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ABSTRACT
THE PATH OF CARBON IN»PHCV)‘I‘OSYNTHESISV, X1
., THE ROLE oF GLYCOLIC AC_ID_*V
L. Schéu,_A:Ao Benson, J.4. BésshamAénd‘M. Calvin
Radiatiog Laboratofy and Department of Chemistry
'”“,"Uﬁi&ersity bvaalifornia, Be:kgley |

September 11, 1950
ABSTRACT

The metaﬁolism ofvcl4 1abe1edvglycolié acid by Scenedesmus has been
studied using radiochromatographic techniques for the separation and
identification of products,

When the pH of the mediﬁm was 2,8, appreciable assimilation occurred,
The produéts were identical to those observed in 01402 photosynthesis.

A major reaction anaerobically in the dark resulted in ihcorporation
of C14 in almost equal amoimts in the glycine andiserine"réservoirs. When
the algae were illuminated, a.diminutian in the amounf of glycine was ob=-
served, |

Aerobic and anaerobic glycolic acid assimilation was studied during

photosynthesis, The C14 level in the sucrose and the intermediates of its

* This work was sponsored by'the'United States Atomic Energy Commission,

To be published in Physiologia Plantarum.
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- ABSTRACT

synthesis varied with 01202 pressure in the gas used _ »

1-¢%4 ang 2-c%4 glycollc aclds glve s1m11ar dlstrlbutlon of radio=-
activity in the products. Henceg glycollc ac1d 1s as31m11ated by paths
~other than those 1nvolv1ng prellmlnary cleavage to Cl compounds. o
Phosphoglyceric acid 1solated from the products of ass1m11at10n

of both glycolic acids was degraded and found to be approxnmately

equally labeled in its a and B carbon atoms,
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THE PATH OF CARBON IN PHQTOSXN‘T}‘H!BIS, X1
* THE ROLE OF GLYCOLIC ACID®
L. Schou, A.A. Benson, J.A., Bassham and M. Calvin
Rediation Laboratory and Department of Chemistry
| Up;‘;ygx?'si;y of Caiiforni_a, Berkeley

Septembef 11, 1959

. INTRODUCTION

The participation of glycolic acid in plant metabolism has been con-
sidered in the past; but its relationship to ﬁhe intermediates'of carbon
dioxide reduction has been obscure. '

.Kolesnikov (10) reported_accumﬁlation of  glyoxylic acid inAChlorella
during illumination, ‘Andersonp(1}$_Kclesnikov (11) and Clagett, Tolbért'
and Burris (9,12) stﬁdiedﬂthe non=-photosynthetic metabolism of glycolic |
acid by plant tissues, The presence of glycolic acid among the early
photosynthetic,intermediaies has been observed by Benson and Calvin (A):
and by Burris, Wilson and Stutz (6). |

The :first stable proaﬁct“of carbon dioxide assimilation in phqtoéyn- :
thesis has been shown to be carboxyl-labeled phosphoglyceric acid (5,7)
Experiments were then deéigned to force the accumulation of the Cp pre-
cursor of the a and B cafbon atoms of this compeund by illuminating planfs‘
in the absence of carbon dioxide (Benson and Calvin.(A) ); AThesé c§ndi£i;n;

resulted in the accumulation of large amounts of'glycolic acid and glycine.

- % This work was sponsored by the United States Atomic Energy'Commission;
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The . 1mmed1ate precursor of the carboxyl labeled phosphoglycerlc acid .
is of the reductlon level of acetaldehyde or glycolaldehyde° Consew
quently, the accumulated glycollo ac1d appears to be: elther ‘a precursor
of the more reduced 02 compound or a product of its ox1dat10no

It has been shown (8).that glycollo acid appears subseguent to car-
boxyl-labeled compounds in photosynthesis and isanOtioBServed in very
short'periods of photosynthesis (91 Seco Photosyntheslsloy-Berlej).. Since
'glycolic a01d accumulates 1n the absence of carbon. dlox1de, 1t cannot
arise from the condensation of two Gy compounds dlrectly formed from 002
but rather is probably derlved,from larger molecules;wsslnce“the'compounds'
identified as phosphate esters in radiograms»of'CILbz’pﬁotoSyotﬁesis exe
perlments have ‘been found to contain’ derlvatlves of glycollc ac1d*_ 1t is"
possible that glycolic acid reacts metabollcally in a phosphorylated form,

