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Abstract. The effects of waxy  mutations on starch-gran- 
ule-bound starch synthases (EC 2.4.1.18) in the developing 
endosperm of barley (Hordeum vulgare L.) and maize (Zea 
mays L.) have been investigated. Three granule-bound 
starch synthases in barley endosperm were identified by 
use of antibodies to known starch synthases, by recon- 
stitution and assay of individual proteins from sodium 
dodecyl sulphate-polyacrylamide gels of granule-bound 
proteins, and by partial purification of proteins released 
by enzymic digestion of starch. These are proteins of 60, 77 
and 90 kDa. Use of antibodies to known starch synthases 
and partial purification of proteins released by enzymic 
digestion of starch indicated that there may be at least 
four granule-bound starch synthases in maize endosperm: 
proteins of 59, 74, 77 and 83 kDa. Mutations at the waxy  
loci of both species affected only the 60- (barley) and 59- 
(maize) kDa isoforms. No evidence was found that other 
putative isoforms are altered in abundance or activity by 
the mutations. The contribution of our results to under- 
standing of the starch synthase activity of intact starch 
granules and the mechanism of amylose synthesis is dis- 
cussed. 
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Introduction 

The aim of this work was to improve our understanding of 
the effects of w a x y  mutations on starch synthases located 
on starch granules in cereal endosperms. There is good 
evidence that a class of granule-bound isoforms of starch 
synthase (which will be referred to as granule-bound 
starch synthase I: GBSSI) is exclusively responsible for the 
synthesis of the amylose component of storage starch 
(Preiss 1992; Smith and Martin 1993). Mutations in genes 
encoding GBSSI isoforms (at the waxy  loci in cereals, 
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e.g. Shure et al. 1983; Rohde et al. 1988) almost eliminate 
both the granule-bound starch synthase activity and the 
amylose component of the starch from storage organs. In 
the wild type, GBSSI is usually the major granule-bound 
protein of storage organs. It has a molecular mass of 
about 60 kDa, and is highly conserved in primary amino- 
acid sequence between species (Dry et al. 1992; Ainsworth 
et al. 1993). 

Isoforms of starch synthase distinct from GBSSI are 
also located on starch granules in storage organs. Starch 
granules of pea embryo have an isoform of 77 kDa (pea 
GBSSII) in addition to GBSSI, which is quite distinct 
from GBSSI in predicted amino-acid sequence (Smith 
1990; Dry et al. 1992). Starch granules of wheat endo- 
sperm and potato tuber also have an isoform similar to 
pea GBSSII (Denyer et al. 1995b; Edwards et al. 1995) and 
we have also detected antigenically-related proteins of 
77 kDa on the storage starches of several other species. It 
seems likely there are also other granule-bound starch 
synthases, the nature of which may differ from one species 
to another. Starch granules of wheat endosperm have 
a 100- to 105-kDa isoform (Denyer et al. 1995b) and 
granules from wild-type maize endosperm are reported to 
have isoforms of 93 kDa (Macdonald and Preiss 1985) 
and 76 kDa (Mu et al. 1994). 

The roles of granule-bound starch synthases other 
than GBSSI are not known. The phenotype of waxy  
mutants indicates that these isoforms are not important in 
amylose synthesis, and that they make only a minimal 
contribution to the activity of granule-bound starch syn- 
thase. However, these conclusions are based on the as- 
sumption that these isoforms are not affected by the waxy  
mutations. For  maize, there is evidence that this assump- 
tion is incorrect. It has been reported that starch of wild- 
type maize endosperm has a single isoform of starch 
synthase other than GBSSI, a protein of 93 kDa, whereas 
the starch of waxy maize has two distinct activities, asso- 
ciated with proteins of 70 and 60 kDa (Macdonald and 
Preiss 1983, 1985). In pea embryo and potato tuber, how- 
ever, mutations which eliminate GBSSI (at the a m f l o c u s  
of potato and the lam locus of pea: Visser et al. 1989; 
Denyer et al. 1995a) do not appear to affect the nature 
of other granule-bound starch synthases (Denyer et al. 
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1995a; Edwards  et al. 1995). Cereal endosperms may thus 
differ in this respect from other s tarch-stor ing organs. 

