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'CHARACTERIZATION OF THE PHOTOSYNTHETICALLY SYNTHESIZED " K-Kgfo ACID"

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

BY V. MOSES, R.J, FERRICR*® AND M. CALVIN
.Lawanxca RADIATIGN LABOR&TORY AND THE DEPARTMENT OF CHEMISTRY, UNIVERS SITY

}7 - " OF CALIFORNIA, BERKELEY

):;’ 'f; f . o INTRODUCTION
oama }ears ago i.':a;l.vi“nr2 sugr@sted that the pvimary treaction in
the photosynthetic assimilation of carbon dioxide, the carboxylation
- of D-ribulosa-l,S-diphosphate, produces, in the €irst instance, a
labile»ﬁ ~kqto acid, 2~carboxy~3~pentuxosa-l,S-diphosphafe
(3-kata-2-¢-phosphphydroxymathyl-pentoni¢ acid-s-phosghate), which
is sﬁﬁsequently ¢cleaved to two molecules of 3-phbsphoglycéric acid.
In search for such & compound, Hoses and Calvin3 ob#érved the
incorporation by Chlorella of 14¢C from ¥a Hl“COa into two substances
having the general characteristics of diphosphate esters of ketohexonic
acids, One of these compounds a@peared to ba'quite gtable, and was‘
therefora unlikely to be the @ ~kato acid phosphate proposed as
the carboxylation intermediata., On the basis af a number of chemical ?
tests, thxs compound was tentatively assigned to the class of
2~carboxy~u~pentulosa diphoaphates ( 5/~keto acid estera). The
other substance, about which less information was obtazned, was very -
.unstable,'and‘it appeafad pbssibl@ that this was indeed the
:sgught-aftaf intermediate. |

It was not possible to arfive at any definite decisions regarding

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

various isomeric compounds of these typas were not availsblefor
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comparison. However, & coﬁpopnd obtained by the reduction of the

" }(nkcto aeid" was shown to have chromatographic propertles very

aimxlar to, but not identical with, those of hamamelonie acid

(2-c-hydroxynethyl-n-ribcnlc acid).
. Two aspects of the findings were nat fully explained at the tlmaa

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

'visomgriézhydroxyacida, yet only one was obtained; (ii) the apparent

- inability of the " Xdketo,acid" to form a lactone in acid media,

Mbrevrecently, all four potentially chrOmatographicallj

resélvable 2~Céhyq;oxymefhylpentaniq acids have been prepared®, and

the problem was reopened with a view to determining more precisely

thevcheimi'dal configuration of the " K-keto acia”,
METHODS
' The methods for the preparation of the l“c~laballed " \(~keto

acid" and its phosphate ester ware the same as those used previously .

For an iavestigation of the kinetics of the formation of the

subatanca biblogically, a gsuspension of 0,25 ml. of wet-packed

" Chlorella pynenoidosé cells in &,75 ml, of distilled vater in a

125 ml. Erlanmayev flask was -ncubatad at 25° while {1lluminated

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

the beginning of the incubation period 0,25 ml. of a solution of

‘Nart¥o, (100 pC.} 3 pmoles) was added to the cells. Samples |

(approx. 0.5 ml,) of the reaction mixture were removed at

5, 10, 20, 30, 45, 60, 90, 120 and 180 sec. and rapidly injected

Zinto.tared tust eontaining 2 ml, of ethanol. Thesa tubes were

stoppered and subsequently weighed to determine the precise

quantity of the reaafion mixture samples The cells were centrifuged s
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the supernatants removed, and the residues extracted twice with
10,25 mi. of 20% (v/v) aqueous ethanol., The supernatants were pooled,
concentrated under reduced pressure below 40°, and chromatographed in