The - close relatlonshlp of glycolic aci d to the a and B carbon atoms of
glycerlc acid was first observed by Bassham, et.al, (2 8) Even 1n¥very

short photosyntheses with 01402 (4 Sec, Photosynthe51s by Barley) ‘the ‘carbon -

atoms of glycolic 301d were unlformly 1abeled° Thls }»ld.has been degraded

by perlodate ox1dat10n and the products 1solated as’ barium_carbonate and

formaldimedon from the carboxyl and a carbon-respect;p lyég;ﬁhe carboxyl andf

a carbon atoms of glycolicuacid:and‘ﬁhe a,and;pﬂcarpol épOms5of;phosphoglyceric

- % To be pﬁblished -
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acid are invariebly uniformiy labeled This relationship has now béeh

tested by a study of the conversion of synthetic radlomerlc glycol1c. |

a01ds to phosphoglycer; ac1d durlng photosynthe51s by Scenedesmuso'
E&EERIMENTAL PROCEDURE - Labeled glycollc acids prepared by

r

Dr. B. M,_Tolbert of thls laboratory were added in the dark durlng an-

aeroblc 111um1natlon and durlng photosynthe31s in 01202 by Scenedesmus.
Slnce the absorptlon of a strong acid such as glycolic a01d is generally
slow at phys1ologica1 pH values, ‘the experlments were performed in’ |
dilute phosphate buffen at pH 2.,8° It has been observed in this lanoref}‘
tory* that photosynthetic ability at low pH.(l,5 or less) is neither =
readily nor irreversibly destroyed‘and‘that tne products are apparentky'
normei° | o

- Feeding Ezperiments° == A suspension of one gram of a two day oldv'.
culture of Soenedesmus (Straln D3, Gaffron) in a 1 cm. . thlck glass vessel
(3) containing 50 ml, of ,001 M phosphate buffers pH 2 8 was . allowed to
phoposyntheS1ze in air for 30 mlnutes with a 1ight 1ntens;ty of 2000 foofe‘
candles from both sides. A temperature of 20°C was malntalned by use of B
adequate infrared absorbers° The cells were allowed a twentynmlnute
adaptation period 1n the gas used immediately prev1ous to addan the radlo-
.actlve glycollc acid. In the dark experlments, the vessel contalnlng the
cell suspension was covered W1th black cloth durlng the experlment ard the

funnel was shlelded from llght during filtration and killlngo

* G, Ouellet == To be published
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Labeled calolum glycolate (4.0 ue/mg) was decatlonlzed with Dowex~50

The free ac1d (3 2 mg., i.e. 0,0008M) was added at z "o tlme and the- photo—

synthesis contlnued for ten minutesol The cells we‘.

from the solutlon in the light and killed by pourlng:hotzabsolute ethanol
on the fllter. By use of filter aids on a funnel eq oped w1th two re=
ceivers and a two-way stopcock the killing procedure~required 2—5 seconds.,
The algae were reaextracted with 50% ethanol and hot water,. The' extracts
were concentrated and separated by tWOmdlmens1onal paper chromatography (5).'
After extractlon, the insoluble materials. (proteln and polysaccharlde) were
counted dlrectly and as barium carbonate after combustlon,u The llpld
materlals, separated from other soluble compounds 1n the chromatograms,l”

were eluted and counted dlrectlyb The total glycolicf801d flxed was then

the sum of the three fractions and was tabulated 1n Table I From the
known specific activity of the glycolic acid the amount ass1m11ated durlng

the experiments was calculated and tabulated 1n Table I The products

were observed on radlograms of such chromatograms an were- identlfled where

necessary by cochromatooraphy with authentic materlalsu',The;amount_of ¢4

‘in each of a number of the major products was coun' 1réém"§;on.the'papef
and tabulated in »Table 11, | ' |

, D gradatlon of Phosphoglvcerlc ﬁcldso e The 0ac 've area corres—'

pondlng to phosphoglycerlc a01d was eluted from thelpap er 'nd hydrolyzed

for 30 hours in 1, 0 N hydrochlorlc acld The total ,ydrolysate was chroma-

tographed and - the resultant glycerlo acid spot Was? ocrystalllzed W1th

50 mg, of authentic calclum glycerate° The fact thatﬂthe resultlng productf
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possessed the calculated speclflc act1v1ty serves as added ev1dence of
identity. Glycerlc acld was degraded ac cordlng to the method of '
Bassham et.al. (2), |

