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Abstract—Improved conditions for extraction and assay increased rates of sucrose synthesis from uridine diphos-
phate glucose (UDPglucose) plus fructose 6-phosphate (F 6 P) catalysed by leaf extracts 20-fold Rates of 179
250,92 and 27 7 umol/hr/g fr wt respectively were obtained from pea shoots, spinach, wheat and bean leaves
Chloroplasts 1solated from pea shoots 1n which half the plastids were intact contained less than 4°, of the total
UDPglucose-fructosephosphate glucosvltransferase more than 30°, of the ribulose diphosphate (RuDP) car-
boxylase, and more than 409, of the total chlorophyll of the leaf Although some of the UDPglucose-fructose-
phosphate glucosyltransferase was associated with particles smaller than chloroplasts at least 85°, of the enzyme
was not precipitated at 38000 ¢ UDPglucose pyrophosphorylase also thought to be essential for sucrose syn-
thests, was distributed between the cell fractions in a stmilar manner to UDPglucose-fructosephosphate glucosyl-
transferase It 1s concluded that sucrose synthesis in pea shoots and spinach leaves occurs mainly n the cyto-
plasm

INTRODUCTION
VARIOUS compounds formed from the immediate products of photosynthesis from CO,
are rapidly exported from chloroplasts !> During asstmilation of !*CO, by tobacco
leaves, glycine and serine were the compounds most raptdly and extensively labelled out-
stde of the chloroplasts * Conversion of glycine to serine takes place in mitochondria® and
1s accompanied by oxidative phosphorylation®:® and evolution of carbon dioxide which
.probably largely accounts for the process of photorespiration in leaves Therefore, like
dark respiration, photorespiration results in phosphorylation of ADP in mitochondna
One possible benefit to the plant cell of ATP synthests in the light in mitochondria (as
distinct from that in the chloroplast) may be related to biosynthetic reactions located 1n
the cytoplasm Miflin et al 7 and Tamas and Bidwell® have provided evidence to suggest
that sucrose synthesis can occur elsewhere than mn the chloroplast Isolated chloroplasts
which are capable of photosynthesis from CO, do not usually produce sucrose ® Although
sucrose was a major product of photosynthesis by chloroplasts from Acetabularia,'® ** 1t
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1s clear that these chloroplasts were associated with cytoplasm and other cell constituents
Furthermore, Heldt and Sauer'? have shown that the mnner membrane of the chloroplast
1s impermeable to sucrose, thus if sucrose were made in the chloroplast 1t would not be
able to move out

UDPglucose-fructosephosphate glucosyltransfeiase 15 ptobably the mamn enzyme re-
sponstble for sucrose synthesis in plants Bird et al '* found that about 50°, of this enzyme
activity was associated with chloroplasts 1solated 1n non-aqueous media '* However the
total amount of enzyme activity recovered from the whole tissue was less than 1 gmol 'hi ‘g
fr wt which suggests that considerable enzyme nactivation may have taken place during
the 1solation procedure In addition, 1t 1s now known that chloroplasts 1solated by non-
aqueous methods are contaminated with cytoplasm to a greater extent than was previously
supposed > The combimation of thesc two factors resulted 1n too much of the enzyme ac-
tivity being apportioned to the chlotoplasts and too httle to the cvtoplasm Hag and Has-
std"® found very small (less than 0 | nmol hr,g fi wt) activities of UDPglucose-fructose-
phosphate glucosyltransferase activity associated with chloroplasts from sugar cane leaves
prepared by the method of Whatley etal ' " No information was provided about the amount
of enzyme 1 other leaf fractions Early attempts to extract active UDPglucose-fructose-
phosphate glucosyltransferase from leaves proved difficult '® *° Subscquently Hawker*!
was more successful and found higher (up to 8 2 umol/hr,g i wt) activities, especially n
pea leaves, but, in a medium contaming 03 M mannitol not mote than 10-14°, of the
dactivity was associated with particles We have modified further both extraction and assay
conditions and have found rates of sucrose synthests in excess of 15 ymol hr g fr wt cata-
lysed by UDPglucose-fructosephosphate glucosyltiansferase m leaves Little of the activity
was associated with intact chloroplasts from either pea shoots ot spinach leaves

