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ABSTRACT

Methods have been developed for a complete degradation of
ribulose., These methods have been applied to labeled ribulose, formed
during a variety of photosynthetic experiments with ClhOQo The
experiments included both the batch and flow type experiments,'experi-
ments performed with different organisms, and experiments'of different
duration.

N The results of the ribulose degradations, in conjunction with
sedoheptulose degradations from the same and different photosynthetic
experiments; indicate that modifications of the previously proposed
photosynthetic cycle may be in order. The changes postulated are:

(a) No free diose or tetrose is involved; (b) sedoheptulose is formed
from hexose, eliminating the second carboxylation; (¢) ribulose is
formed both from‘sedoheptulose and from 02 plus 03 combinationg

(d) ribulose is the carbon dioxide acceptor,

/
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THE DISTRIBUTION OF o v e CARBON ATOMS
OF PHOTOSYNTHETICALLY-PRODUCED RIBULOSE
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INTRODUCTION

The path of carbon in photosynthe31s has been studled by allow-
1ng a plant (an algae suspen51on) to undergo photosynthe31s in what
approaches an 1dea11zed steady state as closely as possible, glven clhoz
from a tlme t = O and analyzlng the products w1th respect to the dls=
trlbutlon of rad10act1v1ty among the compounds, and among the carbon
) atoms of each compound, after suitable perlods of tlme.,l Although the
71deallzed steady state experlment in whlch the mass concentratlon of
each compound remains the same has not been achieved due to external
‘ﬁvarlables such as llght 1ntensity and 002 pressure; as well as varlables
:intrin31c to the algae culture 1tself con31derable progress has been
:made'pecently ln this respe by oontrolllng fluotuatlons in CO2 ’
upressure prior to and durlng a run, Assumlng 1deal condltlons, 1f the
;rate of appearance of rad10act1v1ty in each of the various compounds
is plotted agalnst tlme, only those compounds whlch have no apprec1able.
stable reservoirs lylng between them and the ClhO should show a f1n1te
slope at zero tlmeo All others must have an 1n1t1al zero slope, since

the reservoirs lylng between them and the ClhOa must flrst become

labeled° Slmllarly, the preoursor=product relatlonshlp can be
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established by plotting the percentage of activity of each compound in
a particular group of compounds,'with-respect to the total amount of
radioactivity in the group of compounds, against time. The earliest
labeled compounds in the group w1ll have negatlve slopes and extrapolate
to a flnlte value at t = 0, whereas all the others w1ll have positive
slopes that approach zero at t = Oo From degradation data of the come
pounds involved, it is possible to trace the. path of labeled carbon

not only through succe551ve compounds, but through the atomlc positions
‘of tbose com.poundsa It can then be determlned just where the label first
:;enters each compound by degradlng compounds from shorter and shorter
photosynthet1c experlments, and extrapolatlng to gzero tlmeo It 1s )
| theoretlcally poss1ble to test the valldlty of a proposed photosynn

thetic sequence by a comparlson of the actual appearance and distr1but1on
}curves w1th those calculated for the proposed sequence, These curVes
may be calculated by setting up a system of llnear dlfferentlal -
equatlons for the rate of change of the spe01flc act1v1ty of each atom
of every compound 1n a partlcular model The equatlons may be solved
expllcltly'by means of a dlfferentlal analyzer prov1ded that the total
.rate of entry of carbon 1nto the system, and the steady-state concen-
tratlon of each atom are knowno Although these calCulated curves are
:of 1nterest, experlmental data concernlng steady=state concentrat1ons,
as well as experlmental appearance and dlstributlon curves,rare not‘
suffi01ently refined to make strlct mathematlcal treatment useful

In very short photosynthetic experlments, phosphoglyceric acid

was found to contain most of the rad10act1v1tya Slnce 1ts appearance

curve has a flnite slope at very short times, it is probable that there



is‘no stable reservolr between it and:COQo ﬁpon degradation, it uas
‘found that the carboxyl group is first to become labeled, followed by
the”. @ - and L = carbons, whlch are equally labeled,‘ This ev1dence
"led to the hypothe31s that 002 reacts with a two~carbon compound to
'tgive’phosphoglyceric acidonAWhen“thehhexose,-obtained from'shorf;term
'sucrose was degraded it was found that the distrlbution of radlo—
act1v1ty in this molecule was similar to the dlstrlbutlon in the |
phosphoglyceric ac:Ldo That is, most of the act1v1ty was found 1n carc E
bons 3 and L, with the rest distributed equally between 1 and 6, and 2 and
‘ WSo: Thls led to the suggestlon that the hexose was made 1nd1rectly from
the phosphoglycerlc a01d by a process 51m11ar to the reversal of the
j'well-known glycolytlc sequen.ce° ' There is:nou considerable evldence'to
vvjusupport thls theorye -. | o
l . There was stlll te determlne the nature of the two=carbon
accepbor, as well as the sequence of reactlons that leads to 1ts re=b
generationo To date, only two compounds conta1n1ng two carbon atoms
have been found namely, g1y01ne and glycollc ac1do A% short times,
;'the dlstrlbutlon of radloact1v1ty in the'two carbon atoms of glycollc
' a01d corresponds to the dlstrlbutlon of rad10act1v1ty in the CZ and
ﬁ - carbon atoms of glycerlc ac:l.d., Feedlng experments mth -
labeled glycol1c ac1d resulted in glycerlc ac1d which was equally |
'labeled in the <Z and Fe carbon atoms, w1th llttle act1v1ty in the
carboxyl group° With carboxyl=labeled glycollc, the glycerlc a01d
was agaln equally labeled in the cfa and /9= carbon, although there wa.s
con31derable act1v1ty in the carboxyl carbon, presumably due to

