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‘ INTRODUCTION

Somgfyearé ago Calv.inl'2 sugpasted that the primary reaction in

the phog;synthotic assimilation of carbon dioxide, the carboxylatibn'
of D-ribulose=-l,5~diphosphate, produces, in the first instance, a
'labile'g -kqto acid, 2«carboxy-3-pentulose-l,5-diphosphate
(3-keto-2fc-phosphohydroxymethyl-pentonic acid-5-phosphate), which
is spﬁsequently cleaved to two molecules of 3-ph09phoglycéric acid.,

3 observed the

In seagch for such a compound, Moses and Calvin
incorporation by Chlorella of 14¢ from NaHl"'CO3 into two substances
having the general characteristics of diphomﬁhate esters of ketohexonic
acids. One of these compounds abpeared to be quite stable, and wasl
therefore unlikely to be the @ ~keto acid phosphate proposed as
the carboxylation intermediate. On the basis of a number of chemical
tests, this compound was tentatively assigned to the class of
2-carboxy-l-pentulose diphosphates ( 2(~keto acid eatgrs). The
other substance, about which less information was obtained, was very
unstable,'ané.it appeafed possible that this was indeed the
sought-af'taf intermediate,

It was not possible to arrive at any definite decisions regarding

the steric configuration of elther of these components, since the:

various isomeric compounds of these types were not available for
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comparigon. However, a compound obtained by the reduction of the

' }(-keto acid" was sHown to have chrOmAtogpaphic properties very

similar to, but not identlcal with, those of hamamelonic acid

(2-C4hydroxymethyl-v-iibonié acid).

de aspects of the findings were not fully explained at the time:

(1) reduction with borohydride of the keto acid should have yielded two

isomeric hydroxyacids, yet only one was obtained; (11) the apparent

Anability of the " X-keto ac'id" to form a lactone in acid medlia.

More recently, all four potentially chromatographically

" resdlvable 2-C#hy¢poxymethylpentoniq acids have been .prepared”, and

the ?roblem was reopened with a view to determining more precisely

the éhemical configuration of the " X-keto acid".
METHODS
 ‘The méthods for tha preparation of the 14c.1abelled " )(-keto
écid" and its phbsphatc ester were the same as those usaed previouslys.
For an iavestigation of the kinetics of the formation of the

substance blologlcally, & suspension of 0,25 ml. of wet=-packed

Chlcrella.pyrenoidoaé cells in 4,75 ml., of distilled water in a

125 ml. Erlanmeyér flask was incubated at 25° while f{lluminated

from below with a light intensity of about 6000 foot candles., At

~ the beginning of the incubation pericd 0.25 ml. of a solution of -

&
(T

uanl“coa (100 pC.s 3 ymoles) was. added to the cells. Samples
(approx. 0.5 ml,) of the reaction mixture were removed at

5, 10, 20, 30, 45, so. 90, 120 and 180 sec. and rapidly injected
into tared tubes containing 2 ml, of ethanol, Thess tubes were
stcppared and subsequently waighed to detarmlne the precise

quantity of the reaction mixture sample. The cells were centrifugeds
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fhe'supernatants romoved, and the residues extracted twice with
0.25 ml. of 20% (v/v) aqueous ethanol. The supernatants were pooled,

concantrated under reduced pressure below 40°, and chromatographed in

" two dimensions in toto on oxalic acid-wauhed Hhatman No. &4 paper.

The - chromatograma were developed for 24 hr, with the first solvent (phenol-

watcrs) and for 20 hr, in the aecond solvent (p-butanol-propionic

‘ acid-wgters).‘The positions of the radicactive substances on'the

.\chrcmatogram were determined by radicautography, and the amount of

14¢ in each compound measured using an automatically operating and
recérding radiation countars. The labelled compounds, after removal
of the phosphate groups with human seminal acid phosphatase, were
identified by cochromatography with authentic non-radicactive markers.

Where appropriate, substances were reduced with borohydride bafore

.cocﬁnomatography.

