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Abstract-The aim of this work was to determine the relative contnbuttons of ADPglucose and UDPglucose to starch 
synthesis m two non-photosynthettc tissues, the developing club of the spadlx of Arum maculatum, and suspension 
cultures of Glycrne mux Rates of starch accumulatron during growth are compared with e&mates of the maxnnum 
catalytic acttvtties zn vitro of ADPglucose starch synthase, ADPglucose pyrophosphorylase, UDPglucose pyrophos- 
phorylase and UDPglucose starch synthase. The latter could only be measured at hrgh concentrattons (10-30 mM) of 
UDPglucose Clubs of Arum and cells of Glycrne contamed 292 and 6 8 nmol UDPglucose per gram fresh weight, 
respecttvely The corresponding figures for ADPglucose were 29 and 0 4 From the above data tt IS argued that m both 
Arum club and Glycrne cells the acttvity of UDPglucose starch synthase IS too low to make any quantttattvely stgmficant 
contnbutton to starch synthesis The activities of ADPglucose starch synthase and pyrophosphorylase were high 
enough to mediate the observed rates of starch accumulation It 1s suggested that starch synthesis m these tissues IS via 
ADPglucose 

INTRODUCTION 

The relative contrtbuttons of ADPglucose and 
UDPglucose to starch synthesis m the non-photo- 
synthetic cells of htgher plants are not estabhshed 
[l] The evidence for a dominant role for ADPglucose, 
summarized by Pretss [l, 21, suffers from two weaknesses 
First, evidence from measurements rn vztro of starch 
synthase (EC 2 4 121), ADPglucose pyrophosphorylase 
(EC 2 7 7 27) and UDPglucose pyrophosphorylase (EC 
2 7 7.9) 1s difficult to assess because many of the 
measurements were made before the properties of the 
enzymes were established, and before the dtfficulttes of 
measurmg enzymes m plant extracts were fully 
apprectated There IS little evtdence of the assays being 
opttrmzed or of constderatron of dtfferenttal losses of 
enzyme acttvtty durmg extraction Thus, as the estimates 
have not been shown to reflect the maximum catalytic 
activittes of the tissues, we may not reliably compare 
estmrates for different enzymes, estimates for the same 
enzyme m tissues at different stages of development, or 
estimates of enzyme activity zn vztro with rates of starch 
synthesis zn vzvo [3] For example, recent measurements, 
held to show increased activtty of ADPglucose starch 
synthase dunng the formation of soybean seeds, reveal 
that the reported acttvtties are capable of supportmg no 
more than 10-20 % of the starch accumulation known to 
occur zn vzvo [4] Further, although estimates of 
ADPglucose starch synthase may greatly exceed those of 
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UDPglucose starch synthase [l], thts 1s not always so [5] 
The second weakness m the argument for the dominance 
of ADPglucose IS that there are not enough authenttcated 
measurements to permrt any generahzatton about the 
amounts of ADPglucose and UDPglucose m non- 
photosynthettc cells of plants The data that are avadable 
are dtsparate [6, 73 

In this paper we report an attempt to remedy the above 
weaknesses As expenmental material, we chose a ttssue m 
which starch synthesis dominates metabohsm, the de- 
veloping club of the spadtx of Arum maculatum, and a 
tissue m which there is no such dommance, suspenston 
cultures of soybean We esttmated the rates of starch 
synthesis zn vzvo from measurements of starch content, 
compared these estimates wtth those of the maximum 
catalytic acttvtties of ADPglucose starch synthase and 
pyrophosphorylase, and UDPglucose starch synthase and 
pyrophosphorylase, and determined the amounts of 
ADPglucose and UDPglucose m the cells 