partial oxidation Ofmfhexglycolic acid to radioactive oy . The data



above 1ndlcate that glycollc acld is somehow related to the C2 002 .
acceptor, elther on a direct llne or as a s1de product, the Gy acceptor
1be1ng a symmetrlcal molenule. This 02 compound can onLy arlse from the
.comblnatlon of two oneucarbon compounds, or from the degradatlon of a
molecule containlng four or more carbon atoms.' It is unllkely that it
4arlses‘from a one plus« one comblnatlon,v51nce all attempts to flnd a
oneecarbon compound more reduced than 002, such as formlc acid orv_
formaldehyde, which is labeled 1n the early stages of photosynthe31s,b
have falled° Also, the amount of rad10act1v1ty in glycollc acid is
vincreased under cond1tlons of low 002 concentratlons° If glycollc acld
1s related to the two-carbon 002 acceptor, one plus one comblnatlon
would mean a decrease in the amount of radloactlve glycollc acld under
v“these conditlons° It seems l1ke1y, then, that the C2 compound 1s formed
from the spllttlng of a larger molecule, The follow1ng data,»presented
here in only the brlefest form, is part of the evidence whlch led to a
postulated sequence for the regeneratlon of the 02 acceptor, ”
Mallc acid 1s rapldly labeled, and its slope seems to 1ndlcate
that 1t, too, is a prlmary carboxylatlon product,_ Malonate 1nh1b1tlon
texperlments, however, 1ndicate that malic acid is not dlrectly 1nvolved
”as an 1ntermed1ate 1n the 02 regeneratlve‘cyclen_ Nevertheless, 1t 1s
stlll poss1ble that mallc a01d is in rapld equllabrlum with a compound
ar1s1ng from a second carboxylatlon, the carboxylatlon of a 03 fragment.,
Amongythe{earliest sugar phosphates formed durlng photosynthesls are
‘ sedoheptulose.phosphate and ribulose.phosphate.z They appear to.he pre-
sentvin all'plants, and .have small pools.whloh are rapidly saturated with
labeled carbon° Whlle sedoheptulose is sterochemlcally unrelated to glu-

cose by a 51mple sequence of reactlons, it is related to
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ribulose; the éonfiguration of carbons 3 and 4 of ribulose being identical

with that of carbons 5 and 6 of sedoheptulose. There is evidence that
ribulose phosphate and sedoheptﬁlose phosphate are enzymically intercon-
vertible, and that ribose phosphate and ribulose phosphate can undergo
scission to give 02 and.G3 compounds., The rise in phosphoglyceric acid
and the decrease in ribulose and sedoheptulose phosphates when the light
is shut off is a further indicatioh'that_the C5 and 07 sugars afe pre-
cursors of the 002 acceptofo3 The sedoheptulose itself could arise by
an aldolase reaction between triose phosphate and tetrose, (presumably
erythrose, produce of reduction of a secondary carboxylation product)
analogous to the formation;;f fructose from,two>03 fragments, Kinetic
studies which show that séﬁoheptulose and fructose appear to be labeled
very nearly simultaneously (suggesting.that thejiare formed in parallel
reactions from the same pfééﬁrsér)>are in accord with this hypothesisoh
| Up until-the presént time, the ideQS'concerning the regenera-

tive cycle for the C COz‘acceptor could be surmarized as in Figure 1.

2
The ribulose degradations to be described here, along with the sedo-
heptulose degradatidné'performed in this 1abora£0ry by Mrs, Lorel L,
Kay, were undertaken in order to more definitely establish this cycle.

From the results, as will be discussed later, it seems possible that

modifications may be in order.



9
%

PROPOSED CARBON CYGCLE F‘_OR REGENERATION
OF TWO-CARBON GO, ACCEPTOR

Figure 1
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SOURCES OF PHOTOSYNTHETICALLY FRODUCED RIBULOSE

In general, the ribulose that was_degraded was isolated from
two typgs of experiments, the usual phptosynthetic experiment, and a
flow=system* or so-called "steady-state" éxperiment° In the usual ex-
periment, air is bubbled through an algae sﬁspension ina flat veésel
iliuminatedvfrom'both sides, At the beginning of the_experiment, the
air is discontinued, radiocactive bicarbonate is introduced,, and the
vessel agitated, Aftér a suitable period of time, the algae are killed
by draining the suspension into boiling 80% alcohol, The flow experi-
ment was designed to eliminate the sudden change in 002 concentration
when the radioactivity is introduced, as well as variations during the
run, An algae suspension, continuously aerated with a gas mixture of
h% 002 in air is forced through several huﬁdred centimeters of an
illuminated tube. It takes approximately 15-20 seconds for the algae
to traverse the tube. A stream of clho2, dissolved in water at pH 6,
is injected into this.tube at various points of known distance from
the end; the stream of radicactivity entering at a constant rate; re-
gardless of the point of injection. The amount of radicactive carbon
is negligible compared to the total amounf of carbon present. At the
end of the tube, the algae flow into 80% alcohol, as in the previous

- experiment.,

* This experiment was designed and performed by Dr, James A, Bassham,
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80% and 20% alcohol extracts of the algae from both types of
experiments wefe analyzed by meahs of paper chromatography and radio=-

5

autographs. The ribulose diphosphate areas on the chrométograms of

the original exiraéﬁs were eluted with water; concentrated to about

: 50)\ ; and hydrolyzed with approximately 200 Y of Polidase in

ld,\ of water for two days at 35°C, The products were rechromatographed,
and the free radioactive ribulose located on radioautographs. The

eluates from the radioactive ribulose areas were used in the féllowing

degradations.,



DEGRADATIONS

‘A, Pericdic Acid Oxidation of Ribulocse

Periodic acid oxidation is applicable to compounds-having two
hydroxyl groups attached’to adjacent carbon atoms; and results in the
,c}gavage of the carbon-carbcn bond. Carbonyl compounds in which the car-
bonyl gfoup is adjacent to a second carbonyl or hydroxyl group érevoxi-
dized also, Although this oxidation is stréightforward in the case of
simple aldcses; in which the molécule is completely degraded, the re=

’

action.can follow two courses in the case of ketoses,

() CHQOHyCOf(CHOH)noCHon + (n fvl)HIQb Ly

|CH,OHeCOOH + nHOOCH + HCHO + (n # 1)HIO;  glycolic acid

0C0e y ' o
OHeCOe (CHOH)._eCH,0H + (n + l)HIOh. S ey

(2). &) .CH,

'CHOSCOCH + (n = 1)HCOOH # 2HCHC + H,0 + (n + 1)H103

glyoxylic' acid

» e o : Slow o -
k) CHO-COOH + HIOu 3 002 + gccoH + HIO3

It iS-assumedé_that the glycolic acid is formed from the splitting of

the first two carben atoms of-the‘semiacetai.form of the ketose, and
glyoiylic-acid from the splitting of the carbonyl carboxyl group and