RESULTS

Idéntificafion of the chemical structure of the " K,-keto'acid".é

In contrast with the earlier findingss, reduction ‘of the depﬁosphorylate&

- acid with potassium borohydride, followed by removal of the potassium

ions with Déwex§56 (hydrogen form), of tha boric acid by repeated

gvzporation to dryness from methanol, and lactonization of the

~reduction products by repeated GVapcrafion to dryness from glacial

acetic acid solution, produced two chromatographically resolvable
lactones, Both of'tsese lactonss were quantitatively converted to
the salts of the corresponding acids by mildialkaline treatment

(0.5 N;NHQOH overnight at room temper;tﬁre)a That thase were not two
lactones (e.g. X -~ and S -) of the same acid waé shown by the

fact that after conversion of each lactone to the salt by alkali,
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relactonization produced in each case only ome compound -~ that
from which the salt had been derived,

"The reductions of the dephosphorylated keto acid were performed

' by dissolving the dried chromatographic eluates in 0.05 ml. of
‘freshly prepared 0,075 Meaquecus potassium borchydride, and allowing

_the mixtures to stand at 37° for 2 hr. before removal of the potassium

and boron. The solutiona were acidified bafore being Spotted onto
chromatograms. Under these standard conditions. greatly varyinp
vatios of the two lactones were obtained on different occasions,
ranging from about 1110 to about 10:1. The reasons for this

variééipn have not been investigated. Under the reducing conditions

‘'used only the ketone function was reduced, and not the carboxylic

" acid {either free or as léctohe),

Cochromatography of these two lactones with the lactenes
of the naﬂ-r&dioactiva 2-hydroxymethylpentonic acids demonstrated
that the reduction proéuétg.éf fpe'“ \(-ketp acld“.did‘not belong
to this class of*com§0unds. Attént&on thenturned to the possibility

that they wera derived from straight-chain hoxonic aclids. The

'lactone with the lower chromatographic mobility was shown to be

‘gulono~5’-lactone by two~dlmenaional chromatography in the followlng

pairs of solycnt systemat nhenol-water plus n-butanol~propionic acid-water.

and athyl acetate-pyrzdine-water (lOzuxS) plus n-butanol~ethanol~water

(43115, organic layer).

Four ketogulonic acids could have giieu rise to;gulonic acid
as one of two reduction products: those with the ketone function at
C(2)s C(3)s -C(y4) oF C(5) (Fig. 1). The lsomeric products would have

been idonic,wgélacfbnic, allonic or wannonic acid, respéctively.
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3-Ketogulonic acid is a'xl-keto acid and has been shown to be very
unatable -our compound, whxch is quite stable, was therefore not the

-keto compound. The Second roducticn product was shown chromato raphlcally
in the two pairs of solvent systems to be different from allonic and
‘mannonic a;ids (fun as tgeir lactones), but identical w#ith idonic acid. The
structure of the ériginal ketc acid was thus est?bliaheg as being
'2-ketogulon1c acid (Fxg. 1). |

‘The aosolute configuratlon of the derived radioactxve pulonolactone

‘was determined as follow¢ . A sample of gulonolactoneol C was dis“olved in
2 ml, of glacial acetzc acid. To half this solution was added 50 mg. of
D-gulone-ﬁx-lautone, EﬁJD -54° (Pfansteil Chomical Co.,’ catalogue no. 4764).
- To the other half was added 50 mg. of L-gulono-xziactone, Xy +53°
prepared from Dvglucuronolactonag.‘fha added lactones were dissolved

in 4 mls of glacial aoatic acid, with warming. vastals were recovered
~ from each of thesm solutions. which wero washed'aith glaczal acetic acid and

dvied; Measufo&cnt of the sp@cific radiocactivity of these crystals through
'Atwo crystallizat;ons (Table 1) demonstrated that the gulcnolactone—l“c
cocrystallized wzth the authentic L-gulono-}{/lactone, but not with
.the D-isomer. The materials obtained from the second crystallizations
were dissolved in.$>ml. of methanoi, and cohvertedlto the amides by
the addition of 3 ml. of methanol containing is% of anhydrous ammonia,
The solutions wgre'céhcehtratea under nitrogen, taken up in
~ ethanol and theiamiées élleed to crystallﬁze. Measurements of the
specific radioactivitiés Qf thé pfoducts (Table I) confirmed that
the amide derived from gulgnclactone-l“c was the l-isomer., The original
"—2{-kato acig? was thus 2fketo-L-guloﬁic acid.

With the establishment of tﬁé structure of this compound, the
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_ earlier obsarvationd that t:aatmeni of it with hot hydrochloric acid
© produces #ylulosg gnd not a lactoﬁe, was reinvestigated. It was found
N that acid t;éatment did indeed Eeqult iﬂ gome lactone formation, thle_
xylulose was not produceds The original error aroﬁe.becagse the keto
" Iéé;d lactons and xylﬁl§sé haQe indistihguiéhable cﬁrométogéiphig
: éaramatévs‘iq bof& phenbl#watérvund in gfbﬁtanol-proyionic écid-wéfer.
Chromatography in other solvent systems (ethyl acefato-py}iAiﬁe-Qater

‘and‘ﬂfbutanél-ethénol;watar) permitted the 2;ketogu10nolactone

to be distinguished from xylulesa.