RESULTS 

Starch accumulatzon 

Lance [8] measured the starch content of developmg 
clubs of Arum maculatum, his estimates for mature clubs 
have been confirmed [9] The developmental stages of the 
club have been arbttranly designated a, fl, y, pre- 
thermogenests and thermogenests, and each has been 
characterized [lo] From our measurements of fresh 
wetght and Lance’s measurements of the amounts of 
starch per g fresh weight, we calculated that at a stage and 
pre-thermogenests, the starch contents are 24 and 284 mg 
per club, respecttvely Observatton of the natural develop- 
ment of 11 separate plants, that were part of the native 
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population used for the measurements of enzymes and 
substrates, showed that it took, on average, 12 days for the 
clubs to develop from a-stage to pre-thermogenesn Thus 
the minimum rate of net accumulation of starch m these 
clubs was 93 nmol anhydroglucose/mm per club Local 
meteorological records showed that the average tempera- 
ture in the district durmg the above 12 days was 12 1” 

Table 1 gwes the changes m fresh weight and starch 
content during the growth of the suspension cultures of 
soybean Fresh weight increased most rapidly between 
days 4 and 7 Starch content of the culture increased 
almost linearly between days 4 and 11, and the rate of 
accumulation, calculated over this period, was 0 47 nmol 
anhydroglucose/ml culture per mm 

Enzyme actlvltles 

The assays for ADPglucose starch synthase and 
pyrophosphorylase, and UDPglucose pyrophosphorylase 
were optlmlzed for plant material that was m the 
middle of its penod of maximum accumulation of starch, 
/I to y stage clubs, and 3 to 7-day-old cultures The 
followmg checks were made for each enzyme from Arum 
clubs and soybean cells We optimized the pH, and the 
concentration of each component, of the assay mixtures 
We showed that activity was linear with respect to tune 
and to the amount of extract The latter was not readily 
achieved and the amounts and concentrations of extract 
specified for the assays are critical Loss of activity during 

Table 1 Growth and starch accumulation by suspen- 
slon cultures of soybean 

Age of culture 

(days) 
Fresh weight Starch 

(mg/ml culture) (jig/ml culture) 

Imtlal 249*49 94k6 
4 629+55 237 f 24 
7 1428&133 591*94 
11 17Olkl68 loll&219 
14 1875kl58 1165 k 165 

Four separate cultures were harvested at each time, 
weight and starch content of all four were determined 
and values are means f s e m 

extraction of the clubs and cells was investigated m the 
followmg type of recombmatlon experiment [3] For 
Arum we prepared three samples, one of a stage clubs, one 
of /3 stage clubs, and one % mixture of equal weights of a 
stage and p stage clubs Activity m the extract of the mixed 
sample was compared with that predicted from the 
measurements made on the separate components of the 
mixture We did similar expenments with fl and y stage 
clubs, and with soybean cultures of different ages (4 to 6- 
day-old cultures were rmxed with 11 to 13-day-old 
cultures) The values obtained for the nuxed samples were 
always within 18% of those predicted, and generally 
within 10% For ADPglucose starch synthase we also 
optmuzed the pH, and the concentration of the com- 
ponents, of the extraction medium For this enzyme m 
Arum we made the followmg additional checks Activity 
was not enhanced by mcludmg dlthlothreltol (5-20 mM) 
in either the assay or the extraction medrum, nor by 
centrifugation of the extracts (30 000 g for 15 mm) and 
separate assay of the pellet and supernatant Evidence that 
the assay for ADPglucose starch synthase measured 
incorporation mto starch was obtained by incubating the 
methanol-msoluble water-soluble product of the assay 
with amyloglucosldase (EC 3 2 1 13) and a-amylase 
(EC 3 2 1 1) This treatment released all of the label m the 
products from Arum and from soybean as [ “C]glucose 