. the neighboring primary alcohol group. An a*otempt7 was made, using.:
uniformly labeled 1=6,C1h fructose to find eonditions in which reaction
(1) took place almost exclusively, The amount of radioactivity recovered

in 002 was a measure of the extent of reaction (2)., The best conditions
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found were an acidic medium (icdic acid was added to the reaction mixe-
ture) and a reaction tiﬁe of three hours, Under these conditions, 2.4%
of the total activity was recovered in 002, equivalent to 14.L% of the
fructose having been degraded according to equation (2).- Since it is
known, howeveré, that reaction (2b) is slbw, it is possible that more
than 14.4% of the fructose reacted according to equation (2a), and that
the reaction described in equation (2b) had not reached complétion in
three hours, In one experiment, iodic acid was added to the reaction-
mixture and the reaction allowed to proéeed overnight, In this case;
9.5% of the total activity was found in COy. Assuming the reaction
(2b) is the only source of CO, 5 5609% of the fructose was degraded ac-
cording to reaction (2). With a long reaction time, however,; over oxi=-
dation of“other degradation products might have occurred., Although
periodic acid does not further degrade glycolié acid, lead tetrgeaCeﬁate
oxidizés it to formaldehyde and CO2° When this oxidation was performed
on the glycolic acid resulting from reaction (1), the radiocactivity in
the 002 was appreciably lower than the theoreticai amount.,

In applying the periodic acid followed by lead tetra-acetate
oxidations to radiocactive ribulose in tracer quahtities, several other
difficulties presentéd themselves., Since a pure, standard ribulose sol=
ution was unavailable for use as carrier; carrier formic acid, formai=
dehyde and glycolic acid were employed. This involved the assumption
that the carrier compounds were not affected in the course of fhe reaction,
- and that the reaction proceeded on a microscopic scale in exsactly the
same way as it would on a macroscopic scale, Furthermore, any contami-
- nation of the ribulose with ribose?’two compounds which are difficultly

separable chromatographically, would lead to an erroneous result.
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B; Periodie Acid Oxidation of Ribulosazone

Periodic acid degradation of the osazone was an improvement
over that of the free sugar in several ways, In the first place, by
making this derivative, there was no longer the possibility of two
competing reactions, In-addition, D- ribose or D- arabinose, which
react with phenylhydrazine to give the same osézone as ribulose, could
be used for carrier, Contamination of the radioactive ribulose with
ribose could cause no error, except in the. event that thé two compounds
~ were labeled differently.

Preparation of the Osazone

The osazone was prepared according to the procedure of Hastkins,
Hahn and HudsonB, with the necéssary adaptations for small scale synthe-
sis, To the eluate from a radicactive ribulose spot were added in a
small test tube 10 mgm. of arabinose; 13‘A of acetic acid, hO,\ of methyl
cellosolvé and 26/\.of phenylhydraziﬁe, and the mixture heated on the
steam bath for one hour, One milliliter of cold water was then added,
and the osazone separated as a voluminous yellow preéipitate; This&
precipitate was collected by centrifugation followed by deeahtétion of
the supernatant liquid, The osazone was washed with two 25/& portions
of 10% acetic acid and four 50/\ portions of water, It was then dissolved
in 50/4 of hot absolute alcohol, Upon cooling, the osazone crystallized
out in 53% yield. This radiocactive osazone was diluted, as desired fof
each degradationy; with pure crystalline, non-radioactive arabinosazone,
the supply of which was prepared similarly; but on a large scale,

Degradation of the Osazons

The csazone was oxidized according to the method of Chargaff and



-15-

Magasanik9, as modified by Topper and Ha.:stingso‘LG Chargaff and Magasanik
described the action of periodic acid on glucosazone ét room temperature.
This reaction yields the 1,2 bisphenylhydrazone of mesoxaldehyde (I) as

illustrated in equation (3).

. H H
HC=N-N-¢g EC=N-N-¢
l H | H
C=N=N-g C=N<-N-g@g + (n - 1)HCOOH
I
(3) (HCOR) + nHIO HC = O .
| ® 4
H, COH | . (1) HCHO
+
nHIOg
' +

On the other hand, more vigorous oxidation in boiling periodiec acid and
“alcohol yields the often reported l-phenyl-=lLphenylhydrazone pyrazalons=
5 (I1) m.p. 149-50°%

(I1)

The oxidation, as described by Chargaff, was carried out in acid solu-

tion. However, Topper and Hastings, noting that in alkaline solution
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formaldehyde is obtained quantitatively from glucosell, carried out the
csazone deéradation under similar conditions in order to insure a quan-
titative yleld of formaldehyde.
17 mgm. of arabinosazone (0.05 millimoles) were dissolved by

. warming in 6 ml, of 66% alcohol and SOO,X of 1 ﬁtsodiﬁm bicafbonate; and

' the ‘solution cooled to 30°% 200 of 1 N paraperiodic acid (0.10 milli-

" ‘holes) were introduced and an orange-yellow precipitate of (I) formed
immediately, After 15 minutes, the mixture was céntrifuged, and the
"centrifﬁgaté'ﬁashed several times with 66% ethanol. The preéipiféfé,
after beihg'reéryStallized from 66% ethanol was counted as such, The

pércentage”of activiﬁy'in 6arb6n-at0ms'i, 2 énd'B'can Bé'ééicﬁiatgajfrOm

¢

“the specific activity and the theoretical yield. The supernate and
“washings were distilled to dryness in vacuo, To the distillate, which
'.ébntéined tHe’fdrmaldéhyde, were added 35‘ﬁgmgléf'dimedoniféﬁééﬁé |
'(diméfhylhydforesorcin) dissolved in a ml. of ethanol, and é dfdﬁnof
’pipefidiﬁe;" After warming the mixture.for'lonminutes on the été#m;bath,
500\ of glacial acetic acid were added, The formaldimedon that preci=
pitated upon standing was recrystallized from an ethanol-water miXtdre
" and its specific activity meésuredo ‘From this, thé activiﬁy in carbon
" atom 5 can be determined. |

The residue from the previous distillation contained sodium
formate, sodium bicarbonate and sodium iodate. This residue was dis-
gsolved in 5 ﬁl, ofVWater and then 100 mgm. of iodic acid were added,
The solution was distilled to dryness in vacuo. The formic acid in
the distiliate was neutralized with barium hydfoxide to. a phenoiph~

thalein end point, and after evaporation on the steam bath to ; ml.,
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the»barium_formate‘wag precipitated by the addition of absolute alcohol,
i;Themsalt was recrystallized several times from water by the addition of
alcohol; and counted. From its specific acpivity the peygentage ofzribulose
»act1v1ty in carbon atom L can be calculated, .