In fo rmat ion  abou t  the effects of waxy  muta t ions  on all 
of the g ranu le -bound  isoforms of starch synthase in cereal 
endosperms is clearly required if the roles of isoforms 
other than  GBSSI  are to be unders tood.  To  provide this 
informat ion,  we have examined the effect of waxy  muta-  
t ions on  the number ,  na ture  and  activity of g ranu le -bound  
isoforms in the developing endosperms of barley and  
maize. This work makes use of two ant ibodies  which 
recognise starch synthases from a variety of s tarch-storing 
organs. The an t ibody  to GBSSI  from pea embryos  recog- 
nises GBSSI  from wheat endosperm,  pota to  tuber  and  
several other organs (Denyer et al. 1995b; Edwards  et al. 
1995). The an t ibody  to GBSSII  from pea embryos  specifi- 
cally recognises proteins identified as starch synthases in 
a variety of storage organs. In  wheat  endosperm it recog- 
nises exclusively a g ranu le -bound  and  soluble prote in  of 
77 kDa,  shown to be a starch synthase by purif icat ion to 
homogenei ty  (Denyer et al. 1995b). In  pota to  tuber  it 
recognises exclusively a g ranu le -bound  and  soluble pro- 
tein with an  apparen t  size of 92 kDa.  The pr imary  amino  
acid sequence of this prote in  deduced from a c D N A  clone 
is very similar to that  of pea GBSSII ,  and  the prote in  
displays starch synthase activity when expressed in 
Escherichia coli (Edwards et al. 1995). 

Materials and methods 

and the size distribution suggested that A-type granules made up at 
least 91% by volume of the starch. In these respects our starch 
samples are typical of barley starches generally (McDonald et al. 
1991). 

The amylose content of wild-type and mutant maize was ana- 
lysed by gel permeation chromatography according to Denyer et al. 
(1995a). 

Solubilization and fractionation of starch-granule-bound proteins. 
Starch (1-5 g) was ground in 0.5 g or 1 g batches in a mortar at room 
temperature for 2.5 rain, suspended at 0.17 g-m1-1 in Medium 
A [50 mM Tris-acetate (pH 7.5), 10 mM KC1, 1 mM EDTA, 1 mM 
DTT, 50 ml-1-~ glycerol] that contained 30 unit" ml-x a-amylase 
(porcine pancreas; Boehringer Mannheim, Lewes, Sussex, UK), in- 
cubated at 30 ~ for 2.5 h (barley) or 1.5 h (maize), then centrifuged 
at 40000-0 for 15min. The supernatant is referred to as the 
solubilized, starch-granule-bound protein. 

The solubilized, starch-granule-bound protein was passed 
through a 0.2-1ma filter and applied to a Mono Q anion-exchange 
column (HR 5 • 5, FPLC system; Pharmacia-LKB, Milton Keynes, 
UK) equilibrated with Medium A. The column was washed with 
Medium A until all the unadsorbed protein had passed through, 
then eluted with a 45-ml linear gradient of 0 to 1 M KC1 in Medium 
A at a flow rate of 1 ml-min -1. Fractions of 1 ml were collected. 

Assay of starch synthase. Starch synthase was assayed as the incor- 
poration of 14C from ADP[14C]glucose into starch in the presence 
of added amylopectin, either according to Smith (1990: methanol- 
KC1 method, assay includes 0.5 M citrate) for all barley experiments, 
or according to Jenner et al. (1994: assay does not include citrate) for 
all maize experiments. For maize the resin method was used for 
soluble extracts and the methanol-KC1 method was used where the 
assay contained starch granules. 

Plant material. Wild-type and mutant lines of barley (Hordeum 
vulgare L.) were cv. Hector and cv. Waxy Hector, respectively. Seed 
was the kind gift of Dr. Roger Ellis, SCRI, Dundee, UK. The 
wild-type line of maize (Zea mays L.) was the dent genotype B73. The 
mutant line was derived from it by mutagenesis of pollen with ethyl 
methyl sulphonate (Neuffer and Chang 1989). It was shown to carry 
a mutation at the waxy locus by an allelism test in which it was 
crossed with a known waxy mutant line, and its kernels have the 
appearance and iodine-staining characteristics typical of waxy mu- 
tants. Developing endosperm was used for all experiments. Barley 
plants were grown in a greenhouse maintained above 12 ~ with 
supplementary lighting in winter. Grains were removed from the ear 
and stored at - 80 ~ before use. Maize plants were grown in field 
conditions in central Iowa, USA. Whole ears were harvested and 
stored at - 80 ~ before use. 