Our estimates of enzyme actlvltles are m Tables 2 and 3 
The rates are expressed per club, and per ml of culture, to 
allow comparison with the rates of starch accumulation 
In addition, Tables 1 and 2 contain suffiaent mformatlon 
for the rates to be related to fresh weight The protein 
contents of the clubs [lo] are also available Fisher’s P 
values for the differences between the estimates for the 
ADPglucose enzymes at a, b and y stage of Arum are 0 05 
or less No slgruficant difference between the stages was 
found If the rates were related to fresh weight except that 
the activity of ADPglucose pyrophosphorylase Increased 
from a to /I stage For example, the values for ADPglucose 
starch synthase are 574,588 and 643 nmol per mm/g fresh 
weight for a, /3 and y stages, respectively For companson, 
the activities of this enzyme per g fresh weight m 4,7 and 
1 l-day-old soybean cultures were 27, 22 and 9 nmol per 
mm 

We optlmlzed the assay for UDPglucose starch 
synthase, as described for ADPglucose starch synthase for 
soybean cells, m extracts of fi to y stage clubs, and m 

Table 2 Actlvltles of enzymes of starch metabohsm m extracts of developmg clubs of the 
spader of Arum maculatum 

Enzyme actlvlty (nmol per mm/club) 
Fresh 

Stage of weight ADPglucose ADPglucose UDPglucose 
development (mg/club) starch synthase pyrophosphorylase pyrophosphorylase 

263&10(10) 151*9(5) 612 f 67 (5) ND 
553*30(17) 325+48(S) 899 f 97 (6) 2372 f 521(6) 

Y 1053f80(11) 677+103(5) 1383 f 125 (6) ND 

Extracts were made from single clubs Each assay for each enzyme was done with a 
different extract Values are means f s e m of estimates from the number of clubs shown m 
parenthesis The values for fresh weight are based on the total number of clubs analysed at 
each stage of development 

N D , Not determmed 
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Table 3 Acttvmes of enzymes of starch metabohsm m extracts of suspen- 
sion cultures of soybean 

Enzyme activity (nmol per mm/ml culture) 
Age of 
culture ADPglucose ADPglucose UDPglucose 

(days) starch synthase* pyrophosphorylaset pyrophosphorylaset 

Initial 050*005 13,22 38,63 
4 169&026 175,173 261,284 
7 307f074 64,67 136,167 
11 153*043 I1 7,86 199,161 
14 087+034 37,42 207,160 

*For this enzyme four different but replicate cultures were harvested at 
each time, extracted and assayed values are means f s e m of the four 
estimates 

t Duplicate cultures were harvested at each time, three extracts were 
prepared and assayed from each culture values are means of the tnphcate 
assays for each culture 

extracts of 6-day-old cultures of soybean The observed 
activity was hnearly related to time and the amount of 
extract The results of recovery experiments were as 
described for the ADPglucose enzymes However, we 
found very considerable variation m the actlvltles ob- 
tamed for comparable samples, 5-6 fold m clubs at the 
same stage of development. We used extracts of/l and y 
clubs to mvestlgate this variation, and found that the 
activity observed for UDPglucose starch synthase varied 
with the preparations of UDP[14C]glucose used m the 
assay Paper chromatography of the latter revealed label- 
led material that comclded with glucose l-phosphate 
Preparations that gave high values for UDPglucose starch 
synthase, 1 wol/mm per g fresh weight at 12 mM 
UDP[14C]glucose, contained 9 % of their total 14C m 
material that nugrated with glucose l-phosphate This 
figure was near 2% m the preparations that gave lower 
values for the enzyme The “C that was incorporated into 
starch during the assay for UDPglucose starch synthase 
amounted to 14% of that which chromatographed with 
glucose l-phosphate m preparations of UDP[14C]gl~- 
case that gave high actlvltles 
’ The above observations suggested that much of the 
measured activity of UDPglucose starch synthase was an 
artefact caused by mcorporatlon mto glucan of labelled 
glucose from [14C]glucose l-phosphate by a-glucan 
phosphorylase known to be present m the extracts 
of the clubs [ll] Accordmgly, we pretreated the 
UDP[14C]glucose used m the assay m order to remove 
contammatmg hexose phosphates Two pretreatments 
were used incubation with alkaline phosphatase that 
would hydrolyse hexose phosphates but not UDPglucose, 
mcubatlon with a nuxture of phosphoglucomutase, 
glucosephosphate isomerase, glucose&phosphate de- 
hydrogenase, &phosphogluconate dehydrogenh and 
NADP that would convert hexose phosphates to pentose 
phosphates We prepared assay mnctures for UDPglucose 
starch synthase that contamed UDPglucose plus 0 85 PM 
[U-14C]glucose l-phosphate (sp act 235 Cl/mol) Even 
at thrs low concentration of [14C]glucose l-phosphate, 
extracts of Arum clubs incorporated 16 % (1440 dpm/ 
assay) of the supplied 14C mto glucan under the 
condltlons of the assay for UDPglucose starch synthase 

