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Abstract-Improved condltlons for extraction and dssay increased rates of sucrose synthesis from urldme dlphos- 
phate glucose (UDPglucose) plus fructose 6-phosphnte (F 6 P) cdtaiysed by leaf eXtrdCtS 20-fold Rates of 17 9 
25 0,9 2 dnd 27 7 btmol,/hr/g fr wt respectively were obtained from pea shoots, spmach, wheat and bean leaves 
Chloroplasts isolated from pea shoots m which half the plastlds were mtact contdmed less than 4”” of the total 
UDPglucose-fructoaephosphate glucosvltran\ferase more than 30”,, of the rlbulose dlphosphate (RuDP) cdr- 
boxyldse, and more than 40’:, of the total chlorophyll of the leaf Although some of the UDPglucose-fructose- 
phosphate glucosyltranqferase wns assocldted with particles smaller than chloroplasts at least 85”” of the enzyme 
was not precipltdted at 38000 q UDPglucose pyrophosphorylase also thought to be essentldl for sucrose Fyn- 
thesis, was distributed between the cell fractions m d slmllar manner to UDPglucose-fructosephosphate glucosyl- 
transferase It 1s concluded that sucrose synthesis m pea shoots and spinach leaves occurs mainly m the cyto- 
plasm 

INTRODUCTION 

VARIOUS compounds formed from the lmmedlate products of photosynthesis from CO, 
are rapidly exported from chloroplasts IS2 During assmulatlon of 14C02 by tobacco 
leaves, glycme and serme were the compounds most rapldly and extensively labelled out- 
side of the chloroplasts 3 Conversion of glycme to serme takes place m mltochondna4 and 
1s accompanied by oxldatlve phosphorylatlons,6 and evolution of carbon dioxide which 

,probably largely accounts for the process of photoresplratlon m leaves Therefore, like 
dark respiration, photoresplratlon results m phosphorylatlon of ADP m mltochondrla 
One possible benefit to the plant cell of ATP synthesis m the light m mltochondna (as 
&stmct from that m the chloroplast) may be related to biosynthetic reactions located m 
the cytoplasm M&n et al 7 and Tamas and Bidwell’ have provided evidence to suggest 
that sucrose synthesis can occur elsewhere than m the chloroplast Isolated chloroplasts 
which are capable of photosynthesis from CO1 do not usually produce sucrose ’ Although 
sucrose was a major product of photosynthesis by chloropldsts from Acetahularta,” ” It 
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IS clear that these chloroplasts were acsoclated with cytoplasm and other cell constituents 
Furthermore, Heldt and Sauer I2 hdve shown that the mnel membrane of the chloroplast 
is Impermeable to sucrose, thus if sucrose were made in the chloropldst it would not be 
able to move out 

L DPglucose-fructosephosphatc glucosyltran~fcldse IS pt ob,iblq the mnm entl me re- 
sponwble for sucrose synthesrs m plants Bird ef LI/ I3 found that about 50”, ot this enzyme 
activity was associated with chloroplasts isolated m non-aqueous medid ” However the 
total amount of enzyme activity recovered from the whole tlrsue was less thdn 1 ~mol,‘hl :g 
fr wt which suggests that conslderable enzyme mactlvdtlon may have taken place durmg 
the lsoldtlon procedure In addltlon, It IS now known thnt chloroplayts lcolnted bq non- 
aqueous methods are contdmindtcd with cytopln\m to ‘I grcdter extent thdn uac previously 
supposed I3 The combmdtion of these two fdctot s tcsulted m too much of the enr)mc dc- 
tlvrty being apportioned to the chlol oplnsts dnd too little to the cytoplasm H‘itq and Hds- 
sld” found very small (less than 0 1 nmol, hr,g fl wt) actlvltle$ of UDPglucose-fructose- 
phosphdte glucosyltrdnsferase activity dSSOCldted wltli chloroplasty from sugar cdne ledves 
prepdred by the method of Whatley ef LII ’ 7 No mformntlon wds provided about the amount 
of enzyme in other leaf fractions Edrly attempts lo extract dctive UDPglucose-fructose- 
phosphate glucosyltransfernse from leaves proved difficult l8 “’ Subscqucntlq H,twkel ” 
w&s more successful dnd found higher (up to 8 2 pmolj’hrig fi wt) dctlvitlea, espec1,111\ m 
pea leaves, but, m ‘i medium contdlmng 0 3 M manmtol not mole than IO-i4”,, of the 
dctlvity was dssoclated with part&s We have modified further both evtractlon and assay 
condltlons and have found rates of sucrose cqnthesls m excess of 1.5 /lrnol hrjg fr wt cdt‘t- 
lysed by UDPglucose-fructosephosphate glucosyltldnsferase m leaves LIttIe of the ,ictl\lt] 
was dssocidted with mtdct chloroplasts from elthet pea shoots 01 splndch led\e\ 

