS) 

SUSPECTED 
¥-KETO ACID 

PHENOL-WATER (8 HOURS} ~---I 

l 
II 

ZN '-1866 

Fig. 2. Radioautogram of spot labeled "Keto acid Di-P's" from 
Fig. 1, after phosphatasing. 
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Electrophoresis on oxalic -add.~washed Whatman No. 4 filter paper in 

0.1 ~= ammonium acetate buffer. pH 9. for 3 hours at 600 to 700 vollt:~ .. together 

with authentic samplLe s of gluconic acid. Z -ketogliuconic acid. 5 -ketoglucon.ic 

acid. and hamamelonic acid showed that aU the available known six-carbon 

acids and the unknown substance ran the same distance along the paper and 

could be separated from five -carbon and seven-carbon sugar acidso ThE! 

known six-carbon sugar acids could not be separated from one another or from 

the unknown substance when chromatographed in the solvent systems mentioned 

above, suggesting that the unknown had a generalty similar structure. 

a polyhydro:xymonocarboxyHc six-carbon sugar acid. 

B. Lactonization 

Treatment of they-keto acid with 0.07 ~ HCl at 100° for 30 minutes 

produced no lactone (Fig. 3), suggesting that it is not a simple all.donic acid. 

Polyhydroxymonocarboxylic sugar acids aU readily 1lactonize in acid solution. 

However. the keto acids 9 Z-ketog!uconic acid and 5-ketogliuconic acid9 undergo 

direct acid lactonization with much greater difficulty than the parent hydroxy 

"d i . "d 13 act • g UCODlC act . 

Co Enolization and Epimeriza.t:ion by Alkali~ 

The y-keto acid was aUowed to stand for 9 hours at room temperature at 

pH 11-lZ (NaOH». and was then acidified at 0° with HCl to pH 3. Chromatography 

showed the formation. by such treatment. of some ribulose and a trace of 

glyceric acid. whille most of the original material remained apparentTly intact 

(Fig. 4); there thus appeared to be no stabl@ epimer formed by alkali. The 

double spot of the y-keto acid resulting from this treatment was probably du~ 

to the presence of sodium chloride, The question of enolization is discussed 

be Row in the section on the ~-keto acid, paragraph A. 

13 PoP. Regna and BoP, Caldwell, Jro Amo Chern, Soco 66. 246 (1944}o 



-11-

XYLULOSE 

UCRL-8113 

BUTANOL- I PROPIONIC ACID-
WATER 
(8 HOURS) 

'II 

1-KETO ACID 

(-KETO ACID• BOILED FOR 
30 MINUTES WITH 0.067 N HCI • 

---l PHENOL-WATER (8 HOURS) 

ZN -1891 

Fig. 3. Radioautogram of y-keto acid after treatment with 
0.07MH C1 for 30 minutes at 100°, · 
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K-KETO ACID• MAINTAINED AT 
pH 11-12 AT ROOM TEMPERATURE 

FOR 9 HOURS, THEN ACIDIFIED 
TO pH 3 AT ooc 

GLYCERIC ACID 
:' 
', 

.. --- -- ... 

-.. ____ .... ' 

ORIGINAL 
Y-KETO ACID 

BUTANOL­
PROPIONIC ACID­
WATER 
(8 HOURS) 

.. 
ZN -1887 

Fig. 4. Radioautogram of the y-keto acid maintained at pH 11-12 
at room temperature for 9 hours, then acidified to pH 3 at 
oo. 
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D, Treatment with 2. 4-dinitropheny<.hydrazine 
---~~·-·---'-0~~-.,..,.._..-"0" ____ ~ ""--~~ _ _., --------

'fhe y-keto acid was treated with an ~xceas of 2, 4 -dinitropheny".hyc!razine 

in l M HCl for 30 minutes at 37°" Carrier 5~ketog1uconic acid was a~so prest·r,t 

The hydrazones were extracted from the reaction mixtm.·e fimd chromatographr~d 

in on.e dimension on Whatman Noo 1 filter paper with n-but~•n.ol aaturat~d with 

6% (w/v~ aqueous ammonia. 14 Two z. 4-dinitropheny~hydrazones were pruduc~d 
in low yield which ran with the hydrazones of the added carl'iero This suggested 

th('l presence of a carbonyl, grouping, 

1.;~, Reduction with Borohydride 

Reduction of the y-keto a.cid by approximately 0,0075 M potassium 
15 16 "~~ 

borohydride o for Z hours at room temperature produced a substanc~ 

capablfl of undergoing acid-liacton~ interconversion at appropriatli!l pH !f.lvcls 