Preparation and analysis of starch. Approximately 200 g of barley 
grains of between 30 and 60 mg, or maize kernels of 150-180 mg, 
were homogenized in about 2 vol. extraction medium containing 
50mM Tris-acetate (pH 7.8), 1 mM dithiothreitol (DTT), 1 mM 
EDTA at 4 ~ in a blender. The homogenate was filtered through 
four layers of cheesecloth and the residue re-extracted and filtered 
twice, each time with 1 vol. extraction medium. The combined 
filtrate was centrifuged at 10 000.g for 10 min at 4 ~ The super- 
natant and the grey/green (barley) or grey-yellow (maize) material 
from the surface of the pellet were discarded, and the pellet resus- 
pended in 100~200 ml extraction medium. This centrifugation and 
resuspension step was repeated four to five times until the starch 
pellet appeared completely white. The final pellet was suspended in 
50 ml acetone at - 20 ~ and allowed to settle under gravity. The 
acetone and the finer fraction of particulate material were removed. 
The pellet was washed twice more with acetone at - 2 0  ~ air- 
dried, and stored at - 20 ~ for up to three months before use. 

The size distribution of barley starch granules in a typical prep- 
aration was measured with a Malvern MasterSizer (Malvern Instru- 
ments, Malvern, UK). The average granule diameter was 12.1 gin, 

Analysis by SDS-PAGE and immunoblotting. Samples were analysed 
by SDS-PAGE on 7.5% polyacrylamide gels (80 x 50 x 0.75 mm) 
according to Smith (1990). Immediately prior to analysis, starch 
granules were washed twice with 20 g" 1-1 aqueous SDS then heated 
at 100 ~ for 4 rain at 50 mg" ml-a in gel sample buffer (Laemmli 
1970, but using 70 mM DTT instead of [3-mercaptoethanol) and 
centrifuged at 10000.g for 10 min. The resulting suspension from 
waxy starch and the supernatant from wild-type starch were applied 
to the gel. Gels were stained with Brilliant Blue R. 

Immunoblots were prepared and developed according to Denyer 
et al. (1993). 

Reconstitution of enzyme activity from SDS-PAGE gels. Wild-type 
starch granules were prepared as above for SDS-PAGE. Reconstitu- 
tion of enzyme activity was by an adaption of the method of Hager 
and Burgess (1980), according to Denyer et al. (1993). Enzyme 
activity was measured as above, for 3 h at 30 ~ 

Results 

Barley 

Granule-bound proteins. Analysis by S D S - P A G E  revealed 
that  the prote in  composi t ions  of starch from wild-type 
and  waxy  m u t a n t  barley are very similar except for pro- 
teins of abou t  60 kDa.  The relative a m o u n t  of prote in  of 
this molecular  mass is very much less in waxy than  in 
wild-type starch (Fig. 1). 

An an t ibody  to the GBSSI  of pea embryo  (Smith 1990) 
recognised the major  band  of prote in  of 60 kDa  from 
wild-type starch (Fig. 1). This  pro te in  will be referred to as 
barley GBSSI.  An an t ibody  to pea GBSSII  (Smith 1990) 
recognised GBSSI  and  bands  of prote in  of 77 and  90 k D a  
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Table 1. Effect of mechanical disruption on the starch synthase 
activity of barley and maize starches. Suspensions of intact granules 
and granules which had been disrupted by grinding in a mortar were 
assayed for starch synthase activity. Values are either means • SE of 
the number of measurements (each in an independent experiment) 
given in parentheses or, for intact, waxy barley granules, three 
measurements made in independent experiments, nd = not detected. 
Values for disrupted maize starch varied considerably between ex- 
periments, and are discussed in the text 

Starch synthase activity 
(~mol'min-~.g-1 starch) 