RESLJLTS 

UDPglucose-fructosephosphate glucosyltrdnsferase from pea shoots hke the slmllar 
enzyme in the scutellum of whedtT2” IS stimuldted by mdgneslum Ions but IS mhlblted by 
excessive concentrations of vdrlous salts, c g Trls hydrochloride FOI the enzyme m peL1 
shoots, the optimum concentration of mdgnesmm Lhlorlde was about 10 mM Sodium 
fluoride mhlblted the reactlon strongly dt the concentration employed by Lyne dnd ap 
Rees 23 Extrdcts of pea shoots hdd httle fructose 6-phosphatdse ot UDPglucose-fl uctose 
glucosyltidn~ferase dctlvlty Therefore the true ,ictlvlty present of LJDPglucose-fruLto$e- 
phosphate glucosyltransferase wn\ more nearly medsured A hen fluoride EDTA dnd much 
of the Trls buffer were omltted and MgClz wds added to reaction mlrtures described by 
Lqne dnd ap Rees ” 
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Shoots from peas grown with light mtensltles of 18000 Ix contamed more UDPglucose- 
fructosephosphate glucosyltransferase than shoots grown with hght of 3500 lx Most of the 
activity m the shoots was m the leaflets In Table 1 are shown measured actlvltles m 
extracts of shoots of pea, and leaves of spinach, wheat and field bean Results of the colon- 
metric and radlolsotope assays are m good agreement In reaction mixtures containing 
UDP-[‘4C]glucose and F 6 P no evidence was found for sucrose phosphate formatlon 
Therefore, all of the tissue extracts contamed sufficient sucrose phosphatase to hydrolyse 
all of the sucrose phosphate formed Under the condltrons of assay, there was no detectable 
hydrolysis of F 6 P to fructose and actlvltles of UDPglucose-fructose glucosyltransferase 
m extracts were low (Table 1) The synthesis of sucrose from UDPglucose and F 6 P must, 
therefore, have been almost entirely the result of sucrose phosphate synthesis and its sub- 
sequent hydrolysis catalysed by the two enzymes UDPglucose-fructosephosphate gluco- 
syltransferase and sucrose phosphatase The overall measured rates were determmed by 
the former enzyme 

TABLE 1 GLUCOSYLTRANSFERASE ACTIVITIES EXTRACTED FROM GREEN PLANT TISSUES 

UDPgIucose-fructosephosphate UDPglucose-fructose 
glucosyltransferase glucosyltransferase 

(pmol sucrose/hr/g fr wt) 
Source of Colorimetrlc ‘T Calorimetric 

extract assay assay assay 

Pea shoots 18 000 Ix 179 190 45 
Spinach leaves 250 23 3 04 
Wheat leaves 92 74 17 
Field bean leaves 27 7 25 8 37 

