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THE PATH OF CARBON IN PHOTOSYNTHESIS, XVIII

THE IDENTIFICATION OF NUCLEOTIDE COENZYMES™

- Jdo Go Buchanan,_ V. Ho Lynch, Ao Ao Benson,

M. Calv1n and Do Fo'Bradley

Radiation Laboratory and Department of Chemistry
" University of California |

Berkeley, California

‘The radiaactiVe‘§Ompounds to be observed when algae or green leaves
are alloﬁed to photosyntheSize in 01402 for short periods are almost ail
phoéphorylated»derivétives of sugars. Of these, phosphate esters of trioses,
éedoheptulose and fructose are the first to incorporate cl4 followed closely - |
by ribﬁlose diphosphate, glucose=6=phospﬁate and a phosphate of mannose. _it
hés been'noted, in earlier papers of thiS'series,l that on rgdiogramsvo£>the
producﬁs of'photosynthesis, a dark area appeared in a position occupied by
no known sugar phosphate and which gave glucose on acid hyaroly51s or on
treatment with a phosphatase preparation. This has hltherto been referr@d
to as an "unknown glucose phosphate." It was found that this substance was
‘more labile to acid than glucose—lnpﬁosphate9 itself a readily hydrolyéable
phosphate, and fﬁrtheriore'that other labile glucose derivatives were formed
as iﬁtermediétes during the acid hydrolysis. chumulation of 1gbéiéd glucose
in this area precedes that in sucrose and suggests its synthetic relationship

to sucrose phosphate synthesis.
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A closer study of this radioactive area, which becomes appreciable on
radiogfams only after about 30 seconds of normal photosynthesis hy.all the
plants studied in this léﬁoréxory, has shown that phosphatase treatment causes
liberation of galactose and mannose, as well as_élucoseo, Méreover, aﬁ least
two weakly radioactive spots with high R¢ values in phenol were noted, as
well as traces of.other sugars.'then the original spot was removed from a
chromatogram of Scenedesmus (60 seconds in 01402) and rechromatographed, at
least eight radicactive afeaé werevfbund (Eigureé 1 and 2). Three of these
- were due to glucose,'galactose'and mannosé; Two of the others each gave glucose
and gelactose, but no mannose; on hydrolysis by phosphatase. This behaviour led
us to suspect the presence of compounds of the uridine diphosphate glucose type,
described in a seriés of pépers by Leloir and his co—gworkérso2 Should radio-
active‘uridine diphosphate glucose be present;lone would expect the hexose moiety
to contain the‘earliesﬁ ipcorpbfated carbon label. OCur attention'wa§ therefofe
directed to the radioactive compounds from longer phqtosyntheses_produced by
treatment with phosphatase. Using extracts from sugar beet (5 minutes in 614Q2)
and Ghlorella (lO minutes in 01402),rit has been shown that ﬁridine_and some
adenosine are prqducts'of thefenzyﬁatic dephosphorylation of the driginal
unknowns. The nature of the original_fbrmrin which the adenosine appears on
the chromatogram is étill uncertain. Although the original unknown area is
known to be the regioh in which:ATP woﬁldvbe-found, suitable enzymatic treat—
ment of this area after a second‘pu:ification by chroﬁatographyiin a third
,301vent2 still yielded uridine as weil.as adenosineo;

The uridine has béen identified by chromatography withrauthentic.uridine
in a 2~-dimensional éhromatﬁgram as well as by its Rf value in two othef solvent

systems. The presence of adenosine has been shown by co-chromatography with
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authentic adenosine, énd’by enzymatic deamination to inosine, identified by
co-chromatography and by its hydrolysis to give hypoxanthine ana riboseq Thel
phdsphatase preparation used for enﬁymatic dephOSphofylation was forund:to.coxlx°=
tain a deaminase. |
Experimental Part
When the plant extract is chromatographed as a band in a unidimensional
chromatogram (phenol solvent) and the slow-moving u.v.-absorbing band extracted
and. hydrolyzed with acld, at least three uovomabsorblng compounds are produced.
These are adenine, adenosine-5'-phosphate and urid1ne-5'~phosphateo A1l three |
compounds have been characterized by thelr WoVe absorpt;om.spectra and Re values
in various solvents.. The location of the‘phosphaﬁe group in the uridylic acid
has been shown by its reaction with sodium feriodateo ‘The adenylic acid has
the same Rp value as adenosine-5‘~phosphate (muscle adénylic acid) and dif-
ferent from that of yeast adenylic acide " |
_The radioactive compgunds produced.when.the briginal is subjécted»to
'rechromatography have been examined. In particular, ﬁhe two spots ﬁhich yielded
only glucose and galactose on dephosphorylation were subjected to further study.

