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CHARACTERIZATION QF THE OTOSYNTHLTI”ALLY SYNTHESIZED " K-KETO ACID"

PHOSPHATE AS A DIPHOSPHATE ESTER OF 2-KETO-L-GULONIC acIn®

Y V. MOSES, R.J, FERRICR*® AND M, CALVIN
'LAVRENCE RADIATION LABORATORY AND THE DEPARTHENT OF CHEMISTRY, UNIVERSITY

R OF CALIFORNIA, BERKELEY

AT INTRODUCTION
‘Scmgffears ago ca\;\;vi.nl’b2 sugpested that the primary reaction in
E _
the phoéasynthetic assinilation of carbon dioxide, the carboxylation
of D-ribulose-~l,5-diphosphate, produces, in fhe £irst instance, a
lablle 5 ~keto acid, 2-carboxy-3-pentulese-l,5~diphosphate
(3-keto-2-C-phosphohydroxymethyl-pentonic acid-S-phosphate), which
is subsequently cleaved to two molecules of 3-phbsphoglycéric acid,
In seapch for such a compound, Moses and Calyins obéerved the
incorporation by Chlorella of e prom NaH1“603 into two substances
having the general characteristics of diphcsﬁhate esters of ketohexonic
acids, One of these compounds abpeared to be quite stable, and was
therefore unlikely to be the @ ~keto acid phosphate proposed as
the carboxylation intermediate. On the basis of a number of chemical
tasts, thls compound was tentatively assigned to the class of
2-carboxy-u-pentulosa diphosphates ( b/—kato acid eaters). The
other substance, about which less information was obtained, was very -
‘unstable,'and.it appeaied possible that this was indeed the
sought-aftar intermediate.
It was not pessible to arrive at any definite decisions regarding
the steric configuration of elther of these components, asince the:

various isomeric compounds of thase types were rnot available for
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comparison, Howaver, a compound obtained by the reductlon of the

" \{-keto acid" was shown to have chromatographic properties very

sihilar to, but not identical with, those of hamamelonic acid
. »

(2-C-hydroxymethyl=D-ribonic acid).
Two aspects of the findings were not fully explained at the time:
(1) réduétionywifh'borohydride of the keto acid should have yielded two

isomeric hydroxyacids, yet only one was obtained; (1i) the apparent

_iinahiliﬂ.ty of thae " X-‘xnto acid" to form a lactone in acid medla,

Yiore recently, all four potentially chromatographically

resolvable 2~c4hy§roxymethylpentoni; acids have bean prepared®, and

- the éroblem was reopened with a view to determining more precisely

the chemical configuration of the " K-Reto acid".
METHODS ,
 >The mathods for the preparﬁtion of the YC-labelled * )(-keto
acid"” and its phosphate ester ware the same aalthoae used previouslys.
For an Iiavestigation of the kinetics of the formaticn of the

substance biologlcally, a suspension of 0,25 ml. of wet-packed

Chlorella pyrenoidosé cells in &.75 ml. of distilled water in a

125 ml. Erlanmeyér flask was ingubated at 25° while ${lluminated
from below with a light intensity of about 6000 fpot candles, At
the ?aginning of the incubation period 0,25 ml. of a solution of
&aHI“CGa (100 pC.3 élpmoles) was added to the cells. Samples |
{approx. 0;5 ml.) bf the reaction mixture were removed at

5, 10, 20, 30, 46, 60, 90, 120 and 180 sec. and rapidly injected
into tared tubes containing 2 ml, of ethanol., Thess tubes were
stoppered and subsequently welghed to detarmine the precise

quantity of the reaction mixture sample. The cells were centrifuged s




the supernatants removed, and tﬁe residues extracted twice with

0,25 mi, of 20% (v/v) aqueous ethanol. The supernatants were pooled,

' concentra{ad under reduced pressure below #0%, and chromatographed in>

© two dimensions éé.zgsg on'oxalic acid-washed Whatman No. & paper.