Co Attempted Degradations of the 1,2 Blsphenylgygrazone of Mésoxaldehyde

. Aronoff and Vernon12

,rgported that the_l,z‘blsphenylyydr%zone_
gf meso#aldehyde_(l) resulting from_thevpericdic apid”oxidation _of..‘_glu.=
cosazoné_could be‘further oxidized Yo‘glyqxalosazone and CQZbew? .
reaction dgscribed by Dieis,13 ‘Seve:allattgmpts were made:in_thgs_lab-
oratory*_to repeat the work @escribed_by Aronoff and Verngn?‘by fo}}owa
_iﬁgvthe procedure used by Diels for the_oxidgtion ofhgluqogazoqgvtg
él&oxalosazqneo ‘Upcn_oxidatiqn for five hours in potassium,hydroxi§e ”
52(}% in.absolutg ethanol); the only reaction product of (I)lwhithqqpld
Be iéolated‘was the 1-phenylshphenylhydrazone'pyrgzole, m7p°f125 (III),
a ring closure; and not a degrgdation_producto__An earlier attgmptbby
- Vittorio, Krotkov and Reedlh'to oxidize (I) to glyoxalosazone yiél@ed
anrﬁnidgntified compound with a melting point of ].,__2'3=_=12_5“"’_9 presumably
the same pyrazole.

‘Since (I) was easily oxidized by_iodic:aéid in boiling alcohol,
or by silver nitrate in dilute potassium hydroxide9, to;the pyrazolone

(II) and not to the 1,2-bisphenylhydrazone of mesoxalic acid (IV),

c | . H=N-N-g
N/ \crslmangf o _JJ=N=II\§,=‘¢.
, , - | - COOH
(111) I - (m

* Attempts to repeat Aronoff's work were made both by Mrs. Lorel L. Kay
and the author,
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it was decided that in order to degrade the aldehyde by oxidation and de-
carboxylation, the opportunity for ring closure to the pyrazolone must first
be removed. For this purpose, an attempt was made to convert the mesoxalde=
hyde osazone to an osatriazole (V) by the action of copper.sulfate

15

according to Hann and Hudson™ . This reaction yielded

CHO

()

the same pyrazole (III) as that resulting from the Diels reaction,

The alternative procedure of preparing the osatriazole from arabin-
osazone8 before the periodic acid oxidation was rejected because: of
the diffiéulty of isélating crystalline arabinosatriazole on the'small
"écale necessary for the degradations., A degradation for glucose baéed
upon osatriazole formation has been accomplished by Bishop.,16 The

scheme of the degradation is as follows:



HC=——N : HC=—=N
\\\ - 3HIO,
et —>

—-—=N f ————3\
HOlH » CHQ

H%OH

HC|7-OH

'C%Iz.OH

HC=—=N HC ==

e

N<'/;_\>‘ NO,
f =N /
CHO

mop. 69° - 70° m.p. 136° - 137°
HC=——=N
NO
NH, OH 2 >
b ‘ S
C==N
éOOAg

Ng + 2HCOOH + HCHO + 3HIO

3

S
&

If Hudson's synthesis of arabinosatriazole could be adapted to small

scale synthesis, Bishop's degradation would lead to a direct determina-

tion of the activity in carbon atom 3,

A second attempt to further degrade (I) was made by blocking

the carbonyl group, and thus preventing ring closure. Accordingly, the
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cyclic thiocacetal (VI) of the mesoxaldehyde OSazoﬁe and ethanedioi was
" prepared and characterized, according to methods given in Appendix I,
- Attempts were then made to degrade the thiocacetal (VI), both by con-
version to é disulfone and by hydroiyéis of ﬁhe pheny1hydrazone groups.

H
HC=N« N - ¢

(V1)
D, E. McDonald and H.0.L. Fischerl! have degraded glucosé;by
 ‘6xidation of glucose'diéthylmercaptal‘penta-acetéte with monopéfphthalic

acid to the disulfone, D-arabo-3,4,5,6-tetra-acetoxy-1,1l-bis(ethansulfonyl)-

”“héxeﬂe¥l,‘(VII). This was hydrolyzed in hydrazine hydfate.to gi#e arabinose

S0,C.
¢ 2 2% S0 C.H
N50,C 225
2 CoHy |
| HyC |
e . \ -
| S0,.C
(HCOAC) 5 22"
. HééONe

(vir) 0 (VIID)
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tetra-acetate and;thq disulfone (VIII). If the cyclic thioacetal (VI)
could bé oxidized in a manner similar to the procedure of McDonald and
Fischer,—ethylene methylene disulfone (IX), m.p. 20h=2059, would be the
' expected.prodﬁct, along.with the oxidation,prodncts:of the phenylhydrae
zone groups, In order to learn more abéut the properties of (IX) so as

to

50

o [

Hzc'\
S0;——CH,

(1x)
facilitate its isolation from én oxidation mixture, (IX) was synthe=
'sizedxa} by condensation of formaldehyde and ethandithiol, followed by
‘oxidation of the resulting thieacetal in hydrogen peroxide and glacial

acetlc acid above 50 Co The dlsulfone (IX) was a whlte crystalllne
substance, dlfflcultly séluble in cold water, alcoholg and ether, some-
what soluble in hot water. It dissolved in 1 N sodium hydroxide, but
was not recovered upon acidification, It did not.dissolve in sodium
carbon#te or sodium bicarbonate.