They had propertles very remlnlscent of the “fast ester" and "slow ester“ of

Leloir and his co-workersy3 uhlch have been shown to bes reSpectlvely, glucose-
1,2~cyclic phosphate and a mixture of glucose-l=- and glucose~-2~phosphates. The .
corresédnding phosphates of galactose have very similar broperties° Glucose~
1,2-cyclic phosphate was prepared by the action of ammonia-on uridine -diphosphate
glucose, and coachromatographedlwith'ths suspected "eyclic phosphate" area;, i.e.
that with Ry values nearly as great as ihdse of gluéose its%lfo-

We have'attempted to chromatograph the original unknown in the ethanol/
ammonia solvent of Paladinirand Leloiro3 ip has not been possible to d emon=

strate quantitative conversion into chlic phosphates, probably due to the:
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: iﬁsolubility -of heavy metal phosbhates in glkaline solvents. The heavy metals
themselves are extracted from the original 2-dimensional chromatogramf**

| The decomposition of the original unknown can be interpreted if i’.oicvzon=-
tains at least four compm_mds, as depicted below

"Phosphatase" ,
-[ >Uridine + Glucose

I UDFG Glucose=1,2=cyclic phosphate

v
Glucose =<—- . ———— Glucose=1l-phosphate

Uridine-5'= —> Uridiné=5"-pghosphate.

; Glucose=2=phosphate
pyrophosphate i _

_ "Phosphatase"

> Uridine + Glucose

11 UDF Ga,laé'l;ose éalactoséc-l,?.ncyclic phosphaté

Uridine=5'- ———— Uridine=5'~phosphate : \Galactose-:z-phosphate
pyrophosphate . ‘ , " ,

~

' < v
_ Galactose = Galactose~1~phosphate

IIr o ATP ————> ADP — > Adenosine-5'=phosphate

"Polidase"

‘Adenosine

T " Phosphatase"

v A, compound containing mannose
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The possib1e~nature ef the mannose-containing compound is of some interest.
iFromvits chromatographié behaviour, it appears not to'be ; 1,6~diphesphete or
a monophosphate of mannose. It may therefore be a mannese-eontaining nucleotide
of the’UDfG type. iWhen the "eyclic phosphate" area is hydrolyzed, giucose, galac-
tose, but no mannose‘are:predheeda Hydrolysie of the "Zephosphaﬁe" area yields
little or ne mannose., Mannose difﬁers}from glucose and galactose in the con-
figuration of the Cp hydrdéyl group, which is concerned in cyclic phoephate for-
mation in the case of glucose~end geaxlei.c.:tose‘° If the mannose is present in a
compound of the UDFG type, with the same glycosidic configuration (viz. G;),
then cyclic phosphate formation ﬁould be impossible, and thepmennose‘nucleotide
could only decompose to give free mannose, and pogsibly mannoseuluphosphateo |
Work is in progress to establish whether or not the mannoseacontainlng compound
is related in any way to that described by Leloir and Cabib,4 which‘gives mannose ,
guanine and phosphate on hydrolysiso

After photosynthesis for some tlme (10 minutes or more) in 01402, many other
compounds, probably sugars, are found when the original radioactive nucleotide
area is hydrolyied‘by phosphatase;' Further_investigation of thege products may
 lead to the identification of other coﬁbcunds of the-nucleotideasugar classo

General. —,Exnept where otherwise stated, the chromatographic conditions

and radioautograph techniqpe.were ﬁhese used previouely,in this laboratoryo5
The enzyme preparations used were ?Pblidase—&"_(SbhwanzyLeberatériés, Inc.).
and "Phoeﬁhetaee“ (vGeneiel Bioche@ieais, Incg)a Both were used in 1% solution,
without buffer, and ﬁpe‘incubatione_ca;ried'oux,uﬁder.toluene,'with 200 Lgo

of enzyme, for periods of 24~-72 hours; at 359 Co {

Characteristics of the ﬁnknown Radieactive.Aree. - The area appears on
all radiograms, such as that in Figure 1, from green plants which have under-

gone photosynthesis in 61402. Appreciable amounts of radiocactivity accumulate
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only after thirty seconds with most plants. It is situated below the
hexose monophosphate area and is well differentiated from this and the ribulose
diphosphate area.