RESULTS

UDPglucose-fructosephosphate glucosyltransferase from pea shoots like the similar
enzyme 1n the scutellum of wheat.?? 1s stimulated by magnesium 1ons but 1s mhibited by
excessive concentrations of various salts, e g Tris hydrochloride For the enzyme n pea
shoots, the optimum concentration of magnestum chloride was about 10 mM  Sodium
fluoride mhibited the reaction strongly at the concentration employed by Lyne and ap
Rees 23 Extracts of pca shoots had little fructose 6-phosphatase o1 UDPglucose-fi uctose
glucosyltiansferase activity Therefore the true activity present of UDPglucose-fructose-
phosphate glucosyltransterase was more nearly measured when fluoridde EDTA and much
of the Tris buffer were omitted and MgCl, was added to reaction mixtures described by
Lyne and ap Rees *
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Shoots from peas grown with light intensities of 18000 Ix contained more UDPglucose-
fructosephosphate glucosyltransferase than shoots grown with hight of 3500 Ix Most of the
actuvity 1n the shoots was in the leaflets In Table 1 are shown measured activities n
extracts of shoots of pea, and leaves of spinach, wheat and field bean Results of the colori-
metric and radioisotope assays are m good agreement In reaction mixtures contamning
UDP-[**C]glucose and F 6 P no evidence was found for sucrose phosphate formation
Therefore, all of the tissue extracts contained sufficient sucrose phosphatase to hydrolyse
all of the sucrose phosphate formed Under the conditions of assay, there was no detectable
hydrolysis of F 6 P to fructose and activities of UDPglucose-fructose glucosyltransferase
mn 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 1ts sub-
sequent hydrolysis catalysed by the two enzymes UDPglucose-fructosephosphate gluco-
syltransferase and sucrose phosphatase The overall measured rates were determined by
the former enzyme

TaBLE 1 GLUCOSYLTRANSFERASE ACTIVITIES EXTRACTED FROM GREEN PLANT TISSUES

UDPglucose-fructosephosphate UDPglucose-fructose
glucosyltransferase glucosyltransferase
(umol sucrose/hr/g fr wt)
Source of Colormetric 4C Colornmetric
extract assdy assay assay
Pea shoots 18 000 Ix 179 190 45
Spinach leaves 250 233 04
Wheat leaves 92 74 17
Field bean leaves 277 258 33

In all experiments, chloroplasts 1solated by the method of Cockburn et al *# contamed

only very low activities of UDPglucose-fructosephosphate glucosyltransferase Most of the
activity was soluble and could be recovered from supernatant liquids Table 2 shows a
detailed examination in which RuDP carboxylase was also measured to show how a sol-
uble chloroplast enzyme was distributed between fractions Less than 49/ and usually less
than 1% of the UDPglucose-fructosephosphate glucosyltransferase was in the fraction
contaming whole chloroplasts Rather more activity was associated with the fraction con-
taining mtochondria and peroxisomes but most of the activity was not associated with
cell particles By contrast, more than 309 of the RuDP carboxylase was associated with
the fraction containing whole chloroplasts, least was 1n the fraction containing small cell
particles and most was soluble UDPglucose pyrophosphorylase was distritbuted between
the fractions m a simular manner to UDPglucose-fructosephosphate glucosyltransferase
If 1t 1s assumed that RuDP carboxylase 1s retained only by intact chloroplasts an alterna-
tive measure of intactness can be made for the 0-2000 g fraction In the case of spinach
leaf this measure compares well with that obtained by measuring oxygen evolution 1n the
presence of ferricyanide but with shoots of pea 1t gave a higher value than that obtained
with ferricyanide We assume that some chloroplasts had ruptured membranes but had
not lost all their stroma material >°> We concluded that neither UDPglucose-fructosephos-
phate glucosyltransferase nor UDPglucose pyrophosphorylase are soluble enzymes of the

2% COCKBURN, W, WALK:R D A and BALDRY, C W (1968) Plant Physiol 43, 1415
25 Lrecu R M (1964) Biochiun Biophvs Acta 79, 637



62 I F Bikp M J CorneLIus A J Kivsand C P WHITTINGHAM

chloroplast stroma and that they are not firmly bound to chloroplast membranes The
shght association with smaller particles pelleted between 2000 and 38000 g may be sigmifi-
cant However even when different media from that of Cockburn et al ** were employed
for homogemzation. e g that of Pierpomt*® or Medium B of Dalling ¢t al*”7 we found
neatly 95°, of the UDPglucose-fructosephosphate glucosvitransferase was soluble

TABIT 2 FNZYMIC ACTIVITIES IN FRAC TIONS OBTAINED BY DIFFERENTIAL CENITRIFCGATION FROM HOMOGENATLS OF
PEA SHTOOTS AND SPINACH T AVES

U DPglucose-
fructoscphosphate UDPglucose
Intact glucosylrans- RuDP pyrophos-
Chlorophyll chiotoplasts ferase carboxvlase  photslase