(Figao 5 and 6)o This impHes the reduction of a. keto group to a hydro,tyl group~ 

which is then capable of lactonizationo 

The product found after reduction with borohydride chromatographc:d v~ry 

near~.y~ but not identicaHyp with hamamelonic acid and hamameli.onic lact:onee 

Two samples of vthamamdonic acid11 were available; oneo made by Schmidt and 

Heintz" 
17 

was obtained by thf';; action of hydrogen cyanide on d -ribulose, fC~~Tl~wed 
by hydrolysis of the nitrile and separation of the: epimeric adds produeedg by 

fractional crystallization of their phenyllhydrazide derivativesc 
18 

The other 
---r:tr.:':~~·~·· --

v. Moses. Jo Geno Microbial. 13, 235 (1955}. 
15 

PoD. BraggandLo Hough" Jo Chemo Soco 4347(1957~. 
16 

Abdeli-Akhero HamHton, and Smith" J. Am. Chern. Soc., 73~ 4691 (l95l)o 
17

00 To Schmidt and Ko Heint~v Ann. 515 0 77 (1935), 
18 ~= 

We are indebted to Profo Oo T" Schmidt for samples crf the ammonium saLt 

and of the phemylhydrazide: of hamamelonic acid~ the latter was conv~rted by 

Ning Go Pon to free hamamelonic add by reflu:xing with cupric sulphate and 

remova~ of excess copper and sulphate with hydrogen sulphide and barium 

hydroxide. resp~ctively. 



¥-KETO ACID• REDUCED 
WITH KBH4 AND CHROMATOGRAPHED 

WITH H~MAMELONIC ACID OF 
SCHMIDT AND HEINTZ, 
SPOTTE FROM ALKALINE SOLUTION 
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BUTANOL­
PROPIONIC 
WATER 
(8 HOURS) 

OUTLINE OF MARKER SPOT , 
·• OF HAMAMELONIC ACID 

REDUCED ·¥-KETO Act~ 

.. ----I PHENOL-WATER (8 HOURS) ~ 

ZN -1889 

Fig. 5. Radioautogram of the "{-keto acid, reduced with 
potassium borohydride, and co-chromatographed with the 
hamame1onic acid sample of Schmidt and Heintz; 17 spotted 
from alkaline solution (pH 13). The outline of the marker 
spot of authentic hamame1onic acid has been drawn in. 
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OUTLINE OF MARKEF.! SPOT OF 
HAMAMELONIC LACTONE 

0 LACTONE . OF REDUCED 
¥-KETO ACID 

)'-KETO ACID• REDUCED WITH 
KBH4 AND CHROMATOGRAPHED 
WITH HAMAMELONIC LACTONE 
OF SCHMIDT AND HEINTZ, 
SPOTTED FROM ACID SOLUTION 

----I PHENOL-WATER (8 HOURS) 

UCRL -8113 

BUTANOL­
PROPIONIC ACID­
WATER 
(8 HOURS) 

ZN -1886 

Fig. 6. Radioautogram of the y-keto acid, reduced with potassium 
borohydride, and co-chromatographed with the hamamelonic 
acid sample of Schmidt and Heintz; 17 spotted from acid 
solution (pH 1). The outline of the marker spot of authentic 
hamamelonic lactone has been drawn in. 
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~;;amp •. e. prepared by Rabin et aL. 19 was synthesized by treating ribl\-~oH•. 
diphosphate with potassium cyanide. with simuHaneous hydrotysis of the nit:die 

to hamamelonic acid diphosphate~ followed by enzymatic remova: of the 

phosphate groups. This samp~e presumably cont&inecl hamametonic acid and 

its epime r. in unknown proportions. 