\

De gradatlon of Glycolic Acid., == A tracer quantlty of 014~1abeled

glycolic acid, obtalned by elutlon from a paper chromatogram was added
to 30.4 mg. of glycolic acid in three mt. of glacial acetic acid in a |
small flask. The solution was frozen, about 0.5 g, lead tetraacetate'v;;
was added, and the flask was attached through a stopcock to an inverted
U~tube., The system was evacuated, the stopcock closed and the reactlon
mixture refluxed on a water bath at 90°C for thirty minutes, After -
cooling, the volatile contents of the flask were distilled'through the
'U-tube into a second flask containing_80 mg, of 2,4mdinitroohehylhydrazlne
and immersed in liqﬁid nitrogen;. | S

The stopcock was agaln closed and the second flask warmed untll a
clear yellow solution was obtained. The first flask was replaced by a
third flask cohtaining 5.0 ml, saturatedg carbonate»free,vsodlum hydrox1devlv
solution, Both flasks were immersed in llquld nltrogen for a few mlrutes,hz‘
the stopcock was opened and the system was evacuated The llquld nltrogen
bath was removed from the second flask and the volatlle contents dlstllledl '
into the third flask The residue of formaldehyde»Z,A dlnltrOphenylhydrazone
in the second flask was purlfled chromatographlcalIJ on SlllClC a01d and
the speciflc act1v1ty determlned This spec1flc act1v1ty, together w1th
the theoretical yleld glves the total activity of the alpha carbon atom, .

The third flask was warmed to room temperatureﬂuand the solution contained
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therein yielded, upon addltlon of barium chlorlde solut1on, a precipitate
of barium carbonate which was Washed9 drled, welghed and counted The

" product of the speclflc activity of the barlum carbonate and the total
yield (sllghtly greater than theoretical due to 1ntroductlon of inactive
carbon . d10x1de in reagents and manlpulatlon) glves the total act1v1ty of
the carboxyl carbon of -glycolic acid., These resultsﬁare.tabulated in
Table III. | B :
RESULTS AND DISCUSSION

Dark Metabollsm of Glzcolic Acid

It has been shown (4) that glycolic 301d is readlly metabollzed in-
the dark by barley leaves and algae. In the experlments descrlbed belOW'f‘
there is ev1dence that the assimilation of glycollc acid proceeds by

.- than

paths other/lntermedlate conversion to carbon: dloxldeo:“

Short Dark Experiments. == The major products of'612 toﬁten ninute

dark anaeroblc 3531m11atlon of glycollc a01d are gly01ne and serine,
The conversion of labeled glycollc a01d to gly01ne 1n barley sap has

also been observed in this laborator'yo The appearance of labeled serine

suggests that a reactlon similar or 1dent1cal w1th th?;Sakamm reactlon

‘may occur in plant tlssue, (This reactlon has also fobserved 1n

this 1aboratory in Scenedesmus Whlch have been fed 1= 'aor 2=Cl4 labeled
glyciné,) -Conversion to serine is appreclably faster*in{the-llght_than '
‘anaerobically in the dark where both amino acdds~aobear:injlikeeanounts
and the ratlo of serlne to glyclne varied from unlty to. 1% 5 1n all ex=.

periments., No relatlonshlp between the nature of the anaeroblc flushing
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gas mixtures and the serine~-glycine ratio was observed., In air the ratio

of serine tb glycine increased 1o 7 hn appreciable syvthecis'of'oucrose,

phosphoglyce“1c a01d and polysaccharlde oceured in ten minute cark ae"oblc L

ass;mllathqﬁéwgppa?ently, energy is derived from oxidative processes-aﬁd'
is used for carbohydrate synthesis. Faﬁ synthesis correépondihg'ﬁé'abSﬁi'
5%_of the soluble products was Qbserved. | o o

In éil dark assimilation experiments considerable amounts éf:uﬁchangéd
glycolic acid is found in the cell extract., .in the iight, little excess
glvcollc was observed in the 51m113r1y prepared axtracts. |

Long Dark uxperlments. == The further metahollc products of uly01ne,

serine and ~1Jcollc acid were observed in fadlograms of 30 mlnute to o

6 hour dark assimilation experiments with glycolic 801c-2-014.. The soluble
products formed during 6 hours dark assimilation of glycolic>aéid-2;014'u«w
are glven in Table I1I. It is apparent from the Large fractlon of glutuw1c,
suc01nlc, funarlc, melic and citric acids that ﬂonslderable oxldatlon
through the trlcarboyyllc acid cycle may bave occurred. This" metab01105 
lcourse appear similar to ‘that observed in unpuolwshea ex perlments With
ucenedeumus which have been fed ?~014 gly01pe in the dark for s1m11ur
periods., Since flushing with inert carbonvdlox1de dld not affect the -
resﬁlﬂs,vexchange of'01402 arising from oxidétion‘of the substrate,iinég‘
the tficafboxylic5acid cycle is not likely. Tﬁe pbséibility_Shouldfbé
pointed out that a C, compound related to giycolié'écial(glycihe) ﬁay:be