Pretreatment of the assay mature that contamed 
[“C]glucose l-phosphate with ather alkaline phos- 
phatase or the mixture of enzymes abolished mcor- 
poratlon of 14C into glucan The pretreatments were 
then applied to the normal reaction murtures that 
contained UDP[14C]glucose but no added [‘*C]glucose 
l-phosphate At 5 mM UDP[‘4C]glucose pretreatment 
with phosphatase reduced the activity of UDPglucose 
starch synthase to 13 nmol per mm/g fresh weight for b 
clubs the correspondmg value for pretreatment with the 
mixture of enzymes was 4 With assay mixtures that 
contained 0 7 mM UDP[14C]glucose both pretreatments 
reduced the rate to less than 1 5 nmol per mm/g fresh 
weight 

With extracts of 4 to I-day-old cultures of soybean, 
pretreatment of the UDP[14C]glucose with phosphatase 
almost abolished starch synthase activity when the con- 
centration of UDP[14C]glucose was 2 1 mM If the latter 
was raised to 12 5 mM, the pretreatments removed only 
about half of the observed activity In the latter assays the 
residual activities after pretreatment with phosphatase, 
and the mixture of enzymes, were 7 4 f 0 8 and 10 3 + 19 
(mean i- s e m of five estimates), respectively When the 
ADP[‘4C]glucose, used to assay ADPglucose starch 
synthase, was treated either with the phosphatase or the 
mixture of enzymes, the observed activity of starch 
synthase was not dmumshed m extracts of either Arum 
clubs or soybean cells 

Content of ADPglucose and UDPglucose 

Samples were freeze-clamped, killed and extracted m 
cold HC104, and the sugar nucleotldes were isolated and 
measured by HPLC (Table 4) We investigated whether 
slgmficant losses occurred durmg extraction and analysis 
For each test we made duplicate samples One was kdled 
and extracted m the usual way the other was treated 
smnlarly except that measured amounts of ADPglucose 
and UDPglucose were added to the freeze-clamped 
sample before It was added to the HC104 Comparrson of 
the amounts of nucleotrde sugars found m the two 
samples allowed calculatron of the extent to which the 
added compounds had survived the complete process of 
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Table 4 Amounts of UDPglucose and ADPglucosc m y-stage 
clubs of the spadlx of Arum maculatum and bday-old cultures of 

soybean 

Measurement* UDPglucose ADPglucose 

Arum spadlx 
Content (nmol/g fr wt) 292 f 19 (8) 288*49(8) 
Recovery ( %)t 99 f 5 (5) 99 + 8 (8) 

Soybean culture 
Content (nmol/ml culture) 61&09(8) 043&011(6) 
Recovery ( %H 72 f 6 (7) 109 f 24 (5) 

*All values are means f s e m of estimates from the number of 
samples shown m parenthesis 

Vhe amounts recovered are expressed as percentages of those 
added 

killing, extraction and assay The difference between the 
amounts found m the two samples IS expressed as a 
percentage of the amount added to give the recovery We 
stress that the amounts that were added in these expen- 
ments were comparable to the amounts found in the 
samples of tissue The recoveries were good except for 
UDPglucose from soybean where there 1s evidence of a 
30% loss (Table 4) 