The v-keto acidv after reduction with potassium bor<?hydride.l, 

chrornatographed more nearly with the sample from Rabin et aL of mh:cd 

hamamelonic acid and epimer (or their lactones~ {Figso 7 and S». than with th6 

pure hamarnelionic acid or lactone from Schmidt and Heintz (Figs, 5 and 6j. 

Before reduction with borohydride. the v-keto acid ran quite distinctly f:i.·om 

the hamamelonic acid of Schmidt and Heintz (Fig. 9). and no lactonization 

couRd be observed (Fig. 3». The explanation for these findings may be that 

th·e y-keto acid is reduced by borohydride to a mixture of two epim~rs of the 

hamamelonic acid type" neither of which ie harnamelonic acid itseU. but one 

of which is the same as the epimer of hamamelionic acid pre sent in thfll sample 

from Rabin et aL 

F. Treatment With Acid 

On heating with 0.07 ~ HCl for 30 minutes at 100°" some: 35-45% of the 

v-keto acid was converted into xylulose. presumably by decarboxylation. leaving 

the rest of the original compound apparently unchanged (Fig. 3~ .. 

G. Treatment With AlkaU 

On heating of the y-keto acid with 0.015 ~ NaOH for 30 min.utes at 100° 

several substances were produced. one of which was glyceric acid (the others 

were not identified}. and again some (about two-thirdsj of the originall compound 

was hJft app:aret1.tly unchanged. 

Investigation of the ~-Keto Acid 
c:.·- -===---.=-'-'=""'"-=-:-~=-=--===-...... -=---........ ---=-~-~-

A. Pocsible Formation from the y-Keto Acid 
--- --~......__~ ---···-- -~ - -~----:-=.-.... ""'""~ ~-~·"-'. ;;:;...._ ... _ - - ' -- --- --~ ... _. 

Treatment of the y-keto add with weak all.kaH. fc1ltowed by acidification 

(see p:s\ragraph (q a.bo~e» reamlted in the fcrmatil:m of some glyceric acid and 

ribu~ce~. while most (mere than 90o/o} of the y-keto add remained unchangt~d 
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SPOTTED FROM. ALKALINE SOLUTION 
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REDUCED 
r-KETO 

!~":...;; _ _________ ......_ __ __;,• ~-----~-..:..-_•! PHENOL-WATER (8 HOURS) 

UCRL-8113 

BUTANOL­
PROPIONIC· ACID­
WATER 
(8 HOURS) 

ZN -1888 

Fig. 7. Radioautogram of they-keto acid, reduced with potassium 
borohydride, and co-chromatographed with the hamamelonic 
acid sample from Rabin et al; 19 spotted from alkaline 
solution (pH 13). The outline of the marker spot of 
authentic hamamelonic acid (and epimer) has been drawn in. 
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BUTANOL- I 
PROPIONIC ACID-WATER 
(8 HOURS) . 

LACTONE OF 
REDUCED Y-KETO 

't-KETO ACID• REDUCED WITH 
KBH4 ~D CHRoMATOGRAPHED 
WITH HAMAMELONIC LACTONE 
OF RABIN £7 AL SPOTTED 
FROM ACID SOLUTION 

OUTUNE OF MARKER SPOT 
H.AMAMELONIC LACTONE S ISOMERS 

n 

ZN -1885 

Fig. 8. Radioautogram of the y-keto acid, reduced with potassium 
borohydride, and co-chroma~raphed with the hamamelonic 
acid sample from Rabin et al;: spotted from acid solution 
(pH 1). The outline of the marker spot of authentic 
hamamelonic lactone (and epimer) has been drawn in. 
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BUTANOL- f 
PROPIONIC ACID-
WATER 

(8 HOURS) 

OUTLINE OF MARKER SPOT 

OF H~ LACTONE 

OUTLINE OF MARKER SPOT 
OF HAMAMELONIC ACID 

I 

r - KETO ACID= CHROMATOGRAPHED, 
BEFORE REDUCTION, WITH 

HAMAMELONIC ACID AND LACTONE 

OF SCHMIDT AND HEINTZ: 
~ 

't-KETO ACID 

SPOTTED FROM SOLUTION OF pH 5 

ZN -1890 

Fig. 9. Radioautogram of the y-keto acid prior to reduction, 
co-chromatographed with the authentic sample of 

17 hamamelonic acid and lactone from Schmidt and Heintz; 
spotted from solution of pH 5. The outlines of the marker 
spots of hamamelonic acid and lactone have been drawn in. 
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{Fig., 4p. Acid lrea~ment of the '·~keto add results in tht~ partiaL .:::onvt~ rEi on h. 