Tﬁe chromatograms were developed for 2% hr. witﬁ the first solvent (phenocl=
:waters)'aﬂd for 20 hr, in the aecoﬁd solvent (Erbutanol-propionic |
acid-waters). The positions of the radioactiva substances on the
'\chrcmatégram were déferﬁined by radiéautography. and the amount of

1% {n each compound measured using an automatically operating and

v-.recording radiation caunters. The labelled compounds, after removal

of the phosphate groups with human seminal acid phosphatase, were
identified by cochromatography with authentic non-radioactive markers.
Where.appropriate, substances werevreduc@a with borohyéridé before
cqcﬁnomatcgraphy. |

| RESULTS

Tdentification of the chemical structure of the " K/-keto acid",~

In éontrast with the earlier findingsa, reduction of the dephosphorylated
acid with potassium borohydride, followed by removal of the pétassium
ions with waexeSé (hydrogen form), of tha boric acld by repeated
evaporation te dryhess'frcm methanol, and lactoaization of the

~reduction products by repeated QVapdrafion to dryness from glacial

acetic acid solution, produced twe chromatographically resolvable
lactones., Both of'tﬁeae lactones were quantitatively converted to

the salts of the correspbnding-acids by mild alkaline treatment

(0.5 HQNHqOH overnight at room temper&tﬁre). That thesz were not two
lactones (e.g. X - and §=) 'nf_ the same acid v;raé shown by the

fact that after conversion of each lactone to the salt by alkali,



;elactonization produced in each case only one compound ~ that
from which the salt bad been derived,

The reductioné of the dephosphqulated keto acid were performed
by dissolving the dried chromatographic eluates in 0.05 ml. of
:fraahly prepared 0,075 M-aqueous potassium borchydride, and allowing
tha mixturaa to stand at 37° for 2 hr. before removal of the potassium
,andvbcron. The solutions were acidificd bafore being spotted onto
cﬁromatograms‘ Under these standard conditions, greatly varying
patios of the two lactones ware obtained on different occasions,
ranging from about 1110 to about 10:1. The reaéons for thia
: variaficn have not baen investigated. Under the reducing conditions
usedbonly the ketone function was reduced, and not she carboxylic
acid.(either free or as lactone).

Cochromatography of these two lactones with the'lactones
of the ncﬁ-radioactiva 2-hydroxymathylpentan1c acids demonstrated
that the reductien produéts of the ¥ X/-katp acid" did not belong
to this class cf’cempounds. Atténtioﬁ thenfturned to tha possibility
that they were derived from straight-chain haxonic aclds, The
‘lactone with the lower chromatographic mobility was shown to be
gulone-x -lactone by two-dimensional ctmornatograyhy in the following
pairs of solvent systemst phenol-water plus n- n-butanol-propionxc acid-uater,

and ethyl acetate-pyridine-water (101433) plua n=butanol-gthanol-water

‘(u'lzs, organic layer).

Four katogulonic acids could have given rise to gulonic acid
as one of two reduction products: those with the ketone functicn at
C(z), Ceayr C(u) or C(5) (Fig. 1)v The iscmerxc products would have

been idcnic,~gélactonic. allenic or mannonic acid, respectively.
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'SfKetogﬁlonic acid is a X’-keto acid and has been shown to be very
ﬁustabla7; our compound, which is quite stable, was therefore not the
3;kato compound. The second reductiqn product was Ehown‘chromatographically
in the two palrs of solvent systems to be different from allonic and
‘mannonic acids (run as tﬁeir 1actoﬁea), but identical with idonic acid. The
structure of the driginal-keto acid was thus establisheﬁ as being
2~ke*owulon1c aczd (Fzg. 1).

| The absoluta canfiguration of the derived radicactive gulonolactone
was-determined as follcwsa. A sample of gulonolactcne-l € was dissolved in
2 mi. cf‘glaaial acaﬁic acid. To half this soclution was added 50 mg. of
ynegulono#‘x-lactone, [y -sue (Pfansteil‘Chemical Co., catalogue no. 4764).
To the other half was added 50 mg. of L-gulcno—KZQactone, &fﬂn +53°
prepared from D~glucuronolactoneg. The added 1actones were dissolved

in 4 ml. of glacial acetic acid, with warming. Cry tals wera recovered
' from each of these sa¢utioas. which were washed with glacial a;etic acid and
dried, Heasura@ent of the specific radiocactivity of these crystals through
‘two crystallizations:(Tabl@‘I) demonstrated that the gulcnolactona—luc |
cocrystallized wifh the authentic L—gulono-}{ilactcne, but not with

the D-isomer. The materials obtained from the second ﬁrystallizatiohs

were dissolved in é.ml. of methanoi. #nd convertedita the amides by

the addition of 3 ml, of methanol containing-is% of anhydrous ammonia.

The solutions were concentrated under nitrogen, taken up in

~ ethanol and-thé amiées éllowed to crystallize. Measurements of the

specific radiocactivitias of th§ pfoducts (Table I) confirmed that

the amide derived from gulonolactone-lyc was the L-isomer, The original
"_2{~ketd acid® was thus 2~keto-L—guloﬁic acid.