The nucleotlde sugars isolated by HPLC were ldent- 
lfied by co-chromatography, and compatlson of their 
retention times, with pure samples of these compounds In 
addition we took the HPLC fractions, hydrolysed them 
and determined whether the amounts of sugar and base 
released were equivalent to the amount of nucleotlde 
sugar said to be present For extracts of Arum the amounts 
of glucose and undme from UDPglucose were 77 y0 and 
89 %, and of glucose and adenme from ADPglucose 73 % 
and 84 % of those expected, respectively For extracts of 
soybean the correspondmg figures were glucose 92x, 
urldme 84 % and glucose 75 %, adenme 65 % 

DISCUSSION 

Our estimates of the nucleotlde sugars m Arum clubs 
are authenticated by the good recovenes and the adequate 
characterlzatlon of the material isolated by HPLC The 
estimates for soybean cells, where the total content of 
nucleotlde sugars was very much lower than m the clubs, 
may be less good The recoveries suggest a loss of up to 
30% of the UDPglucose, the characterlzatlon suggests 
that not all of the material designated as ADPglucose after 
HPLC was so, and thus the value may be an overestimate 
by 30% Nonetheless, our data are reliable enough to 
establish that m these two non-photosynthetic tissues, 
there 1s at least ten times as much UDPglucose as 
ADPglucose 

Our assays for ADPglucose pyrophosphorylase and 
starch synthase, and for UDPglucose pyrophosphorylase, 
were carefully optlmlzed and charactetlzed The recovery 
experiments argue against slgnficant losses during extrac- 
tion Consequently, we suggest that our measurements 
reflect the maximum catalytic actlvltles of the tissues The 
assays for UDPglucose starch synthase were also 
thoroughly investigated m both tissues, and in both the 
bulk of the observed activity may be a-bed to con- 
taminating labelled hexose phosphate in the 
UDP[14C]glucose In extracts of Arum the highest ac- 

tmty, that resisted both pretreatments deslgned to remove 
hexose phosphates, required 5 mM UDPglucose and was 
only 4 nmol/mm per club m comp&son to a rate of starch 
synthesis of 93 nmol/mm This difference 1s even greater if 
we remember that the enzyme was assayed at 30” and 
starch accumulated at 12” In soybean the highest activity 
of UDPglucose starch synthase that resisted the pretreat- 
ments was 10 nmol/mm per g fresh weight (14 nmol/ 
mm per ml of 6-day-old culture) This 1s higher than the 
rate of starch accumulation, 047 nmol/mm per ml of 
culture However, the above actlvlty required 12 mM 
UDPglucose at 2 mM no actlvlty at all was found In 
order to be at 12 mM, the UDPglucose in the soybean 
cultures would have to be restricted to 0 06 y0 of the total 
volume of the samples taken for analysis This seems most 
unlikely, particularly as both enzymes known to be 
capable of forming UDPglucose are present m the cytosol 
of soybean cultur& [12] From these results and argu- 
ments, we suggest that m Arum clubs and soybean 
suspension cultures UDPglucose starch synthase does not 
make a quantitatively significant contrlbutlon to starch 
synthesis 

Dunng the period of maxlmum starch accumulatron m 
soybean cultures, days 4-11, the maxlmum catalytic 
activities of ADPglucose pyrophosphorylase and starch 
synthase are at least three times greater than the rate of 
starch accumulation This suggests that the whole of 
starch synthesis could proceed via ADPglucose This view 
1s strongly supported by the observations that the above 
enzymes are confined to the amyloplasts, and those 
responsible for the synthesis of UDPglucose to the 
cytosol [12] As starch accumulation m Arum was 
measured at 12”, we determined the effects of lowering the 
temperature on the enzyme with the lowest maximum 
catalytic actlvlty in Table 2 Measurements of 
ADPglucose starch synthase m extracts of Arum clubs at 
30” and 12” showed that activity at 12” was 37 % of that at 
30” Thus at 12” the activities of this enzyme at fi and y 
stage, when the accumulation of starch occurred, would 
have been about 120 and 250 nmol/mm per club, respect- 
ively These exceed the rate of starch accumulation 
Consequently, we suggest that m Arum clubs and soybean 
cultures starch synthesis proceeds almost entirely via 
ADPglucose 