:l>.)l·tu~~ose. not ribuloae {Fig. 3}, It st?J~.ms that at pH 11-12. some j3~kc.:to B.cid 

is produced from t:bf'l• y -keto add by· enolization. the forme-r decompot>ing to 

glyceric acid in alkali and to ribuioa~J in acid. 

B. Lactonization 

Treatment of the ~-keto lactone with l0-4 '!':!- NaOH produced a substance 

running ch1•omatographicaUy simila:r to the y-keto acid(!:_.~. just behind 

hame.:melonic acid~ Fig. 91. together with a little of wha.t appE;ared t~U be glyceric 

acid {Fig. lOp. Alkali treatme~nt of the f3·-keto lactone apparently converted it 

partly into th·~ f:3-keto acid" and aiso caused .some breakdown to glyceric add 

(~_: parag?aph (G) above). 

C. Reduction With BoTohydride 
--==:-=~-~-·=· --""="~--~-"'-~-=-=~---o~-=·.,..,.,-....-

When the fl-keto Lactone was treatt:d w:i.th 0.0075 M potassium bnrohydridt: 

for Z hours at ruom temperature (pH about 10} 9 appare!lntly some glyceric acid 

and a. subst2mce that ran chromatogra.phica.Uy togethelt' with hamame:lcnic acid. 

were formed {Fig. ll). Howeverv the radioactivity was too weak to determine~ 

the e::oactitudel of coincidence with hamamet.onic acid. 

A careful inveatigation of each of the three diphosphate spots shown. in 

Fig. 1 has not revealed the prese11Ce of any other substartcesp either of thia typci 

(keto acid) or of the reduced form (hamamelonic acid and epimere)" 

D~~SCUSS10N 

Although the final identificati.o11 of the two ma.teria.b under inveatigi!.tion 

must a.wait cu-chron:1atography with authenHc saxnples 0 the evidence accumuLated 

here pc:lrmits a tentativ"' assignment of structure. with some degru~ of confidenc0. 

The z;:.osition of the 101riginal !5pot on the chzomatogram (Figo 1) is fairi.y dt~finite 

t;vider~ct~ of its diphor1phate character" Its Stloceptibility to th8 enz.yrrH~ phosphatas;.. 

rei!iultir•g in a mat~rial appar~nUy f~ef:i from phosphate, may be tak.g;n ao 

additional evi!ience for ita phoophate ee:t~r characte.r" Moat of the ~vidence 

available has been obtained with th~ r.norn plientif'ul. and th(:l mort!; stab'i.(~ of th(~ 

i:wo n.G't'' comp:mnds; the course of the argument fur tb.e structure of this 

comp'-ur:.d ia cnltHn.·;cL then :foHowt<.d bf inferencss fro.Jm tl:>io subot;;:.nct!: and 

additional t;;vidence foi: th··· struc;ture ~;f the e~ccnd and mot"$ unr~tabLe t;:ompound. 
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BUTANOL- I 
PROPIONIC ACID-
WATER 

(8 HOURS) 
11 

OUTLINE OF MARKER SPOT 
OF HAMAMELONIC ACID 

~TO ACID 

---I PHENOL-WATER (8 HOURS) • MU-14463 

Fig. 10. Line drawing of composite radioautogram and sprayed 
chromatogram of j3 -keto lactone co -chromatographed with 
hamamelonic acid and lactone of Schmidt and Heintz; 17 
spotted from a solution of pH 10. Solid areas represent 
radioactive substances; outlines are of authentic compounds. 
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WATER 
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(3-KETO ACID: REDUCED WITH 

KBH4 AND CHROMATOGRAPHED 

WITH HAMAMELONIC ACID OF 

SCHMIDT AND HEINTZ 

GLYCERIC ACID 

OUTLINE OF MARKER SPOT 
OF HAMAMELONIC LACTONE REDUCED (l- KETO ACID 

~ 
OUTLINE OF MARKER 
SPOT OF HAMAMELONIC 
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II 