Starch Intact granules Disrupted granules 

Fig. 1A-D. Granule-bound proteins of barley starch. Granule- 
bound proteins were extracted from purified waxy (track 1) and 
wild-type (track 2) starch by boiling in an SDS-containing solution, 
then subjected to SDS-PAGE (A). Sizes of proteins (estimated from 
several gels on which they were compared with molecular-weight 
standards) are given in kDa. Gels were blotted onto nitrocellulose, 
and blots were developed with antibodies to GBSSI of pea embryos 
(B: 1/1000 dilution of the Ig fraction of serum) or GBSSII of pea 
embryos (C: 1/1000 dilution of the Ig fraction of serum). Develop- 
ment of blots with pre-immune sera revealed no bands (D: 1/1000 
dilution of the Ig fraction of preimmune serum for GBSSII) 

on wild-type starch, and bands of protein of 77 and 
90 kDa on waxy starch (Fig. 1). 
Activity of granule-bound starch synthase. Purified, intact 
starch granules from wild-type barley endosperm have 
considerable starch synthase activity, whereas those from 
mutant endosperm have almost none (Table 1). Mechan- 
ical disruption of starch granules generally results in a 
considerable increase in their starch synthase activity 
(Frydman and Cardini 1967; Macdonald and Preiss 1983; 
Smith 1990). We therefore examined the effect of mechan- 
ical disruption on the activity of barley starch granules. 
After grinding in a mortar  (see Material and methods), 
granules swelled considerably on contact with aqueous 
solutions and - although the magnitude of the effect 
varied from one preparation of starch to another - their 
starch synthase activity increased (Table 1). In general, the 
activity of wild-type granules increased about twofold and 
that of waxy granules increased at least tenfold. The 
amount  of activity revealed by disruption of waxy gran- 
ules was approximately 60% of that revealed by disrup- 
tion of wild-type granules. The activity of damaged waxy 
granules was about 30% of that of damaged wild-type 
granules. Further treatments of mechanically-disrupted 
granules did not result in any further increase in starch 
synthase activity. These included sonication, prolonged 
grinding, and incubation of ground granules with urea 
(8 M), dimethyl sulphoxide (up to 800 ml-1- a), Qt-amylase 
(from bacterial, mammalian and plant sources) or amylo- 
glucosidase for up to 16 h at up to 30 ~ 

Fractionation of granule-bound starch synthases. To dis- 
cover which of the granule-bound proteins of barley 
starch have starch synthase activity, proteins were 
solubilised from mechanically-disrupted starch granules 
by incubation with a-amylase. About 15% of the activity 

Wild-type barley 0.219 _+ 0.022 (3) 
Waxy barley nd, 0.012, nd 
Wild-type maize 0.204 4-_ 0.023 (3) 
Waxy maize 0.031 + 0.013 (3) 

0.419 + 0.026 (3) 
0.116 + 0.021 (3) 

originally present on the damaged granules was solu- 
bilised during the incubation. The sum of the activities in 
the soluble and insoluble material after incubation was 
routinely greater than 80% of that originally present on 
the damaged granules, indicating that little starch syn- 
thase activity was lost during the incubation. The SDS 
gels of granule-bound proteins and proteins solubilised by 
incubation with 0t-amylase appeared to be identical (not 
shown), indicating that the solubilised proteins were 
quantitatively and qualitatively representative of those on 
the granule. 

Solubilised proteins were fractionated by anion- 
exchange chromatography on Mono Q. Although there 
was some variation between experiments in the precise 
elution profiles of proteins and starch synthase activity, 
the following features of the elution profiles were highly 
reproducible between experiments. Starch synthase activ- 
ity eluted from the column routinely accounted for 90% 
or more of that applied to the column. Activity from both 
wild-type and waxy starch eluted as a sharp peak followed 
by a broad peak or shoulder (Fig. 2). The sharp initial 
peak from both wild-type and waxy starch contained the 
77-kDa protein recognised by the antibody to pea 
GBSSII. This protein eluted from the column with the 
same profile as the peak of activity, and was always one of 
the major proteins visible on SDS gels of the peak frac- 
tions. The first peak did not contain the 90-kDa protein 
recognised by the pea GBSSII antibody (Fig. 2). 

The second peak or shoulder of activity did not con- 
tain the 77-kDa protein. It contained several proteins 
including the 90-kDa protein recognised by the pea 
GBSSII antibody, and this protein eluted from the col- 
umn with a profile similar to that of the peak of activity 
(Fig. 2). 