Nith the establishment of the structure of this compound, the
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~ earller obsarvationa that tieatment of it with hot hydrochloric acid

- produces x;lulooe and not a lactone, vas re*nveatxgated. It was found
 that acid treatment did indeed rasult in gome lactone formation, while

xylulose was not produced. The-original exrror arose beczuze the ketp

‘ .aéid lactons and xylulose haﬁe indistinguiéhnble cﬁromatogéiphic

" paramaters in both phencl—water»and in E:butanol-propicnic écid-kater.
Chrematography in other aolvéht systems (ethyl acetate-pyri&ihe~water
énd_ﬁfﬁutﬂaél-ethanoléwater) géhmitted the 2-ketogulonolactone
to be distinguishad from xylulose. |

Investlpatxon of the phosphate ester of 2-keto-L-gulonic acid.= In a

phogphate ester of 2-ketogulenic acid, phosphates on the csrbbxyl

or ﬁnglic:carbonyl groups (carbons 1 and 2) might be distinguished
from those on carbons 3-6, since the Tormer, but not the latter,

would be hydrolyzed in 7 min, by N-hydrochloric acid at 100010,

A sample oftthe phosphate eéter-of 2~-keto=-L-gulonic acid-lucvwas
divided into two equal portions: ona aliquot was spotted onto paper
- for chromatogra?hy, whilé'the other was heated at 100° for 7 min, with
N~hydrochleoric écid,land then chrématographed. Both chromatograms were
‘pun in the phenol-water, Erbutanol;pbopionic acid-vater systenm.

3'4(:' was recovered from the

With the untreatad sample, all the
diphos@hate areé of the cﬁromatpgra@s‘ After heating with hydrochloric
acid, about 45% of the 1YC was recovared from the diphosphate area,
15% from the monophosphate area, and 40% avpeared in ffea ketogulonic
écid; On hydrolysis with acid phosphatase. ali the compounds obtained
frcm the pthphate areas of these chromatograns nroducen only

z-ketogulonxc acid. Since treatment with hydrochloric zcid left some

45% of the starting materlal unchanged, this evidence suggests that
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none of the phosphate groups is #cid labile iﬁ the conventional 5ense1°.
and hence none is attached to either carbons 1 or 2 of 2-ketogulonic
acid. Thc formation af a monophosphate ester as well as some free

acid by hydrochloric acid treatment was probably due to non-speclfxc
hydralysis of one or bnth phosphate groupa from carbons 3=-6. Ribulose-l S5«
diphosphata and frnctooaol.6—diphosphate, at 1“c concentrations
apprcximatély equal to that of the ketogulonic acid divhcsphate, when
tre«ted in a similar manner with hydrochleric acid, alse partially
deccmposed to produce some munouhosphate esters and some fres 5ugars,
though neither of the phosphate groups in these ‘compounds ls usually
considered to be acid labile under the cundificns uysed here, It saeems
probable, therafore, that there are two phosphate groups attached to
the 2-keto-gulanic acid, that they are szmilarly linked, and that both
are alkyl rather than aecyl or enalic phosphates.

«Bilokineties of 2-keto~L‘ﬂulanic acid éiphosphata formation.- The rates

of l“c incorporat on in the light inte a mumber of phosphorylatad corpeunds

of Chlerella are given in Table I3 the radioactivity present in
@ach compound iz expressed as a percentage of the luC found in all
'.those compounde whlch were’studiéé. Both the mono- and diphosphate

areas Bf ihe chromatogranm, whén treated with phosphatase, yielded

lucnlabelled 2—ketogulsnic acids e appeared in 2—katogulonic acid

in the diphesphate area bafore that from the monophosphate area.

This finding indicates that in the bios Jnthesis of this comnound

it is the diphosphate ester whiéh is formed first, presumably either

from a diphosphate ester sf.anothei six-carbon compound, or perhaps by

the unxon of “two monophosaxateo of two three-carbon compounda, or a

two-carben comyound with a four-carbon compound. The monophosphate
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ester of 2-ketagulonic acid could then arise from the diphosphata
‘by,removal of one phosphate group.