When the cyelic thioacetal (VI) was OXidized with monoper-=-
phthalic acid, a tarry black gum was produced. The hot watér extracts
of the gum before and after treatment with hydrazine hydraﬁe‘precie
pitated nothing upoh cooling except a small amount of tar. ?his tar
was easily adsorbed upon charcoal, When the now clear water extracts

were evaporated to dryness, there was no residue at all, Similar results
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were obtained when the oxidation was repeated with perpropionic acid,
In the belief that more vigorous oxidation was necessary to
produce the disulfone (IX) from the thiocacetal (VI), (VI) was oxidized
in a large excess of glacial acetic acid and hydrogen peroxide by
heating on a steam Bath, in an analogous manner to the successful oxi-~
dation of the formladehyde thioacetal to the disulfone (IX), In this
oxidation (VI) dissolved rapidly upon heating, forming a dark reddish-
brown solution., After 15 minutes on the steam bath the color of the
sélution began to fade, and after an hour, it was a pale yellow. It
was then cooled and distilled to dryness in iggggo The residue con-
sisted of a white crystalline substance and a light yellow syrup. The
crystals were separated from the syrup by washing with cold water, in
which the syrup was soluble but the crystals were not., The cryétalline
material was then recrystallized from hot water, This‘compound, however,
contained no Sulfur, and was presumed to be an oxidation product of the
phenyl groups., The syrup did contain sulfur, and a sulfur-containing
barium salt could be precipitated from its water solution. It was thus
evident that although the disulfone (IX) was prepared in a similar
manner to the present experiment, in this case a sulfonic acid and not
a disulfone was produced, Since thé possibility that each mole of
sulfonic acid contained a carbon atom from the original sugar molecule
was small (i.e, only OH=GH2=CH28020Hé502H and not H802=0HiaCHé802H
and other sulfonic acids were formed), the reaction was ahandoned as a

degradative method,
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An attempt was made té synthesize the diethylmercaptal of the
1,2<-bisphenylhydrazone of the mesoxaldehyde, in hopes that the non-
cyclic disulfone (VIII) would be more readily isclated than the corres-
ponding cyclic disulfone (IX), However, when the method used for
synthesizing the cyclic thioacetal (VI) was applied to the condensation
of (I) and ethyl mercaptan, the only product isolated was the pyrazole
(111), A |

»it was apparent phat much of the'difficulty encountered in
this oxidation of the cyclic acetal (VI) was caused by the presence
of the phenylhydrazone groups. For this reason, it was attempted to
hydrolyze the phenylhydrazone groups with hydrochloric acid}93 a
| reagent used in the preparation of sugar osones from osazones, aﬁd
toward which thioacetals are stable, An attempt with acetaldehyde?og
~a mild hydrazone splitting reagent, was alsc made, After treatment.
with either cold concentrated hydrochloric acid or”acetaldehyde?uall
of compound .(VI) was recovered unchanged.

Do. Lead Tetra-acetate Oxidatiocn of Ribuldse

The bond between two hydroxy=¢arrying carbonvatcms.can be

_ broken by lead tetra-acetate; as well as by periodic acid, the
resulting carbonyl products being the same in both cases, There are,
however, several diffe:ences batween the two oxidizing agents, Peri=
odic acid oxidations are usually carried out in aqueous solution. Lead
tetra-acetate is hydrolyzed by water, and is best adapted to organiec
solvents such as glaecial acetic acid., Oxidation with lead tetra-acetate

can be carried out in the presence of water, provided that the oxidative



rate exceeds its hydfolytic rete° ‘Lead tetra=acetate readily oxidizes
<Z ;hydroxy acids, ﬁhereas periodic acid reacts onlyvslowly with
(zehydroxy acids; even at elevated temperature, Formic acid is not
oxidized by periodic acid at room temperature; whereas with lead tetra-
acetate in aqueous media, formic acid is oxidized to carbon dioxide.
Thus, the oxidation of ketoses with lead tetraaacetate mst be

"in accord with the single reaction

() CH, OH°CO~(CHOH) «CH,0H + (n + 1)H,0 = (bn + L)e” —— >

(2HCHO + (n + 1)C0, + (ln + WH

as‘opposed to the two competing reactions resulting from the oxidatlon
q'of a ketose w1th perlodlc acid, Lead tetra-acetate ox1datlon of ketoses
results in 2 moles of formaldehyde from the prlmary alcohol groups, and
carbon dlox1de from the other carbon atoms,

o When a tracer sample of radloactlve ribulose (from a lO mlnute
photosynthetic experlment) was oxldlzed with lead tetraeaCetate in an
acetlc acid-water mixture at 70° Co, using glucose carrler, 16% of the
total radioaotivity was recovered in the formaldehyde, Since it was
known from a previous osazone degradation on this 10 minute ribulose
sample.that 16% of the total activity was in carbon atom 5, it appear=
ed that oﬁlyvoﬁe of.the primery aloohol groups was being oxidized to
formaloehydengllt is possible that at the elevated temperature us'ed,9
epimerizatioﬁ to fibose had occurred° Also, Rapoport21 reports that

lead tetra-acetate in acetic acid and water liberates aldehydic material

¢
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at elevated temperatures, Since calculations are based upon specific
activity and theoretical yield, extraneous aldehyde would make the
recovery of activity in the formaldehyde appear to be lower., The re-
22 -

action was not tried at the more usual L;(_)OC°

E, Periodic Acid Oxidation of Adonitol (Ribitol)

When it appeared that ribulose was unstable in acetic acid at
elevated temperatures, a more dependable determination of carbon atoms
i and 5 was undertaken., The rédioactive ribulose was hydrogenated to
an alcohol and then oxidized with periodic acid at room temperature to
formaldehyde and formic acid,

The eluafe for a radiocactive ribulose spot from a chromatogram
of a photosynthetic experiment was hydrogenated in a sﬁall bomb‘with a
few mgms; of platinum oxide and 25 % of ribose at 2000 1bs. of‘hydfogen
.andrlOOOC° for 15 hours, The ribose was adaed to cut down the édsﬁrpa
tion of radioactivity on tﬁé catalyst. The resulting solutioﬁ was co-
chromatographed with‘ldo 7?'ofvadohitoig and the'chromatogram éprayed
with Tollens reagent, The single resulting'spot coincided perfectly
with the radioactivity as shown by the single spot dn the radioautoérapho

A radioactive adonitol sample; prepared according to the proce-
dure outlined aﬁcves was diluted with 20 mgm, of readily availabie
adonitol carrier, and 700 A of i(E paraperiodic acid were added9
After nine hours at foom temperature, the solution was distilled to
dryness in vacuo, and the'distillate titrated to a phenolphthaléin end
-point with barium hydroxide., This solution was now distilled to dry-

ness in vacuo, and the residual barium formate recrystallized from water
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by the addition of alcohol. To the distillate were added 10 ml., of dime=
don’reagent'(lo mgm., of dimethylhydrorescrcin’per ml. of water adjusted

" to pH é),' Upon'acidification.flocculeht formaidimedon precipitated. From
the specific activity of the formaldimedon ahd the theoretical yield of
’formaldehydé, the radidéctivity in carbon atoms 1 and 5 can be calculated.
A similar calculation with barium formate results in the radiocactivity in
carbon atoms 2, 3 and L.