two dimensions in toto on bxallc acid-washed Whatman No. & paper,

Tﬁe'chroigtograms were developed for 24 hr, with the first solvent (phencle

_wgtevs)'and for 20 hr, in the second solvent (E:butanolopropioﬁic

‘ écid«wafers)c The positions of the radioactive substances on the

- J‘chrsmatogram were déferﬁined by radicautography, and the amount of

'.'recqrding radiation counter

- lac_in each compound measured using an automatically operating and
5, The labelled compounds, after removal
 ,of-the‘phomphate groups with human soeminal acid phosgphatase, were
fdentified by cochromatography witﬁ authentic non-radioactive markers.
Where appropriate, substances w@re‘reducmé witﬁ borbhy&ridé_befora
'cé&ﬁnomatcgraphy. | |

- RESULTS

Tdentification of the chemical structure of thef"_K/-keto acid", -

' In coptrast with the earlier findingsa, reduction of the dephosphorylated
, aéid.with potasgium borohydride, followed sy removal of the'pétassium
{ons with waex555.(hydrogen form). of the boric acid by repeated
!évapératien fc éryﬁeﬁS»from methanol, and lactonization of the
_veductionzprodudts by repeated evapérafionlté dryness from glacial
acétic acid éolutidn; produced two chromatographically fesolvable
v'lagtOnes. Both of'tﬂesc 1mc§onas wabe quantitatively:converted to
the sélts of the éorrasponding aclds by mild.a;kaline treatment
(0.5 HQNH»OH ovarnight at room temperatﬁre).'That thaess were not two
' iactones (eig. X -~ and S -) 'of‘ the s_emfe acid Qasﬁ shown by the

fact that after conversion of cach lactone to the salt by alkéli,



 relactonization produced in each caze only one compound « that

from which the salt had been derived,

'The peductions of the dephosphqrylated keto acid were performed

‘Ct@by dissolving the dried chroﬁa;ographic elyates in 0,05 ml. of

‘frashly prepared 0,075 Meaqueous potassium borchydride, and allowing

tﬁe mixtuf@a to stand at 379 far 2 hr. bafore removal of the potassiunm

_and.horon.'The solutions were acidified bafore beiﬁg spotted onto

chromatograms . Under these standerd conditions, greatly varying

ratios of the two lactones ware‘obtained on different occasions,

ranging from about 1:10 to about 10:1l. The reasons for this

: VBEiéfipn have not been investigated. Under the reducing conditions
fused_bnly the ketone function was reduced, and not “he carboxylic

acid (efther free or as 1éctoha),

Cochromatography of these two lactones with the lactones

" of the non-radicactiva 2-hydroﬁymathylpentonic acidé demonstrated

that the reduction products of the " X/vkato.aaid" did not belong
to this class of-camﬁounds. Attontlion then iturned to the possibility

that they were derived from straight-chain haxonic acids. The

; 1actone with the lower chromatographic mobility was shown to be

guloﬁ048/~lactone by twosdimenslional chromatography in the following

paira of sélvent.systams: phenol;water plusvgrbufancl-proplonic acid-water,

and ethyl*acetate-p&ridina~ﬁater (10:413) plus n=butanol-gthanol-water

(4:1:5, organic layer).

Pour ketogulonic acids could have given rise to gulonic acid

as one of two reduction productst those with the ketone functiocn at

’ C(é),‘C(a).,C(q)-Of C(s5) (Fig. 1)« The lsomeric products would have

been'idonic,wgélacfbnid, allonic or mannenic acia, raspéctively.
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was-determined as follow‘g. A sample of gulonolactonco

=5

'3fKetogulonic acid is a Klaketo acid and has been shown to be very

75 our compound, which_is quite stable, was therefore not the

3-koto compound, The second raductioa product was showh.chromatographically
insthe'two paivs of solvent systems to be different from allowic and

mannonic acids {(run as their lactones) but identical with idonic acld. The

' structure of tha original keto acid was thus establiahed as bexng

. 2~ketogulonic acxd (Fxg‘ l)o

The absalute cunfiguration of the derived radioactlve pulonolactone

l C was dissolved in

2 ml‘ of glaclal acetic ncid. To half this solution was added 50 mg. of
D-gulono-'X-ldctone, {diD ~54¢ (Pfanﬁteil Chemical Co., catalogue no. 4764).
To. the other half Wwas added 50 mge of L—gulono—}(-lactone, &%QD +53°,