The above conclusion raises two apparent anomalies 
that require explanation before the hypothesis 1s es- 
tablished First, the concentrations of ADPglucose used to 
assay starch synthase m ultra are high relative to the 
amount of ADPglucose found III vtvo We used 10 mM for 
the assay with extract4 of Arum and 0 7 mM for those of 
soybean Murata et al [7] used 14 6 mM, Ozbun et al 
[ 133 0 7 mM, and Cardml and Frydman [ 14],2 25 mM 
In our work the high concentrations were chosen to 
ensure optimum activity However, very conslderable 
reduction in the concentration of ADPglucose used m the 
assays still gave appreciable activity For extracts of Arum 
reduction to 1-O 5 mM still gave almost half of the actlvlty 
at 10-20 mM (Fig 1) To reach 0 5 mM the ADPglucose 
m Arum clubs would have to be concentrated into about 
6% of the volume of the club As both ADPglucose 
pyrophosphorylase and starch synthase are confined to 
amyloplasts [ 121, it IS highly probable that ADPglucose IS 
confined to the stroma of the amyloplasts Such plastlds 
are packed with starch and the stromal volume will be a 
very small proportion of the total volume of the club 
figures of 2-6x seem quite likely The ADPglucose 
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Fig 1 Actwlty of ADPglucose starch synthase m unfrac- 
tlonated extracts of clubs of B-stage spadlces of Arum maculatum 
at different concentrations of ADPglucose Four clubs were 
extracted, separately, and each extract was assayed at each 
concentration of ADPglucose Each point 1s the mean of the 
estimates from the four extracts, where s e m exceeds 10 y0 of the 

mean, the former 1s shown by the bars 

content of the soybean cultures would have to be con- 
centrated to a greater extent than that of the clubs Two 
factors may explam this One is that there are likely to be 
fewer amyloplasts m the soybean cells than m the club 
The other 1s that the soybean cells are highly vacuolate 
and were only loosely packed where they were harvested 
to gave the matenal analysed Thus an unusually high 
proportion of the fresh weight will have been water In 7- 
day-old cultures the dry weight was only 5 % of the fresh 
weight 

The second apparent anomaly between our conclusions 
and data 1s the high activity of UDPglucose pyrophos- 
phorylase relative to that of ADPglucose pyrophos- 
phorylase m b-stage Arum clubs where starch accumu- 
lation 1s particularly marked A similar situation has been 
reported for other non-photosynthetic tissues m which 
starch synthesis 1s a major metabolic activity [15-173 
UDPglucose 1s regarded as a precursor for structural 
polysaccharldes In Arum clubs starch synthesis far 
outweighs the synthesis of structural polysacchandes 
over 90% of “C mcorporated mto insoluble material, 
when clubs were fed [ “C]sucrose, was recovered m starch 
[Hargreaves, personal commumcatlon] Thus the high 
content of UDPglucose and the high activity of 
UDPglucose pyrophosphorylase suggest that the latter 
may play some role other than merely provldmg 
UDPglucose for polymer synthesis 

EXPERIMENTAL 

Mater& Isotopes were from the Radmchemlcal Centre, 
Amersham, UK Substrates, co-factors and enzymes were from 
Boehnnger except that 3-phosphoglycerate, glucose l,dhsphos- 
phate, alkaline phosphatase (Type VII) and morgamc pyrophos- 

phatase (Type III) were from Sigma Clubs of Arum madatum L 
were taken from plants m local natural sites and were recognized 
and treated as m ref [lo] Cultures of soybean (Glycme max L cv 
Acme) denved from and grown as those m ref [18] were 
harvested by filtration through glass-fibre paper The filtered cells 
were weighed at once to gwe the measurements of fr wt Unless 
we say otherwise, the expenments were done with 3 to 7-day-old 
cultures 