Fraction (mg) (') (actrvity as gmol hi)
g ) #

Pca shoots 3500 Ix

0 2000y 458 SO (88)* 074 273
2000 38000 ¢ 570 260 74
Supernatant 193 347

Pea shoots 18 000 Ix

0 2000 ¢ 470 S2(69)* 064 265 8

2000 38000 ¢ 468 196 74 101

Supernatant 526 476 2900
Spinach leaf

0 2000y 124 31 (35)* 260 251 79

2000 38 000 ¢ 75 550 34 98

Supcrnatant 2550 860 9980

- bagures n parentheses are values caleulated fiom RubDP carboxylase activities

DISCUSSION

Both UDPglucose pyrophosphorylase and UDPglucose-fructosephosphate glucosyl-
transferase are essential enzymes for sucrose synthests 1 plants Our data suggest that
nerther enzyme 1s present in mntact chloroplasts and if, m tiio these enzymes are assoclated
with any particle in the cell the assoctation must be 1eadily broken during homogenization
of the tissue If one accepts that the enzyme localization observed wr witro oceurs also
tito, sucrose synthests m leaves cannot take place m the chloroplasts Since carbon from
CO, 15 1apidly mcorporated mto sucrose during photosynthesis under a wide range of con-
ditions *® suctosc must be synthesized from a product of photosynthests that can easily
move ftom the chloroplast into the cytoplasm At the present time either tiiose phosphate
or cettain mtermediates of the glycollate pathway or both appeat to be the products of
photosynthesis that could fulfil this 1ole

Two possible precursors of sucrose synthesis may be considered firstly, triose phos-
phate formed in the chloroplasts by carboxylation of RuDP and subsequent reduction of
the 1esulting PGA There 15 good ovidence that tiiose phosphate can freely pass i both
diections through the chloroplast membrane ' # Secondly  sucrose may be synthesized
from mter mediates of the ghyveollate pathway and this synthesis may take place entirely
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in the cytoplasm Intermediates of the glycollate pathway are readily used for sucrose syn-
thesis by leaf tissue 2 Also, when the concentration of CO, 1 the atmosphere 1s 300 ppm
or less, carbon from photosynthesis appears more rapidly in glycmme and serine than 1n
phosphate esters in the cytoplasm * Under these conditions, glycine and serme will be
more readily available as substrates for sucrose synthesis in the cytoplasm than triose
phosphates As the concentration of CO, 1s increased the glycollate pathway 1s suppressed
but synthesis of sucrose continues.®® It appears probable that some sucrose 1s made from
mtermediates of the glycollate pathway and some from triose phosphate, the proportions
from each source will vary according to the condifions of the experiment

Intermediates of the giycollate pathway become uniformly labelled very quickiy during
photosynthesis from ['*C}CO,,*! hence sucrose made from them should quickly become
uniformly labelled When the concentration of CO, 1s high enough to suppress the glycol-
late pathway. sucrose synthesized from triose phosphate will be imtially labelled non-uni-
formly The latter has been demonstrated experimentally by Calvin3? and by Gibbs ** It
has not yet been shown whether sucrose i1s more umformly labelled when the con-
centration of CO, 1s lower We are presently undertaking experiments to determine the
distribution of **C 1n sucrose and 1n triose and hexose phosphates after photosynthesis
with different concentrations of [**C])CO,

Two roles have been suggested as to the functional significance of photorespiration and
the glycollate pathway *# Either the glycollate pathway provides useful metabolites for
further biosynthesis or 1t removes excess reductant from the photosystems of the chloro-
plasts A third possibility 1s that when the concentration of CO, n the atmosphere 1s low,
and 1ntermediates of the Calvin cycle are relatively depleted, the rate of export of triose
phosphate 1s not sufficient to supply the cytoplasm with substrate for mantenance, respir-
ation and essential synthesis Under these circumstances, glycollate 1s the main compound
transferring carbon from chloroplast to cytoplasm

EXPERIMENTAL

Seeds of Pisum sativum (var Feltham First) were sown in washed moist, vermiculite each week and kept at
18" with 11 hr light periods at 3500 1x Shoots of the seedlings were used either after 2{ days or after 17 days
1 the above conditions followed by 4 days at 20° with 12 hr hght periods at 18000 Ix Leaves of Spinacia oleracea
(var Victona Longstanding Summer) were from plants grown for 3 weeks 1n a glasshouse with supplementary
illumination Leaves from Vicia faba (var Mans Bead) and Triticum aestivum (var Kolibr) were from plants
grown tn a glasshouse for 3 and 2 weeks respectively