- prepared fron D»glucuronolactonag. Thu added lactono¢ were "dissolved

in % mle of glacial ucetzc acid, with warming. Crystalu wera rccovered

'from each of theae uo*utioﬂs. which were washeé with glac;al acetlc ac1d and
armed. Heasurement of the specxfic radioact1v1ty of these crystals through

- two crys;allmzatlons (Tabla 1) demonstrated that the gulcnolactone-luc

CQCPyotalllaGd wzth the authentie L—gulono-}{/Lactone. but not with

“the D=iszomer. The materials obtained from the second crystallizations

were dissolved in 3 ml. of»methanoi. and éoﬁvarted to the amidea by
the addition of 3 ml., of methanol containing 15@ of anhydrous “ammonia.,

The solutions ware conqentrated under nitrogen, taken up in

" ethanol and the amides allowed to crystallize, Measurements of the

specific radicactivitias of the products (Table I) confirmed that

the aride'defivad frOm'gulonolactone~1“C was the L—isomer. The original

- n 2{-keto acid? was thus 2-keto-L~gulon1c acid,

Hith the estgblishmant of the structure of this compound, the
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_ earlier cbservation

f
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8 that treatmeni of it with het hydrochloric acid

' proddées xylulose und not a lactbﬁe, wss reinvestigated, It was found

. that acid treatment did indeed result in some lactone formation, while

xylulose was not produced., The original error aroze becguze the keto

l'.aéid lactone and-xyl&léaé ha§é indiatlnguiéhabia cﬁromatogfaﬁhig
. parameters in Bofh p&@hol«water‘and invgfﬁﬁtanol-propionic écid-Qéier.
‘Chrcmatégraphy in'othgi solvéﬁt systemﬁ (ethylkaéétate~pyfi&iﬁe-water
»‘énd 2:$utaa§l4ethénoi;water)'péhﬁittéd fhe 2¥ketqgulonolaétohe.
f_ to be disfinguishad from xélulcae.' | |

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

phosphate ester of 2-ketogulonic acid, phosphates on the cabbbxyl

or enolic ‘caprbonyl groups (carbona 1 and 2) might be éistinguiahed

from those on carbons 3-6, eince the Tormer, but not the latter,

 vould be hydrolyzed In 7 min. by N-hydrochloric acid at 100030, .
v_.Alsample ofith@ phosphate eéter-ofuz-k@to~L~gulonic acid~lucjwas
'divi@éd;into two equal portions:.dné aliqubt was spottcd onto paéev
'for chromatography; ahilé,fhe other was heated at 100° for 7 min; #iih
- Nehydrochloric éci@,'and thcn'chrdmatographed. Both chromatograms were
'rgn invth@-phénal-waterﬁ_ﬁfbﬁtanal;pébpionic acid-water system.
_with £ﬁa untreated sample, all tha'luc wag :e¢OVared.from the

»  diphoﬁ@hate area of the cﬁromatpgrams. After heating with hydrochloric

acid, about 45% of the 1%C was recovared from the diphosphate area,

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

acids On hydrolysis with acid phoaphatase. all the coﬁpounds cbtained

from the'phoaphate areas of these_éhromatograms ppoducéd_only, .
2-ketogulonic acid. Since treatmont with hydrochloric zcid left some