Investigation ‘of the phosphate ester of 2-keto-L-gulonic acid.- In a

phoszphate ester of 2-ketogulonic acid, phosphates on the carboxyl

qr\enolicfbarbonyl‘groups (carbons 1 and 2) might be distinguished

from those on carbons 3-6, gince the former, but not the latter,

would be hydrolyzed in 7 min. by N<hydrochloric acid at 100°1°,

A sample of the phosphate ester of 2-kato-L-gﬁlonic acid-lucjwas

divided into two equal bortions: one aliquot was spotted onto paper
for chromatography, whilé,ﬁhe other was heated at 100° for 7 min, with
N~hydrochloric acid,land then chromatographed. Both chromatograms wvere

run in the phenol-water, n-butanolepropionic acid-water system.

%

With the untreated sample, all the 1“0 was recovered from the

diphosbhate area of the chromatograms. After heating with hydrochloric
acid, about 45% of the 18C was recovered from the diphosphate area,

15% from the monophosphate area, and 40% appeared in free ketogulonic

acid, On hydrolysis with acid phosphatase, ali.the compounds obtainad

from the phosphate areas of these chromatograms produced only
2-ketogulonic acid. Since treatment with hydrochloric acid left some

45% of the starting materlal unchanged, this evidence. suggests that
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néne of the phosphate groups is éqid labile in the conventional Senselo.
and hence none is attached to either carbons 1 or 2 of 2-ketogulonic
arid.-The férmatién of a monophosphate ester as well as some free

‘ acid by hydrochloric acid treatnent was probably due to non-spccific
hydrOIVQis of onhe or both phosphate groups from carbons 3-8, Ribulose-l S5«

"dinhoaphate and fructosae-l G-diphosphata, at ke concentrationa
approximately aqual to that of the ketogulonic acid diphosphate, when
treatad in,a similar hannev with nydrochloric acid, also partially

~ decomposed té produce some monophoéphate esters and some free sugars,
though 5either of the phosphate groups in these compounds is usually’
considered té bo acid labile under the condifions used here, It seens
probabie, therefore, th&tvthere aré two phosphate groups attached to
the 2—keto-guloﬁ1¢ acid, that they are similarly linked, 2nd that both
are alkyl;rathgr4fhan_acyl or enolic phosphates.

«Biokinetics of 2-keto-L-gulonic acid diphosphate formation.- The rates

180 incorporation in the light inte 2 number of phosphorylated compounds
of bhlorella are given in Table Il the radioactivity present in

" each compound iz expressed as a percentage of the 14

C found in all
' ;thcsa compounds which were'atudied} Both the mono= and diphosphate '
arsas ;f the chromatbgram, whén treated with phosphatase, yielded
'l“c-lapelled 2-kétogulonic acidy l“c appearad in 2-katogulonic #cid
in the dipho§phaté area bafore that from the monophosphaté area,
This finding indicates thét in the biosyntheais of this Eompound.
it is the diphoaphate ester whiéh is formed first, presumably elther
from a diphosphate ester of another six-carbon compound, or perhaps by
._the.union ofﬁtwo,ﬁonoPhosphatgs of two three-carbon compounds,-ér a

two-carbon compound with a four~carbon compound, The monophoaphate
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egter of 2~ketoguloﬁic acid cculd then arise from the diphosphate
'by;removal of one phosphate group.

" As the radioactivify pfesent in the phosphate esters of
Q-ﬁetoéulonic.acid w33 very much.iess than that found in othar
sugar ﬁhdéphates which might‘pgssibly have been their precursors,
it was not possible to relate the rate of “ovmation of 2-ketogulonic
‘acid phosphates to ch«nggs in 1“c concentration of other cempenents

| | DIaCUS 0N

Nature of the puomphate estar of 2 keto-L-mulonic acid.- Feur

observatians suggest.that the qompound originally isolatgd possessed
two'phosphate‘groupings. The substance was obtained from thaf area of
theAchromatdgram.known to be the position of sugar diphosphatess.

No chrom&togréghic information is available about keto acid
diphosphateé, but it is worthy of note thaf.6-phos§hogluconic acid
runs in fhe monophosphate region and carbonyl .groups do not have
any very marked effect on mobilities of carbohydrates.