----I PHENOL -WATER (8 HOURS) • 
Fig. 11. Line drawing of composite radioautogram and sprayed 

chromatogram of 13 -keto lactone after reduction with 
potassium borohydride and chromatographed with 

17 hamamelonic acid and lactOne of Schmidt and Heintz; 

MU-14462 

spotted from solution of pH 10. Solid areas represent 
radioactive substances; outlines are of authentic compounds. 
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The chromatographic and electrophoretic behavior of the <iephos­

phory·iated matei"iat sEJems to eetabliflh its character as a hydrm::y sugar 

acid; beyond this, its location in the region of gluconic: acid is fairly definite 

evidence that its weight corresponds to that of a six-carbon poly-hydroxy add •. 

Although the possibility of a heptonic acid is not eliminated on chromatographic 

grounds al'.one. t:he other evidence to be mentioned Rater appears to preclude 

this possibility. ElectrophoreticaUy the material moves exactly paraUel. with 

gluconic acid as wen as with hamamelonic. 5-ketogluconicc and Z-ketogtuconic 

acids. The: demonstrated ability of paper electrophoresis to separate the 

pentonic acids from a variety of penf:a-oxyhexonic acids makes the value of the 

mobility of the unknown substance a significant quantity h1 estabUshing ito 

penta-oxyh~xonic charactero 

The failure of the compound to lactonize under acid conditions that lead to 

lactone formation in all other simple aldonic acids- -such as gluconic. 

hamameion:i.c, ribonic and simHar acids ·~-indicates that the material is not a 

simple aldonic acido Reduction by potassium borohydride produces a 

material that does exhibit the facile acid lactone interconversion eo characteristic 

of the aldonic acids. This information0 taken together with the fact that the 

two keto-aldonic acids available to us --Z-ketogluconic and 5-ketogluconic--are 

also sluggish in their lactonization under the conditions used in this work. 

suggests that the compound originaUy is a keto-aldonic acid" The co-chromatograii'li 

of tb.e reduced material, both in the free acid and in the lactone form. with 

hamamelonic acid and its Uactone is so close as to confirm the idea that the 

material after reduction is indeed .a six-carbon aldonic acid and therefore, 

before~ reduction" a six-carbon keto-aldonic acid. Co-chromatography of the 

unreduced substance with hamame1Lonic acid clearly demonstrated its difference 

from the latter. 'I'he treatment of ~he original keto acid with O_o07 M HC 1 for 

30 minutes at 100° resulted in about 40% conversion to xylulose; the remaining 
. f.0°h -...~~~~ l"ecovE'._red as the original a.cid. This stability eliminates a.ny serious 

possibiiity that the unknown substance ia a ~-keto acid" 

The nearest anal•1gy a.vaila.ble to us is fl-ketog!uconic acid 9 which has been 

poatu].ated as an intermediate in the conversion of 6-phosphogluconic acid to 

ribulose 5-phoephate. 20
t Zl That is has not been possible to is.olate a sample of 

2%. L, Horeck~r a.nd P. Z. Smyrniutisv Arch. Biochemo 29, 232 (1950D. 
Zl =--

Gunsduo" Horeckel'"~ and Wood. Bacteria!. Revs. 19. 79 (1955}. 
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this mate rial ( 6 -phospho ~3 -l,etog~.uconate} has be~n taken as evidence of Hs 

gross instability. The chemical an.a~ogies about which we do have direct 

information indude acetoacetic acid 0 0. 0 n-dimethylacetoace~ic acid 0 and di­

hydroxymaleic acid (a.. hydroxyoxaT.oacetic acid}. lZ The substitution of either 

methy~ or hydroxyl on the a.-carbon atom of a. !3-k.eto acid increases its 

tabiHty considerably. Neither of the tatter two acids coulid survive the 100° 

f:reatm~nt for more than a few seconds to minutes. We can therefore be 

confident that the substitution of both methyl and hydroxyl on an e-carbon atom 

of a ~-keto acid such as is here proposed would lead to an extremely labile 

t:ompound. The possibility that we may be deaUng with a Z-k:eto-3-ca:~.~boxy 

pentitol stabilized again.st decarboxylation by a 2, s .• ketoi (furanosicle} formation 

is eliminated on the g:t·ounds that such a furanoside would not exhibit the great 

uusceptibiHty to borohydride reduction that this compound does. Beyond this. 

the appearance of glyceric acid in the degradation of the compound apeaks ngainst 

the carboxyl group0s being on the 3-carbon atom of a five-carbon chain. 