&s the radleactivity pfe&ent in the phosphate esters of
E-Fatogulonic acid was very muchlless than that found in othar
sugar phc;phgtes which might péﬁsibly have been their precursors,
it was not possible to relate the rate of formation of 2-ketogulonic
acid phosphates to changes in 1%c concentration of other companents

| | stét;sszou

Hature of the phosphate ester of 2-keto-L-pulonie acid.- Feour

observations suggest that the ccmpoﬁnd criginallj isolatads posscésed
twoAphosphate groupinga. The substance was obtained from thaf area of
the chramatogramnknown to be the position of sugar diphasphatess.

o chromstcgréphic information is available about kete acld
diphosphates, but it is worthy of note that 6—phos§hogluconic»acid
runs in fhe monophosphate rogion and carbonyl groups do not have

| any very marked effact on mobilities of carbohydrates,

In an experiment in which the presumed diphosphate of
1Ll

2»kétogulanicaacid was'used as a substrate for spinach chloroplasts
one of the products obsarved was a compound which ran in the
ronophesphate region.of the chromatogram and which, on hydrolysls
with‘phoaphatase.‘yielded 2-katbgulonig acid; Tﬁis supﬁorts the
coﬁteution thatlthé mcnc#hoaphate ester of 2-ketogulonic acid
§ossesses the chromatographiec properties to be expected of such

an ester, and doés no%'run with the sugar diphosphates. The experiment
on the kinetics of the biesynthesis of 2-ketogulenic acid reported in
this communication ;imilarly demonstrates two phosphate estors of
2-k§togul§nata. cna of thch ran with the sugar mcno§hosphates and

the other with the sugar diphosphates.



 Finally, the results daacribed above relating to the hydrolysis of
‘ ‘the phasphate ester by hydrachloria acid indicate that as eriginally
| isolated the compound containad two phosphate groups. The data on the
"lability of the phospha e groups indicates not only that both phosphate
groups were ainllarly attached to the -ngar acid and that nelither was
an aeyl or an onolic yhosphato, but alaso that a pyrophosphate linkage.
. was not 1nvo1vnd sinca these are also acid labilulo. Wa are therefora
- " confident that the “4X’-keta acid dinhosphnte” is 2-kato~L-gulonie anld
';{ diphosphate, the phosphate g groups probably raaiding on two of the ’
carbon atams 3=6. |

Biologlcal origin of Q-kataohggﬂ}onic acid diphosphate.a The kinetics |

of tha.phctosynthetic‘fonmation of 2*ketogulonic acid diphosphate
from WaH1“003 rﬁported above suggest that this substance is not
closely related to tne primary intermediates of the carbon reductiuu
. teycles. The Aaximum parcentage of 8 C incorporation into such cycle
intera;diafei‘as phoapﬁcglycaric ac&d, fruatoa« diphoaphata and
sadohgptulosa monbphoaphéte occurred”ﬁithin about 20 sec. from the

,‘  §fart af'the experimant; ribulose diphosphate showcd a maximum at

v_ about 60 sac. uowever, 2‘ketogulonic acid diphosphate ‘did not show
a peak until 120 sec., suggesting that it is formed later than the

~ eycle intermediataa. Evidence obtained by Louwrievlz from experiments f

" involving the sweeping out of radioactivity from the ribulosu

| ~ diphosphate pool. by 12602 without concomitant 1033 of 1% from B
2-ketagulonate dipﬁosphate. supports the idea that the keto acld

is not formed from a direct carboxyLAtion roaction of rihulosn |
diphosphate unless it is the gtable end’ prﬁdnct of an lrraveraible ‘

carboxylation with rearvangement,
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In a study of the incorporation of e from 19602 by illéminated
'Chlorella in tha‘presencc and abﬁenec of ﬁnlaballed flucose, and of the
incobporation of 1“6 from glucose-u~l ¢ in the prcuencc and absence
of unlabelled €0, in the light and dark, u was found thar 1%*c
appaarad 1n 2-ketogulonic acid diphosphate fron glucosanu- % in the
darﬁ, even though ribulose=~1,5-diphosphate was unlabelled!®, (At that
time tha component now characterized as 2-katogulonic acid was
-bal&eved to be 2-carboxy-4-pentulose.) The effect ef i1iiumination on |
the 1ncorparation or 180 from glucona~0~1“c into z-katogulonic acid
diphosphate was much less (an increase of 23%) than the effect on
the ;FC in ribulose diphosphate; in the 1ight the latter contained
’1.7”times as much ¢ as Q—ketogﬁlonate. |

| Furthermore In the light the effect of the presaence of unlabelled
glucose redncad the incorpcration oflluc from 1“C02 into 2~ketogulonie
acid diphosphate by 22% although the total l'u(': incorporated was not |
affected, and the incerporationvinfo (phﬁtosynthetically produced )