In an‘experiment in which the presumed diphosphate of
2~két03uloniclacid'was.used as a substrate for spinach chloroplasfsll,
one of the products obsarved was a compound which ran in the
nonophesphate région of the chrdmatograﬁ and which, on hydrolysis
with~phdsphatase. yielded 2-ketogulonic acid; This auyéorts the
contention that.thé monoého&phate aster of 2-ketogulonic acid
possesses the chromatogranshic properties to be expeéted of such
an ester, and doés nof'run with the sugar dipﬁosphates. The experiment
on the kinet{ca of thé $icsynthesis of 2-ketcgulon£c acid rsported in
this cémmunicatlon sinilarly demonstr&tes two phoaphate estors of

2~ ketopuloaate, ona of whxch ran with the sugar monopho%phates and

the other with the sugar diphosphates.
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Finally, the results described above relating to the hydrolynin of
“the pﬁosphate ester by hydrochloric acid indicate that as originally
isolated the qompcund ;ontalned tvo phosphate groups. The data on the
1ability of the phosphate groups indicates not only that both phosphate
groups sere similarly attached to the sugar acid and that neither was
an acyl or an enolié phospﬁato, bht also that a pyrophosphate linkage.

10. a are therefore

was not involved sinca theso‘ave also aaid labile
confident that tho." X{-&eta acid diphosphate™ iz 2ekato-legulonic acid-
diphosphate, the phosphate groups probably rasiding on two of the '
carbon atoms 3-8,

Bfological origin of 2-ketoeL-gulonic acid di{phosphate.- The kinetics

of the photosynthetic formation of 2-ketogulonic acid diphosphate
from Naul“c03 reported sbove suggest that this substance is not
closely related to the primary intermediates of the carbon reductien

I“C incorporaticn'lnto such cycle

‘cycla.. The maximum porcentage of
interﬁédiaies.as phOSQﬂoglycetic acid, fruotose.dip&osphate and
sedoheptulose wonophosphate occurred ﬁithin about 20 sece from the
start of the experiment} ribulose diphosphate showad a maximum at
abouyt 60 sac. However, 2-ketogulonic acid diphosphato'did‘nof show

a peak‘until 120 sec., suggesting that it is formed later than the
aycle intermediatas. Evidenge obtained by Lou#rierlz from experiments
involving the.sweeping out of radioactivity'from the ribulose
diphosphate pool by 12C02 without coucomit&n& loss of 1%¢ from
2-Retogulonéfe diphoaphata, supports the idea that the keto acld'

is not formed from a direct carbo*ylation reaction of ribulose

diphosphate unless it is the stable end product of an {rreversille

carboxylation with rearrangement,
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In a study of the incorporation of 14¢ grom 1“c02 by illuminated
Chlorella in the presence and absence‘of unlabelled gluccse, and of the
incorporationbof 4o frOm g1ucose-U-1“C in tﬁo presence and absence
of unlabelled €O, in the light and dark, it was found that 1%C
appearad in 2-ketogulonic acid diphosphate frouw glucoso-U-I“C in the
dark, even though ribulose~l,S-diphoapbato'was unlabelledls. (At that
time the component now characterized as 2-ketogulonic acid was
believed to be 2-carboxy<t-pentulose.) The effect of illumination on
thaxincorporation of 3¢ from ngcona-U~l“c into 2-ketogulonic acid
diphoszphate was much less (an increase of 23%) than the effect on
the 1&0 in ribulose diphosphate; in the light the latter contained
1.7‘times as much % as 2-ketogulonate, .

Furthermore In the light the effect of the presence of unlabelled
glucose reduced the incorporation of 14 from l“.’CO2 into 2~ketogulonic
acid diphosphate by 22% although the total l“c incorporated was not
affected, and the incorporation into (photosynthetically produced)

" glucose monophosphate increased by 829 glucose diphosphate was not
éfchted. Thus the evidence at this gtage suggests that 2-ketogulonic
acigd is derivéd from glucose or a phosphate ester thereof in the
fir;t instanco,-but that this glucose derivative is not functionally
identical with'glucosc or glucose phosphate derived directly from
the carbon reduct{én eycle, Since the luc incorporatod from
ﬁlucése¥U~1“c plus l2002 into gluc;se monophosphate, fructose
monophosphate, sedoheptulose monophosphate and othen closely

related compounds was depressed by 30-50% during illumination while the
1% in 2-ketogulonic mcid increased by 23%, it appears probable

that e#ternally suabliad glucose is mctabolizéd by'Chlorelia by th

mochanisms, only one of which equilibrates with Intermediates formed
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-.photoaynthetically-frém COy3 if is by tha othér mechanism that
“..2-ketogulonate is formed. | | | '
‘ 2-Keto—L-gulon1c acid. on enolization and lactonization, becomes
L~ascorbic aoid and thus {5 a possible precursor of the latter.
~,Such & biosynthetio schema for the fovmation of L-ascorbic acid