In all experiments, chloroplasts isolated by the method of Cockburn et al 24 contained 
only very low activities of UDPglucose-fructosephosphate glucosyltransferase Most of the 
actlvlty was soluble and could be recovered from supernatant liquids Table 2 shows a 
detailed exammatlon m which RuDP carboxylase was also measured to show how a sol- 
uble chloroplast enzyme was dlstrlbuted between fractions Less than 4% and usually less 
than 1% of the UDPglucose-fructosephosphate glucosyltransferase was m the fraction 
containing whole chloroplasts Rather more activity was associated with the fraction con- 
taming mltochondrla and peroxlsomes but most of the actlvlty was not associated with 
cell particles By contrast, more than 30% of the RuDP carboxylase was associated with 
the fraction containing whole chloroplasts, least was m the fraction containing small cell 
particles and most was soluble UDPglucose pyrophosphorylase was dlstrlbuted between 
the fractions m a snmlar manner to UDPglucose-fructosephosphate glucosyltransferase 
If it 1s assumed that RuDP carboxylase 1s retained only by intact chloroplasts an alterna- 
tlve measure of intactness can be made for the O-2000 g fraction In the case of spmach 
leaf this measure compares well with that obtained by measuring oxygen evolution m the 
presence of ferrlcyamde but with shoots of pea it gave a higher value than that obtained 
with ferrlcyamde We assume that some chloroplasts had ruptured membranes but had 
not lost all their stroma material 25 We concluded that neither UDPglucose-fructosephos- 
phate glucosyltransferase nor UDPglucose pyrophosphorylase are soluble enzymes of the 

” COCKBL’RN, W, WALKER D A and BALDRY, C W (1968) Plant Phvs~A 43, 1415 
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chloropldst stroma dnd thdt they dre not firmly bound to chloroplast membrdnts The 
shgh t assoaahon w1 th smaller particles pelleted between 2000 dnd 38 000 q may be slgmfi- 
cant However even when different medu from that of Cockburn et al 24 were employed 
for homogenizdtlon, eg thdt of Pierpoint’h or Mcdlum B of Dallmg er (11 ” %e found 
nedi ly 95”,, of the UDPglucox-fructosepho\phdte ~lucocvltr:lnsferasc VV~IS soluble 

s 
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Both UDPglucose pyrophosphor\ldse dud UDPglucose-fructosephosphdte glucosyl- 
tr‘msferdw ale eswntlnl enqme5 fol \ucro\e s)ntherls m plants Our dntd suggest th‘+t 
neither enzyme IS present m mtdct chloropkts and If, ~1 L/LO these enzymes dre nssoclated 
with any particle m the cell the Clssoclrltlon mu\t be leddl!) broken durmg homogemz‘ltlon 
of the twue If one xcepts th,tt the enrqme IocJuauon obscrwd I/I lit/o occurs also 111 
I IIO, \tILrox s~nthesls 111 leaves c,mnot t&c pldcc 111 the chloropla5ts Smcc cdl bon from 
CO, IS ~,~pldly Incorporated mto cucroce durmg photosqntheslt under ‘I Lvlde lunge of con- 
dltlon$ 78 WCI osc must be synthe\lxd from ‘1 product of photosknthcsl\ th‘lt cdn e,lrlly 
move fl om the LhloropList mto the cytopL{sm At the pi escnt time either tl lose phosphate 
or WI trim intermcdidtes of the glycollntc pdthkC~) or both L~ppeCu to be the products of 
photosyntheub thdt could fulfil th14 101~ 

T&o possible precurcors of Tucrosc \ynthesls rndy bc considered firstly- trlose pho+ 
phdtc formed m the chlolopl,lsts 17) Ldrboxyldtlon of RuDP ‘tnd \ubscquent reduction of 
the ~csultmg PGA There I\ good Lkldencc th,it tllow pho\ph,ite cdn frcelk pdss III both 
dllectlons [hlough the chloropl,l~t membr,tnc ’ ’ Secondi> \ucro\c ma> be \knthccl/ed 
ftom mte~ medutcs of the gl>coll,ltc p‘lth\\d\i ,ind this c>nthcsl\ m,~) t,tke pl,~cc cntlrel! 
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m the cytoplasm Intermediates of the glycollate pathway are readily used for sucrose syn- 
thesis by leaf tissue 2g Also, when the concentration of CO2 m the atmosphere 1s 300 ppm 
or less, carbon from photosynthesis appears more rapldly m glycme and serme than m 
phosphate esters m the cytoplasm 3 Under these conditions, glycme and serme will be 
more readily available as substrates for sucrose synthesis m the cytoplasm than trlose 
phosphates As the concentration of CO, 1s increased the glycollate pathway 1s suppressed 
but synthesis of sucrose contmues,30 It appears probable that some sucrose IS made from 
intermediates of the glycollate pathway and some from trlose phosphate, the proportions 
from each source will vary according to the condltlons of the experiment 