Enzyme assays Clubs were homogenized as m ref [lo] 
Soybean cells were ground with PVP (100 mg/g fr wt) and sand 
ma pestle and mortar Exammatlon of the homogenates revealed 
very few unbroken cells For ADPglucose starch synthase the 
extraction media were Arum, 0 1 M Blcme (pH 8 4), 10 mM 
EDTA, 0 1% (w/v) bovine serum albumm, soybean, as above plus 
20 mM cystane-HCl, 20 mM mercaptoethanol, 20 mM dlethyl- 
dlthlocarbamate Assay was as m ref [13] Reactlon mixtures, 
which were incubated at 30” for 30mu1, contamed m 200~1 
Arum, 20 ~01 Bzme (pH 8 4), 5 pmol potassmm acetate, 1 mg 
amylopectm, 2 pmol ADP[U-‘4C]glucose (0 025 Cl/mol), ex- 
tract eqruvalent to 1 5 mg fr wt, soybean, as for Awn except 

4 pmol potassrum acetate, 2 mg amylopectm, 0 14 pmol ADP[U- 
W]glucose (0 09 Q/mol), 1 pmol dlthlothreltol, extract from 
20 mg fr wt Extraction media for UDPglucose starch synthase 
were Arum, 50 mM Tns-acetate buffer (pH 8 0), 10 mM EDTA, 
2 mM dlthlothreltol, 0 1% (w/v) albumin, soybean, as for 
ADPglucose starch synthase Assay was as for the ADPglucose 
enzyme reactlon mixtures contained m 200 ~1, Arum, 5 pmol 
Blcme (pH 7 7), 2 5 pmol potassium acetate, 4 pmol EDTA, 1 mg 
amylopectm, 2 5-4 pmol UDP[U-‘4C]glucose (0 00&O 04 
Ci/mol), soybean, as for ADPglucose starch synthase except that 
UDP[U-‘4C]glucose was used and the dlthlothreltol was omlt- 
ted Pretreatment of UDP[‘4C]glucose to remove contammants 
was ather by addmg 30~1 (2 units) alkaline phosphatase 
(EC 3 1 3 1) to the reaction mixture minus tissue extract and 
Incubating at 25” for 45 mm, or by carrying out a slmllar 
incubation after adding 30 4 of a nnxture that contamed 0 7 unit 
glucose-6-phosphate dehydrogenase, 0 024 unit dphospho- 
gluconate dehydrogenase, 0 6 unit phosphoglucomutase, 
66mM MgC12, 53mM NADP and 016mM glucose 1,6- 
blsphosphate After the above Incubation the reaction nuxtures 
were placed m boding water for 2 mm, cooled and then used to 
assay UDPglucose starch synthase To confirm that the product 
of the starch syhthase assays was starch, we pooled, m 0 5 ml, the 
water-soluble components of the methanol-msoluble products 
from four identical assays Tlus solution was incubated, in 10 ml, 
wth 2 units amyloglucosldase and 02 umt pig pancreas Q- 
amylase m 0 1 M sodturn acetate buffer (pH 4 8) for 12 hr at 37” 
The mixture was then centnfuged at 9OOOg for 6 mm and 
[‘4C]glucose was isolated from the supernatant by PC with 
EtOAc-pyndme-H,O (8 2 1) 