Fo Cerate Oxidation of Ribulose’

‘A relatively new procedure for the oxidation of organix com-
" pounds using perchloric acid solutions of the perchlorato=cérété'ibh
Has been developed, as described in G. Frederick Smith's "Cerate Oxi-
dimetryt,23 |

Coe in"generél, only 1,2 oxygen containing compoundé are readily:
- oxidiged, fbrmaldehyde, which is rapidly hydrated and oxidized to
formic acid, is an exceﬁtiénol-Formic acid is not appreciably’ oxidized

" ‘under conditions for the usual oxidation. Accordingly, the oxidation

"~ of a ketose molecule is as follows:

- 6) ‘,__CHZOHoCQi(CHOH)noCHQOH +(n#3)H0-(m*8e” 5
(n (* é)HCOOH + (2n + 8)H+ # 002

- Smith reports that samples of pure‘glucose were oxidized using
a 25% excess of perchlorato-cerate ion in L molar perchloric acid at
reaction temperatures of 45°C, for 15 minutes and 26°C, for 45 minutes.,

The amount of glucose was determined by the amount of oxidizing agent
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used, At 15° the results were somewhat high (approximately 2%)., Smith
postulates that since formic acid is not appreciably oxidized under
these conditions; a side reaction; such as the oxidation of the alde-
hyde to a carboxyl* with subsequenf oxidation to carbon dioxide might
have taken place due to the elevated temperature,' At 260 the geactipni
was quantitative., Very accurate results were also obtained for sucorse
at the lower temﬁeratureo

For purposes of the present degradation, the carbon dioxide
resulting from the oxidation of a fructose samplé was colléctea by means
of a nitrogen sweep into carbonate-free sodium hydroxide. No atpempt
was made to isolate the other degradation product, formic acid, from.
- the reaction mixture, » ‘

_ Uniformly labeled 1-6 Clh fructose, and 30.9 mgmsi.of fructése
carrier were dissolved in 3 ml, of water, 5.8 ml. of 0.5 M perchlorato=
ceric acid in 6 M perchloric acid were added. The reaction vessel was
kept at 2h° and swept'with_nitrogen intoc carbonate=free baseo After one
hour, the base was buffered with ammonium chloride, and barium chloride
was added. The resulting barium carbonate was filtered; washed with
water and dried. 38.6 mgms. of barium carbonate were recovered aé opposed
to a theoretical yield of 33.6 mgms. Siﬁce it is mechanically difficult
to exclude all atmospheric carbon dioﬁide, the results were taken as
evidence that no appreciable side reaction‘had oécurred. The percentage
of total activity in the carbon dioxide, based upon the specific acti-

vity and total recovery of barium carbonate, was 17.5%,

* On p. 108 of "Cerate Oxidimetry" the following statement appears: "Such
a side reaction as the oxidation of the aldehyde to a carbonyl...". It
is presumed that the author meant carboxyl.
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This is within experimental error of the theoretical value, 16,7%,
)

When' the reaction was repeated with 1,6 C  fructose, less ﬁhan 1% of
the total activity was recovered in the barium carbonate, This is

~ direct evidence that contamination of the carbon'dioxidé, at least
from'carbons 1 and 6, is negligible.

In apﬁlying this reaction to the oxidation of tracer quanti-
ties of a radiocactive ribulose sample, difficulties similar to those
involved in the periodic acid oxidation of ribulose were encountered.
Since ribulose carrier was not available, carrier fructose was em-
~ployed. It was assumed that the oxidation of ribulose proceeded in
exactly'the same way as the oxidation of fructoée, although this_%as
never Shown by thg oxidation of a macroscopic ribulose sampleo: In-
Zstqag, a radioactive ribulose sample from a 10 minute photosjnﬁhetic
’ éxperiment, was oxidized with fructose carrier as described abo&e,

Previous degradations of this sample (periodic acid oxidations of.the
osazone and algohgl) showed that the distribution of C1h in}the
molecule approached uniform labeling. The carbon dioxide in the
present experiment contained 17.1% of the total activity, If the
molecule were uhiform&y labeled, carbon number 2 would contain 20%

of the total activity, It thus appeared that the reaction was pro-

‘ceeding as predicted. -



25/ - =3

RESULTS AND DISCUSSION

Comparison of ribﬁlose and sedoﬁeptulose degradétibns from
the sahe experiment (chart 3) show that there is not a direct cor~
respondence in the distritution of radioéctivity between tﬁe ribulose
* and any five consecutive carbon atoms of the'sedoheptulose, ‘Théréfore,
it is apparent that fibuloéé is not formed uniquely from sedoheptulose
by a trahsketélase reaction, For a similar reason,'ribﬁiose cannot be
formed from the hexose through oxidation io gluconicuaéido 'Howéver, if
ribulose is‘formed both from sedbheptﬁlose and from the éombinatioﬁ of .
C, and 03 fragments, a radiocactive distribﬁtidﬁ Similar.ﬁo the observed
’distribuﬁion can result for two of the experiments in chaft 3. The
ékéeptioh is the five second non=steady state expériment,'in'whiéh
" earbons 3 and 5 of the sedoheptuidse cOﬁiéin‘épproximatély‘twice'as
mich activity as carbon L. In this experiment,'eveh if a C, plus and
) 03 combination does contribute to the Fibulose formation;.thé'iﬁéquali-,
ty in labeling of carbons 3 and b of sedoheptulose should show up in
an inéquality between carbons 1 and 2 of ribulose. The observéd'fact
is that carbons 1 and 2 of the ribulose are labeled equally, Avpbssie
blé éxplanation may lie in thé nature of this five second experimehto
It was performed as a stockpile experiment, in which'many consecutive
batches of algae were allowed to photosynthesize with ClhOz for five
seconds and the extracts of all the batches combined., Since the algae
cultures were of different ages, having different histories.(some were
used right after harvesting while others were in aqueous suspension