' iglnéosc monophosphate increased by 3293 glucose diphosphate was not
affaéted. Thus thevgviddnce at this gtage suggests fhat 2-katogulon£c"
aeld is'deriveﬁ;fron glucose or a phospﬁate cstnr‘thcreaf in the
firét*instanca,-but that this glucésa dériyativu is not functionql%y

'idéntical with aiucoac~er glucose phosphata ﬁer;vad directly from
the carbon raductibnvéyalo.‘Sincc the 1Y% incorporated from
gluccse-v-luc plua 12CO into glueoéo monéphoaphatc, tructoso
monophosphate, sedoheptuloao monoghasphatn and otham clasaly
related compwunds was depressed by 3a~so% during illuminatian while the
1&c in 2~ketogulonic acid increased by 23%. 1t appeavs probablo
that axtarnally supplied glucoao ia mctabexizcd hy Cblorella by two

:.,mechanisms, anly one of uhizh cqnilibratca with intermediatcs formed
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photosynthetically f:bm coz;,;f is by tha other machanism that
2-katogulonate is formed.

‘2-Keta-L~gulon1c acid. on anolization and lactonization, becomes
L-asccrbic acid and thus is a possihlo precursov of thoylattar.
Such & biosynthotia schems for the farmation of L-ascorbic acld
© has already been prop aaed1” though it was not believed that phos- '
 phory1at3d derivativoa were involved.: Studies are continuing on the
paasible role of 2-k¢to—L~gulanic acid diphospbut: 1n the machanism
“Luasccrbic acid biosynthesis. |

SUMMARY

A substanoe {solated from Chlorella pyrenoidosa netabolizing

lz“(:(:‘»2 in the light, previously believed to be a diphosphate ester

of a 2-¢arbexyih~penmulgses, has nﬁw been shown to be a diphosphate
of'2~kato-§¢gulouic ;eid. The phosphate groups appear to be

attached to twovof the carbon atoms 3-8, Evidance is presentad
~suggeating that this compound arises from glucoao, or a glucocse
phasphate, which is not im rapid cqnilibrium with photosynthetically ,

produced glucose derivatives.
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TABLE I
| COCRYSTALLIZATION OF GULONOLACTONE OSTAINED BY REDUCTION OF 2-KETOGULONIC
I/ ACID WITH L-GULONO~ }{-»x.Acmxe AND D-GULONO= (—mc'roxz

i L L B e -specific activity

Ho, of crystallizations =~ mg, recovered - - (counts/min./mg. carbon)
L- : , i 3 B 501
D= ..,‘ C . ‘.f 8 E 7

2.' . ”‘, . . B . . ' ‘

L - . 86

3. Anide | |

- | 2% . L2

- C S 48y
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L | . TABLE II
THCORPORATION OF %c FRrou Naﬂl”cas INTO A NUMBER OF SUBSTANCES BY
ILLUMINATED CHLORELLA CELL3
it Saslt

(Expressed as percentage of activity;in the componeﬂis‘caunted'in each sample,)

B : o E &, o :;. ’ : e -
. Incubation time (sec.) 5 10 20 30 5 80 80 120 . 180.

" Phosphoglyceric acid 60,7 52,6 37,5 36,1 16,6 13.1 11,2 C 12,00 11,0
vf"Giucose monophospﬁate » 16.0 20;& 31.1 29.2 33.5 85,3 36.2 .38.7 45,6
: fFructose monepboaphate 5,7 8.6 4.7 6.4 .7.q" 645 '7.1_ _5;1 2.6
ilfSedoheptulosa nONOw f 1 15,4 15.1.’ 12;n 4,2 3.1 3.0 2.5 3.
~ phosphate ‘ : : - . , - :
| 2Keto-L-Gulonate 0,0 0.0 0,0 0.0 0.0  0.02 0,08 005 0.1
.. monophosphate ' ‘ » ‘ :
nyﬁélucose diphosphate 3v - 0.8 Sl L9 L7 1.5 1.7 2.0 1.8 1.9
Fructose diphosphate . 1.2 1.5 3.1 2.9 3.0 27 22 21 LS

Ribulose diphosphate = 1.6 1.3 3.3 5.8 25.8 27,9 © 26,2 25,0 22,1

é“K%fO-L-gulonate' B 0.0 OQGl‘r 0.06 0.1 0.3 ,0.“7. 0.9 1.5 1.2
diphosphate ' : : R

Urldinediphosphoglucese 0.6 1.1 3.2 Sub 7.7 9.3 1Ll 103 1022
(glucose moiety only) : e :
{Total 150 oresent in all the compounds counted

(dis./min./ul wot~packcd cells x 10™3)

61 13 189 187 197 197 151 17 107