For assay of ADPglucose pyrophosphorylase extractlon media 
were Awn, 50 mM Tns-HCl (pH 7 5), 2 mM EDTA, 2 mM 
GSH, soybean, 25 mM glycylglycme (pH 7 5) Soybean extracts 
were assayed unfractlonated, those of Arum after centnfugatlon 
at 100 000 g for 30 mm Assay was as m ref [19] Reaction 
mixtures, 200 4 incubated for 10 mm at 37”, contamed Arum, 
100 mM Hepes (pH 7 0), 12 mM ATP, 7 mM 3-phosphogly- 
cerate, 10 mM MgC&, 50 pg albunun, 0 33 pg morgamc pyrop 
hosphatase, 1 mM [U-‘*C]glucose l-phosphate (0 5 Cl/mol), 
extract from 0 5 mg fr wt, soybean, 100 mM Hepes (pH 7 5), 
1 mM ATP, 3 5 mM 3-phosphoglycerate, 5 mM MgCl,, 5Opg 
albumm, 0 17 pg pyrophosphatase, 0 5 mM [U-‘*C]glucose l- 
phosphate (0 5 Cl/mol), extract from 1 3 mg of cells For assay of 
UDPglucose pyrophosphorylase Arum and soybean were ex- 
tracted m 25 mM glycylglycme buffer (pH 7 5), the homogenates 
were ccntnfuged at 100000 g for 30 mm and the supematants 
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assayed at 25” as m ref [20] Reactlon mixtures (1 Oml) 
contamed hum, 100 mM glycylglycme buffer (pH 7 7), 1 mM 
Na4P,0,, 0 2 mM NADP, 1 mM Mg&, 2 4 pM glucose 1,6- 
bisphosphate, 14 units glucose4-phosphate dehydrogenase, 2 
umts phosphoglucomutase, 12 umts 6-phosphogluconate de- 
hydrogenase, 0 2 mM UDPglucose, extract from 15 mg fr wt, 
soybean, 100 mM glycylglycme (pH 7 8), 02 mM NADP, 
0 5 mM Na4P207, 0 5 mM Mg&, 4 8 pM glucose l,dtnsphos- 
phate, 2 units phosphoglucomutase, 3 units glucdse-dphosphate 
dehydrogenase, 0 5 umt 6-phosphogluconate dehydrogenase, 
0 4 mM UDPglucose, extract from 2 6 mg cells 

Measurement of ADPglucose and UDPglucose Indwldual 
clubs, and samples (2g fr wt) of soybean cells were freeze- 
clamped and kIlled as m ref [21] The resultmg frozen mass was 
kept at 0” for 30 mm, broken up with a glass rod, allowed to thaw 
and centrifuged at 27 000 g for 2 mm The pellet was re-extracted 
with 141 M HC104 neutralized with 5 M K&O3 The two 
extracts were combmed, neutralized with 5 M K#O,, and 
centnfuged as above The resulting pellet was washed with 
141 M HC104 neutralized with 5 M K2COa and the washings 
were added to the neutrahzed supematant The complete extract 
was passed through a Mdhpore membrane (0 45 pm) and assayed 
by HPLC as m ref [Zl] except that the elutlon program was 
altered to gwe complete separatwn of the two nucleotide sugars 
The program was A IS 10 mM NH,H,PO, (pH 3), B is 450 mM 
NH,H,PO, (pH 4 3), O-15 mm, A at 0 8 ml/mm, 1-O mm, 
linear gradient from 100% A 0% B to 70% A 30% B at 
0 8 ml/mm, 4&44 mm, linear gradient from 70% A 30% B to 
100% B at 0 8 ml/mm, 44-51 mm, 100% B at 16 ml/mm, 
51-53 mm, linear gradient from 100% B to 100% A at 
16 ml/mm, 53-60 mm, 100% A at 16 ml/mm The composition 
of the fractions isolated by HPLC was determined as m ref [21] 

Mlscellnneous The starch content of soybean cells was de- 
termined by extracting samples of 0 3-l 0 g fr wt with bolhng 
80% (v/v) aq EtOH and measuring the starch m the msoluble 
matenal as m ref [l I], ‘*C was measured as m ref [21] 
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