Rechromatogfaphy of ‘Unknown. - The original'unknéwn‘was-eluted‘from'a

chfomafdgram of 60 seconds photosynthesis inhScéﬂédesmus (Figure 1). Eight -

radioactive areas were visible on the'radioautogréph'(FigUre 2). The areas
(1), (2) and (3) were treated with phosphatase and rechromatographéd.

Afeav(i) gave radioactive'compounds in the poéitions characteristic of
vglucose, galactbsé'énd manﬁose,'ahd of nucleotides (Figure 3).1 (2) gave glucose
and galactose. '(3) gave glucose and galactose, with possibly a trace of mannose.

Idehfificatibn of the Hexose Sugars Produced by Acid Hydrolysis or

Phosphatase Tréatmento.;'In this experiment the unknown Spot‘was-obtained
‘ffomvséénédeémﬁs, and the hydfolyéis carried"out'énzymatiéallygf'ManY-other
such_identificationé have been carried out,:uéing algae and green leaves, all
with the ééme result. |

The afea (ffdm 60 second Scenedesmus) was extracted and hydrolyzed with
Y“Phbsphataééo" The.hydrolysaté was subjected to unidimensional ‘chromatography
in bﬁtanblmprbpionié acid, and the dried chromatogram exposed to film. Two
ﬁain radioactive bands were observed when the’fiim was developed.:'Th§Se were
extracted together and divided into three equal samples. To each'ﬁas added
100 v of giﬁcdsé, galactose and mannose respectively. Each'sample was sub-
jected to two-dimensional chromatography £n phenol (first direction) and
g?butan91~pyridihe‘(sééond direction)s ~ The radiogram of each showed three - .-
spots, and one of the radioaétive spots corresponded in‘posiﬁion, size and’

shape to the brown spot developed by the aniline hydrogen phthalate-due to
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the reagent hexose carrier. Thus, the radioactive‘hexnses were identified
as glucose, galactose and mannoses The relative amounts of radicactivity in
the three sugars can be seen from Figure 3.

Co-chromatography of the "Cyclic. Phosphate" Aréa with Glucose-1,2-cyclic

vphosphate. = Authentic glﬁcose-l,2-cyclic phoépﬁate‘was obtained by chromath’
graphy of UDFG (Ba salt, 60k pure, 1200 y) as a band in ethanol-ammonia. The
cyclic phosphate, Re 0,57, whose position was determined by épraying a test
strip with pho$phate reagenf, was eluted and co-chromatographed in two dimen-
sions with the unknown radicactive phosphate and with glucose mnd galactose
(50 v of each). The solvents used were phenol and Eybutan91~pi§ric acide.

The radioéctiVe area was found to correspond exactly to the pdsition of the
~added glucose-l,2=cyclic phosphatee

»Ideptification of Uridine in Phosphatase Hydrolysate. = The nucleotide

area from a longer photosynthetic experiment (5 minute sugar beet leaves)

was eluted and hydrolyzed_with WPhésphatase." When the hydrolysate was chro-
matographed in the standard solvents in addition to the abQVe sugars, a
radioactive spot appeared below the orange dye, tropeolin. (Labeled uridine
in Figurela.) The radioactive aréa was eluted and the following experiments
carried out.

‘Sample 1. - Sample 1 and 25 y of each of the nucleosides cytidine, uridine,

adenosine and guanqsine were chromatographed in one dimension in 5% disodium
hydrogen phosphate-iso~amyl alcéhpl, using the technique of Garter;6 Table 1
éives the Rg values found by radioautography and examination of the~chrcmato;

' grem under ultra=violet light.

The radioactivelspot was coincident with the leading edge of the cytidine,

uridine spote.
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Sample 2. = Uridine (5O'Y)3was added, and the solution chromatographed

in t-butanol-HCl, The Rg value of the radioactive spot was 0,58, exactly
coincident with the u.v.-absorption. The area was extracted and subjeqted ,
to two-dimensional chromatography in.the_standard solvents, After exposure
to film, the chromatogram was sprayed with‘sodium periodatevap¢ording to the
method of Buchanan, Dekker and Longo7 The color with Schifffs reagént was
allowed to develop at room temperature. After‘threevdays, a“strong blue=-

purple spot was apparent, exactly coincident with the radioactivity (Figure 5).

