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Abstract-The aim of this work was to develop a method for the lsolatlon of amyloplasts from the endosperm of 
developmg grams of Trztlcum aestroum. Protoplasts were prepared by digestmg endosperm with cellulase and 
pectmase. Procedures were developed for the lysls of the protoplasts by DEAE-dextran, and for fractionation of the 
lysate on a contmuous gradient of Nycodenz. The latter gave amyloplast preparations that contained 20% of the 
plastid marker enzymes m the lysate, were not contaminated by mlcrobodies or the endomembrane system, and 
showed less than 3% contamination by cytosol and 5% by mltochrondrla When removed from the gradient 54% of 
the amyloplasts remained intact 

INTRODUCTION 

The pathway from translocated sucrose to storage starch 
m non-photosynthetic cells of plants IS not known One 
of the most important unanswered questions IS what 
compound(s) cross the amyloplast envelope to support 
starch synthesis therem Progress requires a procedure 
for the lsolatlon of amyloplasts, and particular emphasis 
should be given to the development of methods for 
individual crops of economic importance, such as wheat 
Methods have been reported for the tsolation of amylo- 
plasts from soybean cells [l] and from maize endosperm 
[2]. Both these methods expose the amyloplasts to solu- 
tions of high osmolarlty The soybean amyloplasts were 
recovered from 1.8 M sucrose, those from maize from a 
solution of Ficoll m 0 7 M sucrose, the latter has an 
osmolarlty (1592 mosM) almost equal to that of 1 8 M 
sucrose. These treatments are likely to damage the tran- 
sport mechanisms m the amyloplast envelope. Journet 
and Deuce [3] avoided the use of high concentrations of 
sugars m a method that yielded starch-containing plas- 
tlds from cauliflower florets. However, the yield was low 
and it IS not clear that the method will be applicable to 
tissues where the starch content is very much higher and 
where the starch grains are much larger and almost fill 
the amyloplasts In this paper we report a method that 
does work for such a tissue, the endosperm of developing 
wheat grams, and avoids exposing the plastlds directly to 
solutions of high osmolanty. 

We used the followmg markers to monitor our frac- 
tions amyloplasts, alkaline pyrophosphatase (EC 
3.6 1 1, PPase) [4], ADPglucose pyrophosphorylase 
(EC 2 7.7.27), starch synthase (EC 2 4.1 21) Cl], cytosol, 
UDPglucose pyrophosphorylase (EC 2.7.7.9), alcohol de- 
hydrogenase (EC 1.1 1 1) [ 11, pyrophosphate: fructose 6- 
phosphate 1-phosphotransferase (EC 2.7.1.90, PFK(PP,)) 
[S]; mltochondrla, citrate synthase (EC 4.1 3.7) [6], cyto- 
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chrome c oxldase (EC 1 9.3 1) [l], endomembrane sys- 
tems, cytochrome c reductase (NADH dehydrogenase) 
(EC 1.6.99 3) Cl]. 

RESULTS AND DISCUSSION 

We tried to obtam amyloplasts by dlfferentlal centri- 
fugatlon of very gently prepared homogenates of the 
endosperm These homogenates were made by pressmg 
the endosperm m a mortar with a pestle [7], and by 
squeezing endosperm through a 75 pm steel mesh. Cen- 
trlfugatlon of such homogenates at forces ranging from 
50 to 2009 showed no preferential sedimentation of 
amyloplast markers. Thus we turned to protoplasts as a 
source of amyloplasts. 

Endosperm was digested overnight m the cold with 
cellulase and pectmase to release protoplasts. Attempts 
to purify protoplasts from the digest by the two-phase 
method of ref. [S], or by the use of sucrose gradients, up 
to 0.8 M, were unsuccessful because the media would not 
support the starch-laden protoplasts. We obtained our 
best results by allowmg the digest to stand for 20 mm and 
then centrifuging the sediment on a stepped gradient of 
Nycodenz, a non-lomc trl-iodmated derivative of benzolc 
acid with three ahphatlc side chains that exerts a re- 
latively low osmotic pressure [9] Exammatlon of the 
purified protoplasts with a microscope showed that most 
of the cell debris had been removed The isolated pro- 
toplasts were spherical, excluded Evans Blue dye, showed 
cytoplasmlc streaming under Nomarski optics, and 
accumulated neutral red dye mto their vacuoles. When 
incubated m [U-14C]glucose the purified protoplasts 
incorporated label into starch almost hnearly for three hr 
at a rate of 3 2 nmol per mg starch/hr Tnton, 0.1% (v/v) 
reduced this mcorporatlon by 95% Endosperm halves 
incubated under comparable conditions incorporated 
14C at a rate of 18 nmol per mg starch/hr. 