without nutrient for relatively long periods of time) it cannot be
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assumed thaf all the experiments that were combined were equivalent.
Degradations of sedoheptulqse from photosynthetic-expefiments with soy
beans indicate that at very shortvtimes (leés than one second) the
amount of radioactivity in carbon L4 is considerably less than in carbons
3 and 5. However, in any experiment in which there was lesélactivity in
carbon 4 ofrthe sedcheptulose than in carbons 3 and>5$ no appreciable
amount of radioactive ribiulose was found, If conditionsﬁwefé such in
the fiﬁé second experiment that some batches of algae wefe'phétos&hthea
.siéiﬁé at a lower rate, these algae might have'pfoaucéd éedoheﬁiﬁlése
1ﬁith'the low carbon 4 label and no appreciable amounts of 1éb;1é&“:
' ribulose. Other batches of algae; photosynthesizing at'éifaSté;}féte,
might have‘produced sedoheptulose with an équél amount of‘ééfivi£§.
in carbons 3,4 and S, and appreciable amounts of ribulose with an
lédﬁél amount of activity in carbons 1 and 2, It is poséible;thén;
that in this case the distribution of acﬁivify in the ribulose and
séddhéptulose of the combined extracts is nbt.a valid ihdication 6f the
v relationship'bétween the two sugars, Y |

In the sﬁort=term "steady state" photosynthetic ekpériments for
which ribulose and sedoheptuldse degradations are available, carbons 3,
Lh and 5 of the sedoheﬁtuiose are approiimately equal in activity, and
carbons 1 and 2 of the ribulose are équal in activity. If we now assume
that the ribulose can result from five consecutive carbon atoms of the
sedoheptulose (I), as well as from some combination of C, and 03 frag=
ments (II), the center carbon of the resulting ribulose will be the

most radioactive, with the top two carbon atoms being more radioactive

than the bottom two (III).
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Since at ali times previous to and upéioathe time of the observation
the specific activity per carbon atom of phosphoglyceric acid is‘
higher than the specific activity of sedoheptulose, it is to be ex-
pected_that carbon 3 of the resulting ribulese will contain mgre radio=
activity than if there were an equal contribution of (I) and (II), The
experimental data is qualitatively in agreement with this proposal.

Two essentially similar mechanisms can be suggested fqr the
formation of ribulose. The first of these provides for the ribulose to
result both from the splitting of the sedoheptulose to pentose and diose
by a transketolase reaction, and the recombination of free diose with.
triose. The latter reaction is a reversal of the transketolase split-

ting of ribulose,
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The second mechanisnm provides for the production of‘ribuIOSe:by"éiiow=
ing the heptose to undergo an aldolase reaction with dihydroxyacetone,

forming a transient Clo piece which iﬁmédiately breaks down to two

pentoses.
c ¢
¢ c
c* c c* ¢ C
3 - 3%
c + C —> |c | —>c + c
c* gt c c* ¥
¥
c c c c
o c* c St
C?\‘ :
c
e

" Only small quanfitafive differences could arise between the”tﬁé mech~
" aniisms, and those only if there’wefe an appreciable 02 pool;'df:if;

" ‘there were some source of C, other than the splitting of the heptése

2
" “and pentose. The second mechanism would eliminate the necessity for

any free C, compound in this step. This elimination of C is ofﬁiha

2 2
 terest in connection with an experiment performed recently in this
laboratoryzun “In this experiment algae were allowed to photosynthe-

' gize in a steady state at a certain carbon dioxide pressure for long
enough to saturate all pools of finite size. At a given time the
carbon dioxide pressure was drastically lowered, and the changes in
pool siies followed at short‘intervals thereafter., As was expected,

the amount of phosphoglyéeric acid decreased rapidly, and eventually
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leveled off, The amount of ribulose increased rapidly before decreasing
and leveling off at a lower value than it had originally at the high
cafbon dioxide pressure. The amount of glycolic acid increased, although
at a slower rate than ribulose, and leveled off at a higher value than
it originally had. A reasonable inference is that ribulose, and not an
unknown 02 compound, is the carbon dioxide acceptor in the carboxylation
which produces phosphoglyceric acid; and. that the glycolic acid is formed
from ribulose by an irreversible reacfion° _

Degradation studies have also shed light on the érigin of the
sedoheptulose, If, as has been proposed, the sedoheptulose results
from an aldolase reactioﬁ between dihydroxyagetone and tetrose, and
the tetrose is derivedfrom a second cafboxylation and has a vanish-
ingly small pool size, carbon.h of the sedoheptulose sh0u1d becpme
labeled first. Tt has already been pointed out that the amount of
activity in carbon L is approximately equal to the amount of activity
in carbons 3 and 5, and in some cases, it is even less ihan the amount
of activity in carbons 3 and S. The fact that the amount of activity
in carb9n~h is not greater than the activitj in carbons 3 and 5 appears
to be evidence against a second carboxylation.

One possible explanation involves postulating a'mech#nism_for
the second carboxylation in which the bicarbonate ion and not carbon
dioxide is the reacting species. One can then assume that there is a
relatively large bicarbomate pool within the cell which prevents the
immediate entry of labeled bicarbonate. This could qualitatively ex-

plain the low initial activity in carbonvh, followed by an increase to



activity comparable with that of carbons 3 and 5;' There is,’howééer,

" no experimental evidence to substantiate the bicérbonate'hypothesis.
Another eXplanaﬁion involvés'postulatihg a means of pfodﬁction
' of’the'Ch fragment other than a carboxylation. In the short photbsyn-
thetic experiments in which the activity in carbohs'B,h, and 5 of the
Sedbheptulosé are approximately edual, the'correSpondence between the
activity in'four consecutive carbon“atoms of the héiosé (IV)‘and:the
activity in four consecutive:éarbon atoms of sedoheptulose (V) is evi-
dent. It is possible, therefore, that the hexose provideé the source
for the C, fragment, which unites with a 03 fragment, Mechanisms for

L

these reactions will be discussed later.
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However, explanation of the results which show carbon lj of the sedohep=~
tulose to be less active than carbons 3 and 5 require the additional
assumption of an unsymmetrical hexose at extremely short times. This
hexose could be produced in the following manner. Fructose 1,6 diphss;

phate is formed by an aldolase reaction between phosphodihydroxyacetone
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and phosphoglyceraldehyde., FPhosphoglyceric acid, which is the product
of the primary.carboxylation, is reduced to phosphoglyéeraldehyde,,which
in turn is isomerizad to phosphcdihydroxyacetone,v Consider néw that the
first moelcules of radioactive phosphoglyceraldehyde react wiph‘phospho-

¢ehydfo%ygcetone to form fruétbse 1,6 diphosphate before radiocactive
”phgsphoglyceraldehyde completely equilibrates with phosphodihydroxy-.

acetone. This lag would produce an unsymmetrical hexose.