To obtam an extract in which total UDPglucose-fructosephosphate glucosyltransferase was measured tissues
(5 g) were ground 1n a mortar at 0 for 2 min with 3 g acid-washed sand and 75 ml 001 M Tris buffer pH 70
containing 0 1%, (w/v) bovine serum albumin (Sigma) Homogenates were filtered through 2 layers of nylon gauze
and 1 layer of nylon filter-cloth (50 4 mesh) Filtrates were centrifuged at 38 000 g for 10 min and the supernatant
hiquids were freed from substances of low MW by passing them through columns of Sephadex G25 (coarse) pre-
viously equilibrated with 0 01 M Tris buffer pH 70

For fractionation plant material (40 g) was homogenized for 15 sec in partly frozen medium (160 ml} of the
composition described by Cockburn et al ** but with 0 1%, (w/v) bovine serum albumin added After squeezing
the homogenate quickly through mushn and filtering through cotton wool and 50 ¢ mesh nylon flter-cloth, a
fraction contaiming many intact chloroplasts was centrifuged from the filtrate at 2000 ¢ for [ mn at 0° (0-2000 ¢
fraction) The supernatant hquid from this centrifugation was centiifuged at 38000 ¢ for 10 min to give a 2000~
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18000 ¢ pellct and the cottesponding supetn want liguad Soluble protan was extr weted from the pedlcted fractions
by suspending them for 15 mm at 0 1 001 M Tuis buflur pH 70 contaming 017, bovine serum albunun The
suspensions were centrifuged at 38 000 ¢ for 10 min and the supetnatant hiquids assaved for the various enszymes
Sotuble protemn from the oniginal homogenate (supernatant iquid) was separated fiom substances of low MW
by using columns of Sephadex G235 (coarse} and assaved for enzyme activity

Part of the O 2000 ¢ fraction was resuspended and assaved for € O fivawon® ind under stmilar conditions
but with added ADP (1 mM) and MgCl (S mMVD) for stmulation of O cvolution by funvamde The marease
mn the rate of O, evolution caused when all plasuds were ruptured following brict expostic to a hyvpotonic soln
was tahen as a medsure of ntact plastids present ™ 7 Chlotophyil was measured by the method ot Arnon *®
RuDP carboxylase was determined by the method of Andiews and Hatch ' and UDPglucose pyiophosphorylase
by the method of Femngold * Reaction mintures for assay of UDPglucose-fructosephosphate glucosyliransferase
activiues contained 15 pmol of UDPglucose 1 pmol of MgCland | < gomol of F 6 P with 005 ml of the protein
solnin 001 M Tris bufftr pH 7 0 contaming 0 17, tw vibovine scrum albumm The otal sol was 010 ml Control
teaction mivtures contamed citha no U DPglucose o1 15 gmal fiuctose instead of 6P Usually svatheas of
suc o plus suctose phosphate was measuted colotmetitc iy by the method of Cardmi <z al *' Lelon and Car-
dini *? Synthesis was also checked m reaction mistures contaimng UDP-[P*C Jglucose by chromatography
betore and ifter teatment with alkalime phosphatase=! 2% using Whatman 3 MM paper and #-BuOH HOAL
H_O112 3 5} The sucrose on the chromatograms was cduted vath H_O and the '*C present was measuted by
hquid sanullation counting To determune whethor o not F 6 P was axtansively hivdrolysed to fructose reaction
mntutes without UDPglucose were exammed by T! C cddlulose using FtOH TM ammonium acctate pH 38
{7 5 3)*F Sugars and sugar phosphates were deteeted by spraying with 1 tesotanol i TtOH 2N HCL(] 9) and
heating at 110

P WaArkIrR DA (1971 Methods i Fnzvmwology (SaN Putro A ed) Vol XXITL Part A pp 211 220 Aca-
denue Press New York

3 Hrper U and SaANTARILS K A (1970) 2 Natwforsch 25b, 718

P Wirnan K Hitot H W and Grrnrr G (1972) Biochim Brophys 4cta 283, 430

ARNoN DL (19493 Plant Phiyaol 24, 1

FANpriws T J and Hatcun M D (1971) Phvtochenisty 10,9

FRNoord DS Nitrien B OF and Hasstd W Z (1964) Maodern Mcthods of Plant Analysis {LINSKENS H
tosazwal B D andTracty M Vv oods) Vol VI pp 474 S19 Springer Berlin

U Carping C T Lttoir LF oand CHIRIBOGA I (1955) 0 Biol Chom 214, 149

2 Litow LF and Caroint C E (1955} 7 Biol Chom 214, 157

FPPaapint A C oand Litoir T F (1952 Biochem 1 51,420