The GBSSI of wild-type starch eluted in two broad 
regions of the salt gradient, the first roughly coinciding 
with the first peak of activity and the second coinciding 
with the tail of activity from the second peak or shoulder. 

To provide further information about the starch syn- 
thase activity of granule-bound proteins, proteins were 
solubilised from wild-type granules by heating in an SDS- 
containing buffer, separated by SDS-PAGE, eluted from 
the gel and renatured. We have used this method to 
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identify granule-bound proteins with starch synthase ac- 
tivity in pea embryos (Denyer et al. 1993). The GBSSI and 
proteins of 77 and 90-kDa from wild-type barley starch 
yielded starch synthase activity when renatured (Fig. 3). 
The total activity associated with renatured proteins was 
only a few percent of that of the original sample of starch, 
hence no conclusions can be drawn about  the specific or 
relative starch synthase activities of these proteins in vivo. 

We were not able to examine the starch synthase 
activity of proteins from waxy starch by this renaturation 
method. In common with other waxy starches, waxy bar- 
ley starch forms a paste on heating in aqueous solution. 
Granule-bound proteins can be resolved from the paste by 
direct loading onto an SDS gel (Fig. 1). However, extrac- 
tion of proteins from the paste at sufficiently high concen- 
trations for renaturation experiments proved impossible. 

Fig. 2A, B. Fractionation of solubilised, granule-bound proteins 
from barley starch on a Mono Q column. Proteins were solubilised 
from disrupted starch granules (5 g) with a-amylase and subjected to 
chromatography on a Mono Q column. Fractions collected from the 
column were assayed for starch synthase activity and subjected to 
SDS-PAGE followed by immunoblotting with an antibody to GBSSII 
of pea embryos. A Solubilised protein from waxy starch. Columns 
represent starch synthase activity and the solid line is Az80, on a scale 
from 0 to 1.7 A. B Solubilised protein from wild-type starch. Columns 
represent starch synthase activity and the solid line is A280, on a scale 
from 0 to 0.5 A. C SDS-polyacrylamide gels (7.5%) and immunoblots 
(1/5000 dilution of the Ig fraction of serum containing antibody to 
GBSSII) of fractions from A and B. The arrowheads indicate bands 
which are attributable to an inactive contaminant of the a-amylase 
used to digest the starch (experimental evidence for this not shown). 
Estimated sizes of bands are indicated in kDa on the right of the figure. 
a, gel (2) and blot (3) of fraction 24 from wild-type starch, Molecular- 
weight standards (kDa) are shown in track 1. b, gel (1) and blot (2) of 
fraction 29 from wild-type starch, c, gel (1) and blot (2) of fraction 24 
from waxy starch, d, gel (1) and blot (2) of fraction 27 from waxy starch 

Maize  

Granule-bound proteins. Experiments with maize were 
done on the dent genotype B73 and on a waxy  mutant  line 
derived from it by chemical mutagenesis. The starch of the 
waxy  mutant  stains red with iodine, and contains no 
detectable amylose when solubilised and subjected to gel- 
permeation chromatography (data not shown). 

Analysis by SDS-PAGE revealed that the protein 
compositions of the wild-type and waxy starch are very 
similar (Fig. 4). Both starches contain a protein of 59 kDa  
which is recognised strongly by an ant ibody to pea 
GBSSI. This protein will be referred to as maize GBSSI. 
The retention of the GBSSI protein in the starch of maize 
waxy  mutants  has been observed previously: Echt and 
Schwartz (1981) reported that 4 out of 26 amylose-free 
mutants  of maize retained a 60-kDa protein in their 
starch. Both starches also contain proteins of 74, 77 and 
83 kDa  which are recognised by an antibody to pea 
GBSSII.  This antibody also weakly recognises the maize 
GBSSI (Fig. 4). The 74-kDa protein is strongly recognised 
by an antibody raised to a 76-kDa putative starch syn- 
thase of maize endosperm (Fig. 4; Mu et al. 1994). It is thus 
likely that the 74-kDa protein and the 76-kDa protein 
described by Mu et al. are one and the same. 