Intermediates of the glycollate pathway become umformly labelled very quickly during 
photosynthesis from [I1 4C]C02, 31 hence sucrose made from them should quickly become 
uniformly labelled When the concentration of CO2 1s high enough to suppress the glycol- 
late pathway, sucrose synthesized from trlose phosphate will be mltlally labelled non-um- 
formly The latter has been demonstrated experlmentally by Calvm32 and by Gibbs 33 It 
has not yet been shown whether sucrose 1s more uniformly labelled when the con- 
centration of CO, 1s lower We are presently undertakmg experiments to determme the 
dlstrlbutlon of 14C m sucrose and m trlose and hexose phosphates after photosynthesls 
with different concentrations of [‘4CJCOz 

Two roles have been suggested as to the functional significance of photoresplratlon and 
the glycollate pathway 34 Either the glycollate pathway provides useful metabohtes for 
further blosynthesls or it removes excess reductant from the photosystems of the chloro- 
plasts A third posslblhty 1s that when the concentration of CO, m the atmosphere is low, 
and intermediates of the Calvin cycle are relatively depleted, the rate of export of trlose 
phosphate IS not sufficient to supply the cytoplasm with substrate for mamtenance, resplr- 
atlon and essential synthesis Under these circumstances, glycollate 1s the mam compound 
transferring carbon from chloroplast to cytoplasm 

EXPERIMENTAL 

Seeds of P~sum ~at~uwn (var Feltham First) were sown m washed morst, vermtcuhte each week and kept at 
18” wtth 11 hr hght periods at 35001x Shoots of the seedhngs were used etther after 21 days or after 17 days 
in the above condrttons followed by 4 days at 20” with 12 hr hght pertods at 18000 Ix Leaves of Spntuc~a oleracea 
(var Vtctorta Longstanding Summer) were from plants grown for 3 weeks m a glasshouse wrth supplementary 
rllummatron Leaves from Vrctnfaba (var Marls Bead) and Trrtrcum aestruurn (vdr Kohbn) were from plants 
grown m a glasshouse for 3 and 2 weeks respectively 

To obtain an extract m which total UDPglucose-fructosephosphdte glucosyltransferase was measured tissues 
(5 g) were ground m a mortar dt 0 for 2 mm with 3 g acid-washed sand and 7 5 ml 0 01 M Trls buffer pH 7 0 
contammg 0 17, (w/v) bovme serum albumm (Bgma) Homogenates were filtered through 2 layers of nylon gauze 
and 1 layer of nylon filter-cloth (50 p mesh) Filtrates were centrifuged at 38 000 9 for 10 mm and the supernatant 
liquids were freed from substances of low MW by passmg them through columns of Sephadex G25 (coarse) pre- 
v~ously eqmhbrated with 0 01 M Trls buffer pH 7 0 

For fractlonatlon plant matenal (40 g) was homogenized for 15 set m partly frozen medium (160 ml) of the 
composltlon described by Cockburn et nl 14 but with 0 14, (w/v) bovme serum dlbumm ddded After squeezmg 
the homogenate qmckly through mushn dnd filtermg through cotton wool and 50 p mesh n!lon hlter-cloth, a 
fraction contammg many Intact chloroplasts was centrifuged from the filtrate at 2000 y for I mm at 0’ (O-2000 4 
fraction) The supernatdnt hquld from this centrlfugatlon wds ccntl Ifuged dt 38 000 q for 10 mm to give d ZOO& 

29 WAM, D dnd WA\~GOOD E R (1962) PlLlnt Phrvol 37. 826 
3o MORTIM~R D C (1959) Curl J BotL!Il1 37, 1191 
31 RARSON R TOLBERT N E and K~AKNEY, P C (1962) Arch B~ochrm B~ophys 98,154 
32 CALVIY’M BAFSHA~M J A B~\so\ A A LYNCH V H Or ~LLFT C SCHO~ L ST~PKA \h’ dnd ToLaFar 

N E (1951) Sq’nrp Sot E\p BIO~ 5, 284 
33 GIBBS, M (1951) Plant Phjvol 26, 549 
34 COOMHS J (1971) Proc R Sot 179B, 221 