The clean and quantitative formation of xyRulose under the very mild 

conditions .of acid treatment described above eliminates both the o.- and the &-keto 

acids a.a· possibilities. since these acids would be unchanged under the mild 

conditions used het't:Jo 
13 2-Kef:ogluconic and S-ketogluc:onic acids were treated 

with Oo07 M_HCl foi.' 30 minutes at 100° and chromatographed in the usual 

:rnannero they were found to be unchanged" and no neutra1l materiat (lactones or 

sugars) appearedo ln stronger acid {S ~ HCI} both the l-and S-ketogluconic 

a.cids can be converted via the corresponding ascorbic acids to decarboxylation 

products such as fu:dura11.. 13 The likelihood thus remain.s that the compoun.d 

is a 4 .. (or y-)keto add. 

Steric considerations apart. three six~carbon y-keto suga1· adds are 

possiblie (I!.. L~. and :n.I): 

.2ZB, R. Brow11~ Quarto Revso (London) 59 131 (19Sl)o 
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Structure Ill cao. probably·. be excluded on the grounds that decarbmtJrta.tion 

of such a branched~chain sugar acid, if it occurred at aU. would moat probab!~y 

result in a branched-chain pentose" or a tetr.oeeo whereas xyluRose was a.ctuaUy 

the decarboxylation product. Structures I and 11 cannot be unequivocaUy 

dietinquished, though the availab1.e evidence favors L Decarboxyliation. of U 

would be expected to be more difficuH thatt that of llo since it would require. 

the e.:Umination of a secondary hydro:rcyl group in 1J( rather than a tertiary 

one as in X. Fu.rthermoreo the aikaline decomposition of the unknown substance 

(presumably via epimerization to the fj-keto acid) to produce some glyceri.c add 

is more in keeping with I than with ll. 

We must: now provide & route for the formation of xylulose (1X) frorn 

such a v-keto acid (XV) under the conditions where under we know this 

transformation occux·a. Unfortunately, we have no single model compound 

incorporating aH the structural, featul'es of this one--~~.: an a.-tertiary hydro,~y-1 

group, a ~-hydroxyl group. and a y-ketone function. whkh seem pertinent 

to an understanding of this transformation" One can. howevero formutate it in 

terms of a aequemce of three 1·eactions aU of which are known to take place 

rapidly under the conditions here required. These are~ (a) the trans 

elimination of water from v to form the 0.9 J3-unsaturated, j3-hydroxy9 v-keto 

add (VI~, which ketonizes to form the f3, y-diketo acid {VII); {b) the decar~ 

hoxy1ation elf this ~-ket¢) acid to form an enolic lt:etone (VII1h and ~c) the trans 

additic1n of water to this enolic ketone. yie~ding xylulose ~racemic§ (IXv (Figo J.Z)o 

The rates of aU theee r.eactions in separate rnodei cases are known to be 

sufficienHy rapid to account for this sequence. The a.baence of any other 

h'1termediat.es on the chromatogram ~Fig. 3) would require that thel over -aU 

ra.te-amiting step bf~ the trans elimination of water {V to Vlj. Th~ uncertaint}r 

lie;s h'l the post~ibie simlJ.ltant?Joua OCC'ill'r.ence of the d~carboxylation (VIl tt~ VI':l) 
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Fig. 12. Proposed mechanism for the decarboxylation of the 
'Y -keto acid to xylulose. 
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and the trans addition of wat~:r {Vlll to !X}. One can rationalize a atabilir~ed 

enoli.:: ketone (VIII) in te:rms of internal hyd.rogen bonds that would give ii; a 

lifetime long enough to pl"ovide the configurational requirement needed for the 

trans addition. to produce xylulose. The possibility that the series of trans­

formations may begin by t.he forrnation of the ~p v-enol, y-lactone of IV is 

recogni.zed but considet·ed unlikely in view of the ease of the tertiary hydro:":yl 