Granule-bound starch synthase activity. The starch syn- 
thase activity of intact, wild-type maize granules was com- 
parable to that of wild-type granules of barley (Table 1). 
The average activity of waxy maize granules was some- 
what higher than that of waxy barley granules, but was 
still about  sevenfold lower than that of wild-type maize or 
barley granules. The effect of mechanical disruption on 
the starch synthase activity of the granules varied con- 
siderably from one batch of starch to another, but activity 
was usually increased by this treatment. The largest in- 
creases we observed in four experiments were threefold for 
wild-type starch and fivefold for waxy starch. 

Fractionation o f  granule-bound starch synthases. Proteins 
were solubilised from starch by incubation with a-amylase 
and fractionated by anion-exchange chromatography.  Ac- 
curate estimation of the percentage of starch synthase 
activity solubilised and its recovery from the Mono Q 
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Fig. 3. Starch synthase activity of granule-bound proteins recon- 
stituted from an SDS-polyacrylamide gel. Approximately 0.5 ml of 
supernatant from boiled starch prepared as in Fig. 1 was applied to 
a 7.5% SDS-polyacrylamide gel (10 cm wide, 0.75 mm thick). Pro- 
tein bands were visualised by staining with KCI. Sequential slices 
2 mm wide were excised from top to bottom of the gel, and protein in 
them was extracted and precipitated with acetone to remove SDS. 
Precipitated protein was dissolved in a small volume of 6 M 
guanidine-HC1, then diluted rapidly with a large volume of re- 
naturation medium (Hager and Burgess 1980), incubated for 16 h, 
and assayed for starch synthase activity. A typical experiment is 
shown. The upper panel shows the activity of starch synthase (as 
kBq incorporated from ADP[U14-C]glucose into glucan polymer, 
mean of two replicate assays) in each slice. The lower panel is a part 
of the same gel, stained with Brilliant Blue R, showing the positions 
of the protein bands relative to the slices. The molecular weights of 
the main bands of protein are indicated 

column was not possible because activity recovered after 
chromatography was always severalfold greater than that 
measured in the solubilised, unfractionated material. This 
is a problem specific to maize starch: it did not occur in 
essentially identical solubilisation experiments with barley 
starch (see above), and pea and wheat starch (Smith 1990; 
Denyer et al. 1995b). 

Both the amount  and the distribution of starch syn- 
thase activity eluted from the Mono Q column were 
reproducible between experiments. For  both wild-type 
and waxy starch, starch synthase activity eluted as two 
peaks, the first peak to elute containing most of the 
activity. In two experiments with wild-type starch, activ- 
ities of 0.027 and 0.028 ~tmol. min-  ~. g-  ~ starch were 
recovered from the column, and 86 and 80% of these, 
respectively, were in the first peaks. In three experiments 
with waxy starch, somewhat lower activities of 0.013, 
0.021 and 0.022 ~tmol. min-  1. g-  1 starch were recovered 
from the column, and 85, 80 and 76% of these were in the 
first peaks. 

Fig. 4A-D. Granule-bound proteins of maize starch. Granule- 
bound proteins were extracted from purified waxy (track 1) and 
wild-type (track 2) starch by boiling in an SDS-containing solution, 
then subjected to SDS-polyacrylamide gel electrophoresis (A). Sizes 
of proteins (estimated from several gels on which they were com- 
pared with molecular-weight standards) are given in kDa. Gels were 
blotted onto nitrocellulose, and blots were developed with antibod- 
ies to GBSSI of pea embryos (B: 1/1000 dilution of the Ig fraction of 
serum), GBSSII of pea embryos (C: 1/1000 dilution of the Ig fraction 
of serum), or an antibody to a 76-kDa putative starch synthase 
described by Mu et al. (1994) (D: wild-type starch only, 1/10 000 
dilution of crude serum). Development of blots with pre-immune 
sera revealed no bands (not shown) 

The profiles of proteins eluted from the Mono Q col- 
umn were also very reproducible between experiments, 
with the exception of the GBSSI protein from waxy 
starch. The degree of solubilisation of this protein varied 
between experiments, and in some cases very little was 
solubilised. However, variation in the amount of this 
protein that eluted from the Mono Q column had no 
discernible effect on the amount or profile of starch syn- 
thase activity or other proteins, hence this variation does 
not affect the interpretation of the results. 