We had the utmost difficulty m devising a way of 
breaking the plasmalemma of the protoplasts without 
simultaneously rupturing the amyloplast envelope We 
assessed a range of methods by comparing latency 
and/or, protection of cytosohc and amyloplast markers, 
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generally UDPglucose pyrophosphorylase and ADPglu- 
case pyrophosphorylase. respectively Success was re- 
cognized if the latency or protection, in the protoplast 
lysate, of the cytosohc marker was low and that of the 
amyloplast marker was high We had no success with the 
followmg conventlonal methods osmotic shock, forcing 
the protoplasts through a fine needle [ 11, and passing the 
protoplasts through nylon meshes, rangmg in gauge from 
13 to 70)tm [IO] Eventually we found that addmg 
DEAE-dextran to protoplasts, followed three min later 
by dextran sulphate, and then incubating in Ice fbr 
90 min preferentially ruptured the plasmalemma This 
treatment broke the plasmalemma but did not disperse 
the contents The addition of the dextran sulphate led to 
the formation of a loose precipitate m which the ruptured 
protoplasts were entangled Consequently the whole pre- 
paration was next passed through a 70 Ltrn mesh This led 
to dispersal of the contents of the protoplasts and gave a 
more homogeneous preparation, which we call the un- 
fractionated protoplast lysate 

The latency of ADPglucose pyrophosphorylase in the 
unfractionated protoplast lysate was S3i 3X, that of 
UDPglucose pyrophosphorylase was 9+7X values are 
means + s e for IL2 dfierent l_ysa~~> Rus tbr, !ysajcs 
contained an appreclablc proportlon of intact amylo- 
plasts and relatively few unbroken protoplasts Most of 
the latter were broken in the subsequent fractionation of 
the lysate 

Separation of the amyloplasts from the rest of the 
lysate was achieved by fractlonatlon on a contmuous 
&B&y gIra&I& of NyLQXh- T& grai&nt @>aLj !&I 
centrifuged but was merely stood in Ice for four to SIX hr 
before bemg fractionated from the top An obvious star- 
chy band of amyloplasts formed about IO- 12 ml into the 
gradient The distribution of marker enzymes IS exemph- 
fied by the gradients shown m Fig 1, and is summarized 
in Table 1 We paid particular attention to the markers 
for the cytosol then distrlbutlon reveals the extent to 
-V&i&i. the &l~yIIopi%ts~ ~wt5l-c cc&Xrri1KitIZd ‘ry’ tiR? c;ytoso+ 
aiTd ‘@ sriTbi&nr ymtor&assts GE il-;‘l- the lrke{p cuiTtal~- 

inants, the above would probably interfere most with 
studies of carbohydrate metabohsm by the isolated 
amyloplasts. We emphasize that our procedure must be 
f’#o~@ed’ pieciSei7’ tiS_ O'bXiiT tk CtXikS dirts-WTi. ?? Oiti 

and larger grams are used m an attempt to obtain more 
pIZntapla.%L~rts,. snmp_ of the !&L?JI !XXnal.n. 1m_brokp,n. and co- 
pllTifj wi-th- the- a-iqi iO~$&-jts 

A_m-jr:~~~asCs a-ii~- ~~o-i-o~~~tj set_tie-yrr~~kiy a-~- ,~ is tr0~ 

easy to pipette rephcate samples from a vingle suspen- 
sion. nonetheless the agreement between replicates was 
satisfactory The wider variation in the absolute actlvitles 
of the enzymes m the unfractionated lysate reflects vari- 
atlon in the precise yield of protoplasts m different ex- 
periments This variation did not affect the manner In 
which the enzymes were distributed throughout the gra- 
&‘cn.p TXc 3,&*m. fi+ 0. I 

rr& C5Ti~RiIY &~IVAL~Y i1T i+iC d~~~~lT~ 

fractions of ihe gradient she-wed tirat ht-ties actrvity -was 

lost during the fracttonatlon It can be seen that about 
20% of the_ a.n?.y:op~s’ a L m-arkers -were- recovered- m the 
amylaplast fractmn_ Thir IS an appreciable ytdd that 1s 
not ~nRu& :eS’i th-n tk&t Ob~a-iTid WkTT ~X~kWilTg &rl_srru- 

p ?Esj.<s [ 1.:;. oxi? amy152!_ ,&> _ 1 -r!- “f Ga:t_i,>~>s. w.me il>>j. sr~j~jQ.$ry. 