‘ has already been propoaedl“ though it was not believed that phos-

f;gv-"' o phorylated deiivativas were involved. Studies are continuing on the
f possible role of Q-Peto-L-gulonxc acid diphosphate in the mechanism
E_5L-aacorbic acid bxosyntheais. |

UVMARY

A substanae iaolated from Chlorella pyrenoidosa metabollzing

l“co in the light. previously believed to be a diphosphate ester
 0£ a 2-carboxy-u~pentulose3 has now been shown to be a diphosphate~"7
'.iof 2~kato-yfgulonic gcid. The phosphate groups appear to be
attached to two of the carbon atoms 3«6, Evidence is presented
" _suggesting that this compound arises from’ glucoae, or a glucose
'phosphate, which is not in rapid equilibrium with photosynthetically } 

produccd glucoso derivativos.

The
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| © TABLE I
;. cocavsm.mzmxon oF eux.onomcrous OBTAINED BY REDUCTION OF 2-KETOGULONIC

‘ ACID WITH L-GULONO- 1{~mcrom: AND D-GULONO~ (-mcwour.

N ' - e Ho , ",- ' specific activity
Ho,. of crystallizations = - “mg, recovered - - (oounts/min./mg. carbon)

T I

» Le. U ) 39.'," : 501

SPT EEER S . o
S A - N - 38" : [ T 486

3+ Amide o

L e o T 484
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S L " -TABLE II
xucoavonarzov oF l“c FROH Naﬂ‘“‘co3 INTO A NUMBER dr SUBSTANCES BY’

ILLUMINATED CHLORBLLA CSLLS

*¢{9if (Exprassed au percentAga of activity‘in the compenents counted in each sample.)
K ’ﬁ ;,.'.i» R C . R ) )

‘Incubation time.(seec.) ;. 5 10 . 20 . 307 .45 . 80.. 90 ° 120 . 180.

Snhaefe, Sy AR R T

X

" Phosphoglyceric'acid 60,7 52,6 7.5 36.1. 16,6 13,1 11,2 712,07 ‘11,0
if‘élucose moﬁophospha{e 16,0 2044 8.1 29.2 83.5  35.3 3642, .38.7  -U5.6
‘: ;§}uctose mondphosphdte  H’.537'“46.6 -1337‘ 6;“ ;"7.; - 668 7.i;¥ :6;1"f .256
~Sédoﬁeptulosa-mosp;{53;¥? 13;&"’;5.u"'15;1.' 124 w2 3l 3.0 l 'é;s - 3
‘ phosphate . - . I S ' : o s

% 2-KetomLeGulonate =~ '*° 0,0 0,0 0.0 0.0, 0,0 0,02 0,08 0,05 0.1
. monophosphate . S o : : }

f"i Glucose diphosphate’ . - 0.8 1,1 . 1.9, 1,7 LS L7 2.0 1.8 1.9

f:”ructosa diphoaphate -i;  ;1.§ D105 L 3.1 2.9 3.0 2.7 2,2 2.1 1,9
Rib“l°ae dip“°39ha‘e U 16 1.3 3.3 5,8 25.8 (27,8 26,2 25.0 .22

| 2-Keto-L-gulonate ~ - 0.0 . 0.01°-.0,08 0.1 0.3 .. .0.4 0,8 1.5 - 1.2
-diphosphate ‘ ' : : ' . Cer s . K

‘:ffUridznediphosphoglucose " 046 led: ,3;2: S@QVZ;L7;7 943, 11,1 10.3 . 10,2
‘7f (3lucose moiety only) e o

;ffTotal 4 preoent in all the ‘cempounds counted T
L (dis./mxn./ul wet~packed cells x 107%) o L L

-.gfmls. *1159; }>1aé.*; 197 197 -1S1 0 187 . 107

T 3
. . L
; . e
v ' !
o~
{ L "
N
. N §
~
“
;" 4
L Iy i
. :,
£ . i .
et . .
Y L 4 ' .
e -1 A
o i B .
. —
- ‘
- t
. R
.
” L.
{0
v
oot o
| 4
B