elimin.ati.on to form V:L 

The question of the eteric configuration of the y-keto acid poses a further 

consideration. Figures 5 thro\tgh 8 show that after reduction with borohydride 

t.he y~keto acid co-chromatographs very dose~y. though not identicaUy. with the 

two samples of hamamelonic acid available. Figure 13 shows the steric 

relationship between the two possible d.iastereomere of the y-ketc acid 

(XV and XVI) and its reduction produc:tsc epimers of hamamelonic acid (XI to 

XIV)" The sample of hamame'Ronic acid obtained by Schmidt and Heintz
17 

contained on1y one itJomer, hamametonic acid itself, structure XIV. wher'2as 

that of Rabin et aL, 19 prepared by the ~Mct.ion of potassium cyankle on :dbulose 

diph£C'Il:lphate, presumably contained structures XIU and XIV. Two posaibRe 

epimeric forme of the y-keto acid can be produced by carboxylation of ribu~ose. 

structures XV and XVI. which on reduction would result in substances XX and 

XIII hom XV, and XI! and X1V from XVJL E:u.perimentaUy it was found that the 

reduced v-keto acid co-chromatographed more ciose'Ry with the mixture of xra 
and XIV than with pu.re XIV itaeH. 1t could be argued from this that reduction 

of the y-keto a.cid produced XI and XXII. neither of which was identical with the 

hamamelionic acid of. Schmidt and Heintz (X1V). 17 and which therefore did not 

co-chromatograph precie;ely with this sample. However" one form of the reduced 

y-k~to acid (XHI) would correspond with one epimer in the samplie from Rabin 

l!t aL 19 The tack of exact co-chromatography in thb case woulid then result 

f:a-om the presence of radioacti"le XI derived from the y-lr.eto acid by reduction. and 

of carder !K:~v prel!~mt in the mixture from Rabin el: aL 

The )~~·keto add thus tentatively appea1·s to be beat represented by 

structuu: XV, It ie interesting tc note that trans eHmination from thia 

stereoisomer would pr~duce directly the proper geometric form of the enoHc 

ketone VI {Fig. 12}. The structure XV is consistent with the inability to 

1actcmize, as six-mt:'lmbered lactone :dnge-; containing a ketone group represent 

strained corn.figuratiuns and tend not to be formed. 
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Fig. 13. The steric relationships between the two possible 
diastereomers of the -y-ket6 acid and its reduction products, 
epimers of hamamelonic acid. 
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The evidence for the structure of the j3~keto acid (XVH) is tess e"tensiveo 

~-keto acids are known to be very unsi:able, Zl as this substance has been found 

to be. 

CHzOH 
I 

C -{OH)i -COOH 
I 

C:::O 

I 
CHOH 

JH20H XVH 

whereas the ability of the substance to liactonize under acid conditions (indeedv 

it was first observed as a lactone) would" in this case, involve a five -membered 

lactone ring containing a ketone group, which is stericaUy a less strained 

configuration. Unde:r rnild a~kaHne conditione the lactone ring is eaaHy opened 

to pn.O.uce the free acid. and the substance readily decomposes to form 

glyce:ric acid, by hydrolysis betweetl carbon atoms Z and 3. The free aci?v Hke 

the v-keto acid. does not co-chromatograph with hamamelonic acid9 though 

after reduction with borohydride, co-chromatography is very dose to (and 

perhaps identical with) hamamelonic acid (Figso 10 and 11). 

Decal"boxyhltitOn of the fS -keto acid was not directly demonstrated, since 

the entire supply was used in the reduction experimento Howeverc trea.tm(ll:nt of 

th~ -v-keto add with mild alka.li. foTJ.owed by acidification at 0° to pH 3. 

conditions which might be expected to produce some of the fS .. keto acid from the 

y-ketu a.cid by e1.1oli·~ation. produced instead ribulose and glyt!~ric acid (Fig. 41'" 