45% of the starting material unchangéd, this evidenﬁafauggests that
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néne'of the phosphate groups is écid labile iﬁ'tha conventional Senﬂelo,
and hence none is attached to either carbons 1 or 2 of 2-ketogulonic
- acid.'The formation of a monophosphate ester as well us some free
' acid'by-hydrochloric'scid treatnent was probahl?’dué to nonespecific
;:" - | hyd;olyéis,of one op bagblphoabhate groups from cérbons 3-6.ARibuiose-l.$-
Aféiphospﬁate ﬁnd fructoée-l,6~diphca§hate;’aé ke cbncentrafions
approximatéiy efqual to that of the ketogulonic acid dithSphﬁte, when
treated iﬁ:a simiiar ﬁanﬁer with hydrochloric acid, also partially.
, dacbmﬁose&'ﬁq praduca,SGma manOphoéphate esters and some fres sugars,
:;‘though éaither of the phosphate groups in these"éompoﬁnds ig usuail&
considered t§ bs acid labile under the conditions used here. It saems
probabia, thérefére, that there aré two phosphate groups attached to
the 2-keto-gulonic acid, that they are azmilarly linked, and that both
’ ,are alkyl: rather than aeyl or enolic phosphates.

xf?é -salokinetics,o 2-keto-L¢nulonic acid diphosphate formation.- The rates

of ¢ fncofporation in the light inte a number of phospﬁorylated compounds

of Chlerella are given in Table IIj the radioactivity present in
iy

" each compound is expressed as a percentage of the ~°C found in all
;thOSe compounds which were‘studieﬁa Both the mohoé aﬁd diphosphate
areas of the chpcmatOyrdm, when treated with phosphatzse, yielded

'lucalahallad Q-ketogulonic acidy e appeared in 2~ketogulonic acid

in the diphosahate area ‘before that from the norophoaphate area.

This finding indicates that in the bioqyntheais of this cowoound
it is the diphosphate ester which is formed first, presumably aither

- from a dipﬁosphatc ester of another six-carbon compound, or perhaps by

:  the union of:two monophosphates of two three-carbon compounds, or a

twow~carbon compound with a four-carbon compound. The monophosphate



‘2~két03ulonic‘acid was used as a substrate for.spinaoh chloroplasts
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ester of 2-ketoguloﬁic acid could then arisa from the diphosphate

‘by;removal of one phosphite group.

s the radioactivity pfcmﬁnt in the phosphate esters of
Q-Retegulonic acid was very much less than that found in othar

sugar phoéphates which might possibly have been their precursors,

© it was not possible to relate the rate of formation of 2-ketogulonic

acid phosphates to changss in 3%C concentration of ether componentss
DISCUSSION

Hature of the phesphate ester of 2-keto«L-pulonie azeld.- Four

observations suggest that the compound originally iﬁolatad3 possessed
two phosphate groupings. The substance was obtained from that area of
the chromatogram known to ba the position of augar diphosphates” .

o chrématographic information is available about keto acid

' diphospﬁates, but it iz worthy of note that Gwphoséhogluconic-acid
runs in thé‘monophosphate region and carbonyl groups do not have

any very marked effect on mobilitlas of carbohydrates.

In an experiment in which the presumed diphosphate of
ik

one of the products observed wss a compound which ran in the
ronophesphate region of the chromstogram and which, on hydrolysis
With‘phéaphatase, yialded-?-katbgul@nic acid. This supports the

contention that thé.manéphcmphata'astarlbf 2-ketogulonic acid

possesses the chromatbgf&phic’prcperties to be expected of sueh

‘an éster, and dogs not run with the sugar diphosphates. The experiment

on the kineties of the blosynthesis of 2-ketogulonic acid reported in
this communication similerly demonstrates two phosphate esters of
2-ketogulonate, one of which ran with the sugar monophosphates and

tha other with the sugar diphosphates.
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Flnally, the'reaulté daaéribed above relating to the hydrolysis of

*{.;thhe phosphate aater by hydvochloria asid indicate that as criglnally
fﬁ  :1801ated the compound containad two phosphate groups. The data on the :
j‘.i:":uzbilu.'lzy of the phosphata groups indicates not Only that both phosphate