-Identification of Inosine in "Phosphatase" Hydrolysate. - (1) The radio-
actiVe-nuclthide'area from a 5-minute sugar beet éhromatqgram was treated:
with "Phosphatase" and reéhromatographedo A radioactive spot beyond uridine
(labeled inosine in Figure 4) was exxracted‘ahdveoachromatographed with inosine
(50 v, prepared by enzymatic deamination of adenosine)o1vThe darkened area on
the radioautograph and the spot produééd by'the periodate Sdhiff‘s reagent
spray were coincident. - .

(2) An identical nucleoside area (labeled inosine in Figure 4) was
eluted from a chromatogram and chromatogrghed with cytidine; uridine,
guanosine and adenosine carriers (25 vy of'eéch) in 5% disodium hydrogen
phosphate-iso-amyl alcohol by'the technique of Carters® The Ry value was
0071 which did not'cor;espdnd to that of any of the carriers (ch,Table I)°

(3) . Another Samplejof this nucleoside area together with 106 Y hypo=
xanthine, 100 y ribose and 100 y uridine was hydrolyzed in N HC1 at lQQ°;for
10 minutes. The hydrolysate was chromatographed in thergtandard:solvents,
and exposed to film. Two radicactive spots were observeda_ Pne was coincidént |
with the hypoxanthine spot. (seen under UeVo 1ight):and the other was coincident

with the ribose, detected by means of the aniline hydrogen phthalate spray.



~10- . UCRL-207/

(4) Adenosine (50 y) was treated with "Phosphatase" and chromatographed
iﬁ disodium hydrogen phosphate-iso-amyl alcohol;6 Only 6né compound was visible
under ultranéiolet light. It had an Ry value of 6070° Adenosine and unidine,.
on the same chromatogram,vhad Re values of 0,53 and 0.79 respectively. The
enzyme-treated compound had an absorption spectrum (in Oellg HCl) with a maximum
at 250,mﬂ,and was undoubtedly inosines ,HYpoxanthine has an Ry velue close to
that of adenosine in this solvent. The specificity of the deaminasé present
in the phosphatase ireparation has not been determined.

(5) Another sémple:of this nucleoside area was obtained from a chromato-
gram of‘a "phosphatase"-treated Scenedesms (60 seconds in'Cléﬂ_) nucleotide
area and rechromatographed in one dimension in gsbutanoluproplonlc acldo A
U.Vo-absorbing spot, containing very little rad10act1v1ty, was seen, at an
Ry value slightly higher than that of the free sugars. 1t was extracted, and‘
h&drolyzed with N HC1 at 100° for 15 minutes. The spot was chrométographed in
nybutanol-proplonlc acid, in which it was found to have the same Rf value (0.31)
as hypoxanthine (0.30). It was eluted from the chromatogram and chromatographed
in 5%\dis§dium hydrogen phosphateaiggfamvl alcohol in which it had the same Rg »
,valﬁeA(OoSS) as hypoxanthine (0.55)s The Ry value of adenine was 0.39. The
spot, when extracted from the chromatogram, had a u.v. absofption maximum;(in
0.1 N HC1) at 248 mu. (Pigure 6).  (Hypoxanthine 249 mu.)

Identification of Adenosine in Polidase~S Hydrolysate. - The radioactive

nucleotide area from a 10-minute Chlorella chromatogram was rechromatographed
in ethanol-ammonium acetate at p 7.5. The slowest-moving radiocactive, u.v.-
vabsorbing spot, which had the same Re value as ATP in this solvent, was extracted-

and treated with "Polidase-S." On rechrom tography in two dimensions in the
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standard solvents three spots of approximately equal radioactivity were pro=
duced. Thése were identified as fibose, uridine, and adenosine by éoachrbmatoév
graphy with authentic specimens.

Identification of‘Adenine in Acid Hydrolysate. — The extract from

Scenedesmus (1 5 g. wet weight) whlch had photosynthe51zed for 2 minutes in
01402 was chromatographed in phenol as a band. After thorough drying, a
slow-moving radicactive band exhibiting Bo.Vo.—absorption was observed. No
other u.v. absorbing bands were visible. The band was extracted and hydrolyzed
with-E'HCl for 10 minutes at 100°, The hydrolysate was chromatographed in
n-butanol=propionic acid. Two u.ve-absorbing bands, A and B, which were also
radioactiveyiwere obserﬁédo