The g'tyc:e:r.ic acid cou1ld result from hydrolytic deavage of the ~ .. keto acid at 

alkaline pH, and the ribulose by decn.rboxyliation at acid pH" 1n this case 

decarboxylation would involve the migral:ion of the carbon•ri. group {Fig" 14). No 

evidence is ~wailab1~; as to the steric configuration cf the J3 --keto add. save that t:hc 

o earbon atorn should have the sam{~ '-!onfig1.l1't:l.tion as the original ribulose from 

'\vhicb it wa:, formed, 
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Fig. 14. Suggested mechanism for the decarboxylation of the 
!3 -keto acid to ribulose. 
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Although the ~-keto acid diphosphate has been predicted theoretically in 

the photosynthetic carboxylation of ribulose diphosphate. 6• 7 ~here has been 

to our knowledge no previous demand for the existence of the y-keto acid and 

hence no role is immediately apparent for it. 1~ may, indeed, be an artifact 

resulting from the procedures of killing and extracting the cells, and from the 

subsequent chromatography, and thus be produced nonenzymatically from the 

fl-keto acid, or from another compound. However, it seems that. with identical 

killing and chemical techniques, more radioactive y-keto acid appears tube 

formed from labeled carbon dioxide in cells that have been allowed to carry 

on photosynthesis in the presence of 0.001 M NH
4
No

3 
than in cells suspended 

in distilled water. The y-keto acid may accordingly be involved in nitrogen.· 

metabolism. 

It is of interest in this connection to recaU the findings of Done and 

Fowden, 
23 

who observed that in peanuts the most important free amide 

present in these plants was y-methylene -glutamine (XXX.). while the relative 

amount of glutamine in relation to asparagine was very much reduced. y­

Methylene -glutamic acid (XXJiif and v-methylene -a -ketoglutaric acid (XX1rlj 
~ f . 24.25 . 24 were also subsequentLy ound 1n peanuts, and 1t was suggested that 

these compounds may be the ones most intimately concerned with nitrogen 

transport in these plants. 

23Jo 
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zs.r.,_. 

Done and L. 

Done and L. 

CONH 7 
I -
C=CH 2 
I 
CH2 I 
CHNH2 

' COOH 

XXI 

Fowden. 

Fowden. 

COOH 
I 
C=CH 2 t 
CH2 I 
CHNH2 I 
COOH 

XXII 

Biochem. J. 49. 
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The similarity between the skeletal si:rl.,ctures of the y-keto add C1VI ancl 

'-; ·~17.lethy~eo.e -glutan.·lic acid and amide (XXl and XXH} are immediately a.:;,>i:>a.rent, 

and it would not be difficult to conceive a metabolic pathway for the production 

of y-methylene-glutamic acid from the y~keto acid. Suc::h a hypothetical pathwz."l 

involving alternate dehydration and 1·eductiori following an initial oxidation, is 

Uluatrated in Fig. 15. though many other schemes would be ptlf!Sibi.e; it is of 

interest to not~ that the: y-keto acid andy-methylene a.-ketoglutaric acid are 

is oxime ric. 

Another possible route for the further metabolism of the )'-keto add might 

be an enzymatic inverse aldolase split to hydroxypyruvate and dihydrox~·aceton~, 

The hydroxypyruvats could give rise by transamination to serine, a substance 

known to incorporate radiocarbon very rapidly from carbon dioxide during 

photosynthesis. The dihydroxyacetone, during the initial stages of photosynthesis. 

would not incorporate isotopic carbon from labe~ed carbon dioxide 9 and such a 

dilution of ~abe led dihydroxyacetone, formed from 3 -phosphogi. yce ric acid, 

by this unl&beled dihydroxyacetone might in part account for some of the 

anomalous labeling during photosynthesis that has been reported in the he:2wseso 
26 

Treatment of all the three diphosphate spots shown in Figo 1 with phosphatas: 

followed by further chromatog:raphy. has confirmed the findingn of Rabin et al 

that hamamelonic add d~phoaphate is not formed during photosynthesis in. the 

absence of inhibitorso 19 Apart from the ~- and v-lteto acids that form the subject 

of this communication. no other acids moving chromatographicaUy in the area of 

hamamelonic acid or its lactone have been found in a.ny· of the three diphosphate 

spots of the o:rigins.l chromatogram. 
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Fig. 15. Hypothetical scheme for the conversion of the -y-keto 
acid into 'Y -methylene glutamic acid. 