contammated w:th ce!!u!w components likdy to interfere 
.~;:.h. the stir& of starch. nreta.bO{mrrs_ itT iiitrIj. Then_ -was 

good recovery of the cytosohc markers from the gradient 
and good agreement between the markers The contam- 

mation by cytosol and by unbroken protoplasts was less 
than 3% Contammation by mitochondrid was only 
slightly greater and no contammatlon by the endomem- 
brane system could be detected Contaminatmn by ml- 
crobodies IS most unlikely as we could detect no activity 
of the appropriate markers, cat&se and hydroxypyruv- 
ate reductase, in the unfractlonnted Iysates The amylo- 
plasts, though fragile, could be removed successfully from 
the gradient and such preparations were shown to exhibit 
54% latency of the amyioplast marker, PPase (Table 1, 
Fig I) This 1s double the value found previously Llq f%r 
soybean plastids taken from a sucrose pr‘ldient, and 
comparable to the 61 ‘5% reported for the method for 
maize amyloplasts (average of values in Tdhle 2, ref [Z!]) 
We suggest that our method result5 in the isolation of 
amyloplasts from starch-rich tissues without subjecting 
the amyloplasts to severe osmotic stress The prepar- 
ations are sufficiently free from contamination to permit 
their use in studies of enzyme distrihutlon ,Ind also 
transport of substrates 

Chrmrr.al~ IJEA~F-rfex~ran (chJonrLe frvm) and tlex~r,~~ \ui- 

phate were from Svgma Sub\rrates enzyme\. cofactors were 

from Sigma. or Boehrmger Corp. Lewes, U K except that 

cellulase (Onozuka R,,,) ua\ from Yakult Pharmxeutlcal Co 

(LJnv,ln Ltd, Welwyn U K ). pcctin~\c from Ser\d Fcmb~ochem- 

xa (Umsclence Ltd. London). and NyLodenr from Nlcomed 

(UK) Ltd, Btrmmgham 
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Fig 1 Purtficatton of amyloplasts on contmuous gradtents of Nycodenz As It was not practtcable to assay every 

enzyme on one gradrent, four gradtents are shown to reveal the dtstrtbutton of marker enzymes Fractions were of 

2 ml and no 1 IS the bottom of the gradtent In order to reveal the charactertsatton of the amyloplast fractton the 

scale on the verttcal axts has been made too great to allow the acttvtttes found m the top fractton of the gradient to 

be shown These are gtven below (as % of acttvtty added to gradient) m parentheses after the name of each enzyme 

A, O---O, PPase (55), A---A, PFK [PP,] (76), O---O, citrate synthase (73) n --- n , cytochrome c 

reductase (82) B, O---O, PPase (55); A---A, ADPglucose pyrophosphorylase (58), O--O, PFK 

[PP,] (82) C, O---O, PPase (60); n --- n , starch synthase (20) O--O PFK [PP,] (89) D, O---O, 
PPase (57) A---A, UDPglucose pyrophosphorylase (97), O--O, alcohol dehydrogenase (107) 

Nycodenz Solutrons of 60% Nycodenz were prepared by dtssol- 

vmg sohd Nycodenz m 50 mM Hepes-NaOH, pH 7.5; solns of 

40, 20 and 10% Nycodenz were obtained by drlutmg 60% 

Nycodenz wtth 0.5 M sucrose-50 mM Hepes, pH 7 5, so that 

they contamed 0 17, 0 33 and 0 42 M sucrose, respecttvely The 

0.5 M sucrose-50 mM Hepes and the 60% Nycodenz have 

srmtlar osmolartttes (580 and 610 mosM, respectively), thus the 

gradient was made of solns that were roughly rso-osmottc. The 

gradtents were centrifuged at 70 g,,.(540 rev/mm MSE Mistral) 
for 5 mm at 4” protoplasts were collected m 10 ml from the 

40-20% boundary 
Fract~onatmn To each l-ml sample of purtfied protoplasts we 

added 0 6 ml DEAEctextran to give a final concn of 6 5 mg/ml 

3 mm later 0 4 ml dextran sulphate was added so that the final 

PHYTO 27 4-c 

concn was 65 mg/ml The DEAE-dextran and the dextran 

sulphate were dissolved m sucroseeHepcs After each addttron to 

the protoplasts the suspenston was mixed gently The pro- 

toplasts were kept m Ice during the above addtttons and were 
then mcubated for 90 mm m me before bemg filtered through 

nylon mesh (70 grn) The above procedure produced 4 filtrates 

from the orrgmal 8 samples These filtrates were combined to 

give a vol of ca 8 ml, which was then put on a Nycodenz 

gradient The latter was made by carefully layering, m a 43 ml 

glass centrtfuge tube, 7-ml portions of 60, 40 and 20% (w/v) 
Nycodenz (dtluted wrth sucrose-Hepes as described above) The 
tube was stoppered and put on its stde for 1 hr at 20” to allow a 

contmuous gradient to form [9] The tube was stood verttcally 

and cooled m ice before adding the protoplast lysate Next the 
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Table 1 Acuvltles of marker enzyme\ m preparations of amyloplasts 