. condensed through reversible reactions to a 04 compound and enter the- |

trlcarbO’VIlc acid cycle as oxalacetate, Otherwise, it mus st be’ further

reduced to react as acetate in this cycle,
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Light Assimilation Experiments - = -

The products of ten minute and longer'periOds'ofzillumination were

studied and found generally similar to the product' ofzphotosynthes1s

Wlth 01402 Glycollc acid is converted to cell materlal (proteln, polyw
saccharldes) and fatso The radloact1v1ty in the var;ous reserv01rs of
soluble products corresponded to that observed When 01402 1s ass1m1=
lated at this high pH. |

. The conversion of glycolic a01d to serine Was observed in the light
lias well as in the dark and was 1ndependent of oxygen or carhon dioxide
partlal pressures during the experlment° uIn all.caseslthevratlc of‘
serine'to.free glycine was very high, | L o

The rad10act1v1ty in glutamic a01c, whlch may he taken as ‘a measure
" of: resplratlon of labeled 1ntermed1ates via the trlcarboxyllc ac1d cycle,
1cwas greater in the aeroblc experlments,, A‘s;mllarhresultlwas.observed in

the aeroblc dark experiment

When the algae were flushed wlth 01202 prlor 1 Hjnd durlng the glyw .

collc ac1d ass:Lmllat:.on9 serlne, sucrose and polysa'charlde'(contalnlng

. glucose) reserv01rs accumulated the largest fractlon f fctlv;ty,

tly- diminished,
v’This can be attrlbuted to the dllutlon of 014 1nAthe ntermedlates by ‘the
01202,' The sucrose reserv01r, which is much 1arger, rapldly acqulres a

greater total of radicactivity, althcugh the specif1c_act1v1ty 1s lOWo

In experiments w1thout added carbon d10x1de ph:tosynthe81s can be
expected to oceur at a slower rate. In air the natural 002 concentratlon

was sufflclent to allow a moderate accumulatlon of act1v1ty 1n the sucrose
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reservoir, In‘nitrogen‘nitbout‘added eafbon dloxide,lalﬁueb-snaller -
anount of sucrose was fofned, Radioaotivity in‘the‘phospbate eonponnds,
_intermediate in sucrose synthesis, was inversely affected‘ 'ﬁith.diminisbe“
ing dilution by added carbon dioxide the SpeCIflC act1v1ty of these small
‘reserv01rs increased and their relatlve radloact1v1t1es probably reprea‘

. sents a measure of dllutlon of assimilated glycollc by carbon dioxides

In the 1ow carbon dioxide pressure experlments (a1r and nltrogen) an’
uamount of labeled phosphoglycerlc acid, large compared to that of normal
,pbotosyntbesls was observed, The 51gn1flcance of thls obeervatlon maj -
well lie in the_effect of pH or GOy coneentratlon upon the reservoir sizes.
~ The phosphoglyceric acid of the aerohic eXperiment was degraded and the
results are tabulated in Table III° - | - -

CarbogxlnLabeled Glycolie ACld Ass1m11at10n. = An 1dentloal eXe="

o periment was performed in air with glycolie ac:Ld-l-C14 The d1str1—.
bution of Cl4 in the products, Table II, were 51m11ar to that observed
in aeroblc glycollc ac:Ld-=-2~-»C:M assimllatlon. The phosphoglycerlc acld
. obtained in thls exper iment was degraded and ‘the results are tabulated

in Table III,

Dearadation Results, ~= The accumnlation'of_CIA inﬁneafly eqdal;j-
amounts in the @ and B carbon atoms of phosphoglyeerio:acid‘dnrdng
photogynthesis has now‘been observed when glycolienaoddﬂis the
labeled substratee _In:Table III it is seen that fadioacthity of @
and B carbon atoms-in both cases are approximately edﬁal.“ It is.

- possible that the equal o and B labeling in Cé eompoundsvmay'arise dn

a number of ways. However, one possibility,'consistent with our
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- previous obse??aeieee’(g), would be that some symmetrical intermediate or come
pound exzstlng in rapla equlllbrlum W1th an 1ntermed1ate lles between glycollc
acid and the 02 carbon d10x1de acceptor molecule° : B ! SRR
SUMMARY _ _

The metabollsm of Cl4 labeled glycollc acid by Scenedesmus has been studled
using radlochromatographlc technlques for the separation and 1dent1flcatlon of
products, |

ﬁhenieﬁe'pH-ef»the medium was 2,8, appreciable aseimilation oecufed;:'The
products were identical to those observed in 01402 photosynth651s.