The faster moving band, A, was extracted and chromatogfaphed in.Efbutanol/
HC1l where it gave a spot of Re 0.29 (adenine 0.29, adenosine 0.27). The spot
was extracted and found to have a U.V.=absorption spectrum ﬁeasured in 0.1 N
HC1 (max. 262 m4.) and 0.1 N NaOH (max. 268);(Eigt11§ex,:’l‘)gn id._’entical; with the:
spectrum of adenineo

Identificatidn of Adenosine-5'-FPhosphate in Acid Hydrolysate. - The

slower méving band, By above was extracted and chromatographed in two dimen=
sions in the standard solvents. Two u.v.=absorbing, radiocactive spots were
produced, in the positions expected for an adenylic acid and a uridylié acid
in these solvents (Figure 8).

The faster moving spot was extractéd§ and the u.v. absorption spectrum,‘
measured in O.1l N HCl, was found to have a mgximum at 259 mi, corresponding
to that of adenosine-5-phosphate. /

Identification of Uridine-5-phosphate in Acid'Hydrolysateo - The spot

‘suspected to be uridylic acid (see above) was eluted (u.v. max. 261 mi) and

co-chromatographed with authentic uridine=3-phosphate (5ojgg°) and uridine=5-
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phosphate (50 pg.) using the butanol-propionic acid solvent. The radiocactivity
coincided with the u.v. absorption by the uridine—s=phosphate (Re 15) and

not with that of uridine-3-phosphate (Rf 033) Addition of 500 uge sodium
metaperiodate to the unknown for thirty minutes before chromatography resulted
in a radioactive product w1th the same Rf value (e47) s obtalned from reaction
'w1th authentlc urldine—s-phosphateo' Periodate had no effect upon the Re of . .

ur1d1ne—3-phosphateo

Summary
l. Uridine diphosphate glucose~and.uridine diphosphate gelactose haVe beeg ‘
ldentifled in green plants. | “ .
2. The hexoses of these compounds become labeled rapldly durlng photosynthes1s
41n 01402 and constitute a large fractlon of the total labeled non—polyﬁ )
_m:usaccheride hexose. | | o
3s ,A.mannose-oontaining compound chromatographioally.eimller“fo.e';uoleofiae}
is presento
Lo Evidence is presented for the presence of an adenosine-containing nucleo=

" tide other than ATP, ADP or:AMPo
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Table T -

R, Values of Radioactive Hydrolysis Products
in{5%fDisp¢ium Hydrogen Phpsphate-iggramyliAlcghol

Radioactivity observed

Repérted u.v.-absorbing areas upon "Phosphatase!" treat-
Compound Re values of added carrier ment of nucleotide area
Adenosine o5 : o o5k
Guanosine 62 : NN
Cytidj__ne . o .76 L ) : o -
Uridine 79 : . .
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’ Fbotnoﬁes : ‘
(*) : :The work described in‘this papér_wés ébohéored by.the U;S..Atbmic :
Energy Comm1s31on° ' | ‘_.A
(¥%) Present addreSS, Lister Instltute, London, England.
(***) Mr. A. T. Wilson, ih these laboratories, has found that treatment
‘of'ﬁhe origiﬁal“extractvwith ammonié;reSUlts in thefalmost complete AR
x dlsappearance of the radicactive area below the "hexose monophosphates
with the concommitant appearance of a spot in the “cycllc phosphate

area.
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Captions to Figures

Products of Sixty Seconds Photoéynthesis by Scenedesmus .

2 = Rechromatographj of UDK: Area.

- Phosphatase Hydrolysate of Area (l)

Phosphatase Hydrolysate of UDPG Area from 5 mlnute Sugar Beet Leaf
Photosynthe51so

Identlflcatlon of Urldlne by Co-chromatography.

Absorption spectra of hypoxanthine. White 01rcles represent
relative absorption by authentic hypoxanthine in 0.1 M HOl, 0.1 M
NaOH, Black circles, relative absorption of unknown in 0.1 M HCI.
The values of the ordinates are .calculated from absorption measure-
ments on a Cary Recording Spectrophotometer.

- Absorption spectrum of adenine. Circles represent relative absorption

of authentic adenine sulfate. Smooth curves, of unknown. A, in 0,1 M
HCl. B, in 0.1 M NaOH. The ordinate values were calculated from
absorptlon measurements with a Beckman spectrophotometer.

Separation of Adenylic and Urldyllc A01ds from.A01d-HJdrolysate of
Compounds in UDEG Area.
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