No of 
lysates 

Enzyme ds\ayed 

Alkahne pyrophosphatase 13 

ADPglucose pyrophosphorylasc 3 

Starch synthase 3 

UDPglucose pyrophosphorylase 7 

f’FK (PP,) I 

Alcohol dehydrogenase I 
Cltratc cynthase 4 

Cytochrome c oxldase 2 

Cytochrome c reductase 2 
___ -____ 

Values are means +- se 

gra&ent was stood m :ce for 4-6 hr, and then frac:ionated from 

the top The fractions were of 2 ml except that the final one was 

of 5 ml, and the first fraction corresponded to the volume of 

lysate added to the gradlent (4 8 -7 0 ml) 

A5tav\ Except for the pomts noted, the followrng enzymes 

were assayed as In the references quoted alkalme PPase 141, for 
control samples the TCA was added to the extract before the 

PP,, cytochrome ‘ oxldase. alcohol dehydrogenase, UDPglu- 

case pyrophosphorylase, ADPglucose pyrophosphorylase [I], 

cytochrome c reductase 1131, starch synthase 1141, 061 /tmol 

ADP[L!-‘4C]gJuw>ae(0 25 &$‘/~mol),~nu GS.H_~m 200 $11 tin Zw, 

cttrate synthase 161. PFK(PP,) [15] ADPglucose pyrophospho- 

rylase was di\o asaaye~d~ spe~l~oph-oi~~~tTlca~ily at 25 ii 6j m a 

reactlon mixture thnt contamed In 1 ml 80 mM Hepes, pH 8 0. 

1 mM MgCI,. I mM Na,PzO,, 0 4 mM NAD. 0 8 mM ADP- 

glucose, 4 umta phosphoglucomutase and I4 umt glucose-6- 

phfiwnte. dehyd~~~~a.se (NAD-ve&rr from I&J~L/,J~ FIII/L mfi\\- 

entero&c) A \tmllar assay was used for UDPglucose pyro- 

phosphorylase [17] except that the ADPglucose was replaced 
with UDPglucose 

ProtectIon was measured as m ref [I] Latency was measured 

by comparmg achvlties m samples in wlilcli organellis and- 

protoplasts were kept intact, by mcludmg 0 5 M sucrose III the 
a&~y mediums u Ith- act~vt~~cs found m sample\ m which mem: 

brdnes had been ruptured etther by adding Trlton X-100 dt 0 I % 

(v/v) or by 3 cycles of freeLmg and thawmg (PPase) The drffer- 

encc between the acttvlty In the Intact and ruptured samples 1s 

expressed as a % of that m the ruptured sample to give latency 
Othmwlse~ ally measuremen& of enzymcq wcre~ made on~snmpl~ 

that had been ruptured as described above [‘4C]G1ucose wa\ 

fed to endosperm by mcubatmg 20 endosperm halves m 3 ml 

20 mM [U-“‘C]glucose (0025 Cl;mol), 310 mM sorbltol, 
60 mM_ KCI.. I.0 mM_ Met-NaOH_. pH_ 6 \. 0 I %. @v/v)_ tmvm. 
serum albumm at 25 For protoplasts the medium was 20 mM 

[U-‘4C]glucose (005 Cljmol), 40% (w/v) Nycodenz, 200mM 
mannd.. 60mM- KCJ.. 1I)mM MC%-Na.OlL pH_ 64.. I. mM_ 
CaCI,. 0 1% (w,‘v) bovme serum albumm. lJC m starch was 
determmed as the 14C released after the starch had been digested 

as in ref 1181 

Percentage of dctlvlty m 
unfractmn&ed ly\atc that 

wd\ recovered m 

Ae:rurt-y :n- 

UnfractlOndted Sum of dll 

lysdte (nmol: gradlent 

min per ml Iysate) Amyloplact\ fractions 

177&24 

32&9 

3&02 

490 i 94 
74& 16 

6i2 

193,675 

8 2.6 7 

17X*] 2 

184_+69 

256297 

1 xi04 
25ro7 

none found 

47,16 

none found 

none found 

94*7 

72110 

65&l 

1051 I3 

99F6 

III 

91 ;t9 
x3.1 1s 

67.89 
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