C\\ o
c | c

c - c
DHA>—-»§C
- T . c¥
c* c* c
C -l;l;Le>' c | c
- c )
PGA PG ALDEHYDE - FRUCTOSE 1,6 DIPHOSPHATE

If this unsymmetrical hexose provides the Cu fragment which unites with

a 03 fragment (either a later dihydroxyacetone or a 03 fragment derived

from a later dihydroxyacetone) the resulting sedoheptulose has less

activity in carbon & than in carbons 3 and 5 (VI).
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As yet, there has been no experimental evidence to substantiate the
unsymmetrical hexose hypothesié, The shortest hexose that has;been
degraded, the fructose from the G.4 second soy bean experiment, ap=-
peared,to_be symmetrically labeled. However, 0.li seconds may Be too
long a time for tﬁe.phenomenon to persist. Horecker25 has recently
performed an experiment in which he emzymatically converts a speci=
fically labeled pentose to hexose,vpresumablybthrough heptose and
determineé the labeling in tﬁe resulting hexose. His results can
best be explained by assuming the formation of hexoée by a combination

of C. and Ch fragments, the reverse of what is proposed here.

2
Several mechanisms can be suggested for the formation of
sedoheptulose from hexose. First of all, one can assume a trans=-
ketolase splitting of hexbse into freéndiosefandatétroses similar te
the transketolase splitting-of'pentose and heptose, The tetrose can'
then react with. dihydroxyacetone :to: form sedoheptulose, This mechanism,

of course, involves the existence of free diose and tetrose.  The ques-

tion as to whether or not the Co compound is the carbon dioxide acceptor
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has already been discussed,

A second mechanism involves the reaction of two hexoses, one
splitting by an. aldolase reaction, the other by a transketolase reaction,
to form antose and heptose. If sedoheptulose is formed fromISymmetrical

hexose, this mechanism is essentially the same as the first,

c
c c c c
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However, in the case of sedoheptulose formation from unsymmetrical
hexose, added assumptions must be made, or sedoheptulose with more ac-

tivity in carbons 3 and 5 than in carbon L cannot result,
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It must alsc be assumed that the two hexose molecules which react are

not the same, fructose 1,6 pﬁosphate supplying the 03 fragments, and



either fructese 1 phosphate or glucose 1 phosphate supplying fhé‘CL
and C, fragments, Since fructose 1 phosphate or glucose lvthSphéte
are forﬁed frém'fructose 1,6 phOsphafe, £héy‘reflect an earlier
‘labeling. A further assumption must be made that there is a iag ih
thesé reactions at very short’times, similar to the one which origiﬁiu
nally produced the unsymmetrical hexose. Under fhis assumption, more
éymmetrical fructose 1,6 phosphate would réact with less symﬁetriéél

fructose or glucoée 1 phosphates.
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GLUCOSE or FRUCTOSE

FRUCTOSE 1 PHOSPHATE 1,6 PHOSPHATE

A third mechanism, essentially similar to the first excepﬁ
that it does not involve the formation of free diose and tetrose,
provides for a fructose molecule capable of transketolase splitting,
to be attacked by two C3 molecules which.can.pick\up the 02 and Ch
fragments from the fructose, forming ribulose and sedoheptulose.
This mechanism would insure that the label in carbon 3 of the sedo-
heptulose would be comparable to that of carbon 5, at times short

enough to produce an unsymmetrical hexese, The possibility of a
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trimolecular reaction is, hbwever, smaller than the possibility of a
dimolecular reaction.

It should be noted that regardless of mechanism, if sedohep=~
tulose is formed from hexose, additional ribulose with the C, plus 03
vdistribution is formed. As was previogsly_observed, it appears that
this distribution (iI) contfibutes mofe to the observed ribulose dis-
tribution than does the sedoheptulose distribution (I),v In this
respect, the hexose hypothesis is in accord with experimental data,

A modified cjcle can be proposed,‘as shown in Figufé 2, with
‘the following characteristics: (1) No free dicse or tetrose is in-
volved; (2) sedoheptulose is formed from hexose, eliminating the second
carboxylation; (3) ribulose is formed both fromysédoheptulose and from
C, plus Cy combination; (4) ribulose is the~cafbon dioxide acceptor,

The presentvresults seem to indicate these changes, and lead the way

for further experiments in these directions.
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Figure 2 i
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Degradations Performed Carbon Atoms Degradation Product
Periodic acid oxidatibn 1+2 +3 meséxaidéhjde osazone
of osazone .
L formic acid
5 formaldehyde
Periodic acid oxidation 1+65 formaldehyde
of ribitol ‘ ’
. 2 +3+ ) formic acid
L . . ‘
Ce * oxidation of ribu=-
lose 2 602

Determination of the Carbon Atoms of the Ribulose Molecule

C;fbon Ne; 1 (L +5) =5
2 direct measurémentA
-3 - (1L+2+3) =1 <=2and(2+ 3 +L)--2=2
L direct meésurement
5 direct measurement

Chart 1
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APPENDIX T
' Preparation of the Thioécetal of Mesoxaldehyde Osazone and Ethandithiol

_:iTo 500 mgms, of mesoxaldehyde osazone dissolved in the minimum
amount of chloroform at room tempefature, were added 500 >\ of ethandi-
phipl, -ny HCl was Bubbled throuéh the soiutioh for 30 minutes.at
room femperatufe. A‘dark coior formed almost immediately with. the
addition of HCl. The reaqtion vessel was allowed to stand for four

hours; at the end of which time the solution was washed several times

L3

with 1 ﬂ,Sodium hyafoxide and then with water. Thé'noﬁ yellow chloro-

form solution was distilled to dryness in vacuo. The residue was re-
crystallized from ethanol-water after treatment with charcoal,
Approrimately 350 mgms. (50% yield) of recrystallized product were re-

covered,” The compound, as recrystallized from ethanol-water, was in

the form of long, light-yellow needles#nmltihg at l95°nl9660.v

Theeoretical Found

c 59.6 59.37

H 53 5.1

N 160k 116,49
S

18,7 18.83
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