3roupa wnra aimilarly aztached to the sugar acid and that neither was

‘-j an acyl or an enolic phosphate, but also that a pyrophoaphate linkoge

10, yo are thereforo }fv

x:'wan not 1nvolved since these ara alszo acid 1ab£1a
’ﬁb:lfconfldant that the Xf-keto acid d&ohosphute“ is 2-keto-L~gu1onic aold
1;{ diphosphate, the phoaphate groups pvebably raaiding on tws of tha -
. éarbon atoms 3.8, 5 L : L .’ R h ;fil

"Biolqgical origin of 2-ket0- L-gulonic acid dgghosphate‘u The kineticﬁ

of the photosynthetic formation of 2—ketogulonie acid diphosphate '

from wanl“coa reported above suggest that this substance is not

. elosely. related to the primary intermediates of the carboﬂ reduction

: ff';‘cycle. The maximum pnroentage of lnc incorporation into such cycle
fvxnt@rmediateﬁ as pnosphcglycatic ac&d. fructoae diphosphate and
' aedohaptulosa monophoaphate occurred within about 20 sec. from the
';;f start of the expariment; ribulose diphosphate showad a maximum at
”~i_ about 80 sac. nowavev, 2‘ketogulonic acid diphosyhata ‘did not show -::;';

;a“ a peak until 120 sec.. 3uggesting that it is formed later than the

’”’?,,cycle intermediatas. Evidence obtained by Louwrierl2 from experiments __:» ”

#f,involving the sweeping out of radioactivity from the ribulosa | |

-fildiphosphata pool by 12CO without concomitant losa of 1“0 from R

 3“«2~ketcgulonate dip\osphate, suppovta th& idea that the keto acld
. 'f;fﬂf' is not fornmed from a direct carboxylation reaction of ribulosa :

B diphosphate unless it is the stable end product of an irraveraible

,
Nt ol

| 'carbonylation Nifb ream‘nng@mmt' S : ‘




?jf'appeared in 2~ketoguloni¢ acid diphonphata from glucosa-0~

| "l. times as much 1“c as 2~ketogulonate.

- glucose reduced the incorporation of ;“C from'l“coz into 2~-ketogulonia

['aci&'diphoaphaté by 22% although the total 4, incorporated was not_"fi.'

*Af~-the carbon raductian cyala. Since tha 1uc incorporated from . | L

}1“c in 2-ketogu1¢nic acid incraased by 23%, it appears probabla

¥ $¢ 27

In a“study of the incorporation‘of v from 1“00 by 1lluminated

u'Chloralla in the presance and absernce of unlabelled glucose, and of the
mm

incobporation of 1“0 from gluaose-u-l ¢ in the preaancc and absence ;,"

 of unlabelled c02 in the light and dark, it was found that 1%

luc in the

"[darmp even though ribulaaaul 5—diphosphato was unlabelledlsc (At that .
"tima tha somponent Now characterized as 2-ketogulanic acid was

rquggvad to be 2~carbaxy«“~pantulose.) “The affect of f1llumination on'

théhﬁbcorparatian of l¥¢ from glueasa~0~l“c 1nt6.2«ketogglénic acidA,‘:7“

diphosphate was much less (an increase of 23%) than the effect on

4the 1""C in ribulose diphosphatej in the light the latter dontained

Furthermore ln the light the effcct of the presoence of unlaballed S e

’affected, and the incorporation 1nto (photosynthetically produced )
""glucosa monophosphata inereased by 32%; glucose diphosphate was not
faffectad. Thus the ovidence at this stage suggests that 2~katagulonin .;‘
' '-Tj;acid is derived from glucose or a phosphate ester thereaf in the N
"ffirst instanca, but that this gluccsa derivative is not functionally

| ~identical with glucose or glucose phoaphata derived dlractly fram

L iglucose-ualuc plus 12C02 into glucose monophosphate, fructose

monophosphate. sedohoptulose monophosphate and athew cldsaly

!'a =ralated camp@unds Was deprﬁsaed by 30~50% dnring illuminatian while the o

lv.; ,that externally supplied glucose ia matabelized by Chlorella by two
~i".{_meaozzl?;ani.ssms,, only one of whieh oquillbrates with intermediates rormed
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1photosynthetically from Cog; it ia by the other maahanism that