A magor reactlon anaeroblcally in the dark resulted in incorporatlon of
'Cl4 in almost equal amounts in the gly01ne and serine reserv01rs° When the
algae were 111_um1nated 5 the glycine and glycolic acid radloec_tivity decreasevd.

Aerobic and anaerobic glycolic acid assimilation was studiea.during Ehoto—
synthes1s._ The G4 level in the sucrose and the 1ntermed1ates of 1ts synthesis
varied with 01202 pressure in the gas used |

1-c4 ang 21-(_.‘.14 glycollc acids give similar distribptien of redieactivity
in the products. . | : -

Phosphoglyceric acid isolated from.the products offaééi@iiéiiéﬁ{of'both
glycolic acids was degreded and found to be apprqximatelytequéllyflébeied in

its @ and B carbon atoms.

»
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TABLE I

Products of Glycolic Acid Assimilation by Scenedesmusg

10 Min, Light Assimilation

10 Min, Dark Asgimilation

6 Hour Dark

Assimilation

+ Calculated from ¢4 found in assimilation products’and the specifis activity of the

N, Air | Afrk’ | N;#1/2% GOy || Ny ' Air i} N, +1/2% coé No#1/2% COo
¢l in Lipids 120,000 | 76,000| 39,000 43,000 3,000{ 15,000 1,000 10,000
614 in Inscluble
protein and o ' ' ' ‘ . '
carbohydrates 470,000 | 258,000 113,000 285,000 27,000 30,000
¢14 11 Water-Soluble . . L | | ‘}
Products 350,000 | 460,000 | 315,000 115,000 100,000 | 310,000 81,000 210,000
Total Glycolic Acid IR o o | |
fized (in mg.). o7 | .60 035~ o34 099 -085
' 614 data are expressed in counts (9 diso/éount)lp’er_minute°

. . B . i o . ¥ . .

* Glycolic acidulaGJLYAssimilationo Alf others are Glycolic acidc2=01“vexperimentso, )
substrate. >

:=9't=::

806=TH0N
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Water Soluble Products of Labeled Glycolic Acid Agssimilation by Scenedesmus

_ Ten Minute Light Assimilation

Ten Minute Dark Assimilationl Six Hour

Compound Ny | Airx | Aive |1/26 0O, + No¥|| Nx | Atrx N,*+1/2% COx* gzig/z%coi
vPhosphoglycerate 26119 | 1L 503 10 1 -22 17 [
Hexose pﬂosphatés 6.2 | 6 |13 6.9 3 9ud 1.5 3
Tféag;éﬁfhéépﬁéfésa;fwjiéd’JélngJwéuw . _2;§¢¢_ ﬂmlmm, ,Q:é” a .
‘Phospho pyruvate 6.2 : 3.9 3. _r 3 6.1 3
Sucrose 2.2 | 9.5 |21z 16 - 2.0° 3
fPolysacéharides :‘ 5.7 | 7.5 135 »18 2 1.5
Serine 23 | & |13 32 37 | 12 | 34 3.5
' Glyoine 14 |15 | 2 2.9 25 | 1.7 E 2
' Alanine 1.5 | 3.3 | L5 2.0 7| 37 9 9
" Aspartic 5.9 | 5.5 | 7.5 3.1 o 6.1”  ’. "-- 3
Glutamic . 2.7 | 8.5 4;5 2.5 3 2182 2 40
~ Glutamine 0.1.7 |3 1 59A4 3
Glyceric o3 2 | 1e | 1| se 1 |
Citric 1.6 | 4o5 | 3.5 2,1 2
Sueccinic 1.3 | 1.8 0 2 .2.7 3
Unk. Spot under '
Lipids 4ol |10 2 3.6 15
Malic 7.0 |85 | 7 3.5 2 | 3.3 1 g

* Glycolic acid-2-C1% assimilation -

+ Glycolic acidel-CH¥ assimilation
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" ¢l4 Distribution in Glycolic and’ Glyceric-Acids

.10 Min, PS |

4 Sec, PS | 10 Min, PS 10 Min; PS
Sier | SeomeemE: i | SEieoatoon * | Snonotiot
Glyeolic |
CHZOH 51 100 100. 0
COOH , 49 0 0 100
Glyceric
CH,OH 6.8 9 48 29
CHOH 6.5 - 56 24
COOH 87 8.6 7.2 L6

Percentages given in terms of measured

starting activity
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