- 2-ketogulonate is formed,

2~Keto~L~gulenic acid. on nnolizatlon and 1actanization, besomes

R L—ascorhic acid and thus is a possible pracuraor of the latter.
‘ 3uch 8. biosynthetia schema for the formatlcn of Leascorbie aeld
k has already bean propoaedl“, thaugb it was not believed that phos- -

"‘E}

-phorylated detivatiVaa were involved. Btudies are contlnuing on the

possible role of 2-?etc-L~3u1onic acid diphosphate in the mochaniam {y

~"L~ascorbic acid biosynthesia.
A SUMMARY

A substanoe isolatad from Chlorella gyrenoidosa metabolizing

l“co in the 1ight. previously helieved to be a diphosphate ester
of a Q-Qarboxy-u.penxulqses. has now been shown to be & diphcsph;ta '
jaf'2«kat6-k~gulonic'aeid. The phosphate groups appear to be

attachmﬁ to two of the carbon atovms 3~6. Evidance is presented

‘v":lsuggaating that this compound avisea from glucosa, ora glucosa

; pha&phate, whieh is not in rapid equilibrium with photosynthetically

L 9roduccd alucaso derivativca. 'ifﬁ;'{" . ; S
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TABLE 1

" 'COCRYaTALLIZATION OF GULONOLACTONB OBTAINED BY REDUCTION oF 2~KETOCULONIC
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INCORPORATION or l%¢ FROY Naﬂluco INTO A NUMBER OF GUBSTANCES BY

ILLUNINATED CHLORBLLA CELLS -

J”\'gf;‘ (Expiéésed 88 percentage of activityain tha componen€é2counted'in‘eéeh sample, )

e

r’*ubation tine (sea.) 5 10 - 20 . 30 kS . 80 - 90 - 120 lvn80.

Phosphoglycerxc acid 1  80,7 ‘52,6 37.5°. 3B.1 16.6 13,1 ‘xl.z_?rlz.o'”--116o
Glucose monophosphate . 16,0 20,4 311 29,2 B35 35,3 36,2 .38.7 45,6
‘Fructose monovnoaphate ;"557J"6.6 w7 Gl 75&.~ 645 ‘7.1fﬁ Jﬁ;l "12.6

isedoheptulose mon00v” C23.8-71508 15.1 12u% 0 4,2 3.1, 3.0 2,5 3.4
phosphate . ]r-;ig:;' - L : ‘ B _

~Keto-LeGulonata "« 0.0 0,0 0.0  0,0° 0.0 . 0.02 0.08 0,05 0.1
~ monophosphate FER S : . S

, ;éluaose diphosphate . . 0.8 AW W 1.7 LS5 LT 2.0 1.8 1.9
7 Fructose diwhosphate U L2 1581 2,9 3.0 2,7 2,2 2.1 0 1,9
' '1Ribuloae diphosphate ";J,ll.ﬁ '?1.3 - 8.3 NS,s 25.8 _-27.9 26 2 25,0 .22

|2eKeto-L-gulonate - . 0.0 0,01 +.0.08 0.1 0.3 04 0, 9 1.5 1.2
- diphosphate o . : e e o

'i Uridineaiphosphoglucose 0.6 1.1 3,2 Sob :;'7-7" 9,3. 11l.1 ~10.3 10.2
(glucose mo;ety anly) : S ; v :

‘ﬂotal 1“6 present in all the conpounds countad '
: (dis./min./ul wetwpackad cells x 10“3)

AR

61 13 169 17 197 - 197 151 137 107
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