There were strong similarities in the profiles of pro- 
teins eluted from the Mono Q column for wild-type and 
waxy starches (Fig. 5A-C). In both cases the first peak of 
starch synthase activity to elute from the column con- 
tained the 74- and 83-kDa proteins antigenically related 
to pea GBSSII, and the second peak contained the 74-, 77- 
and 83-kDa proteins (Fig. 5C). The relative amount  and 
elution profiles of these proteins from the two sorts of 
starch were virtually indistinguishable. 

There were differences between wild-type and waxy 
starches in the degree of coincidence between the first 
peak of starch synthase activity and the elution profiles of 
particular proteins (Fig. 5). For  waxy starch, the elution 
profiles of the 74- and 83-kDa proteins closely matched 
that of the activity. Fo? wild-type starch, however, there 
was no obvious coincidence between the elution profile of 
starch synthase activity and that of any particular protein. 
The peak of 74- and 83-kDa proteins was later than that 
of starch synthase activity, and the peak of GBSSI protein 
was sharper than that of starch synthase activity. These 
results indicated that the 74- and 83-kDa proteins might 
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be responsible for the starch synthase activity of the first 
peak f rom waxy starch, and these proteins together  with 
GBSSI  might  contr ibute to the first peak from wild-type 
starch. 

To  investigate this further, samples containing equal 
starch synthase activities f rom the first peak for the two 
starches were subjected to S D S - P A G E  (Fig. 5D). Staining 
with Brilliant Blue revealed that  the waxy sample con-  
tained no GBSSI,  and that  the wild-type sample contained 
less of  the 74- and 83-kDa proteins than the waxy sample. 

235 

Fig. 5A, B. Fractionation of solubilised, granule-bound proteins 
from maize wild-type (A) and waxy (13) starch on a Mono Q column. 
Proteins were solubilised from disrupted starch granules (3 g) with 
or-amylase and subjected to chromatography on a Mono Q column. 
Fractions collected from the column were assayed for starch syn- 
thase activity and subjected to SDS-PAGE followed by immunob- 
lotting with an antibody to GBSSII of pea embryos. Sizes of proteins 
are given in kDa. In the upper panels, columns represent starch 
synthase activity and the solid line is A280, on a scale from 0 to 0.11 
A. Fractions were between 0.15 M and 0.4 M on a linear salt gradi- 
ent. Lower panels are SDS-polyacyrylamide gels (7.5%) of fractions 
9-19 in the upper panels. Tracks contain 1/4 of the protein from the 
fractions. The arrowheads indicate bands which are attributable to 
an inactive contaminant of the at-amylase used to digest the starch 
(experimental evidence for this not shown). C Immunoblots (1/5000 
dilution of the Ig fraction of serum containing antibody to GBSSII) 
of fractions from the Mono Q column. Track 1, fraction 12 from 
wild-type starch. Track 2, fraction 12 from waxy starch. Track 3, 
fraction of the highest activity from the second peak, from wild-type 
starch. Track 4, fraction of the highest activity from the second peak, 
from waxy starch. This waxy fraction was taken from an experiment 
in which more GBSSI eluted from the column than in the experi- 
ment in B. D SDS-polyacrylamide gel (7.5 %) of fractions of highest 
activity from the first peak of wild-type (track 1) and waxy (track 2) 
starch, loaded so that both tracks contain protein equivalent to 
about 10 nmol. min- 1 starch synthasc activity 

Thus  GBSSI  is likely to contr ibute  to the activity of  this 
peak in the wild type. However,  its specific activity must  
be much  lower than that  of  other  starch synthases contri-  
but ing to activity in the first peak. The specific activity o f  
starch synthase in fraction 10 on Fig. 5A, a fraction f rom 
wild-type starch in which GBSSI  is by far the major  
protein, was 0.095 ~tmol. m i n -  1. m g -  1 protein. In con-  
trast, the specific activity of  the peak fraction from waxy 
starch (fraction 11 on Fig. 5B) was 0.5 ~tmol. m i n -  1 "mg-  1 
protein. Putat ive starch synthases form only a very minor  
componen t  of  the protein in this fraction, mos t  of  which 
is an inactive con taminan t  of  the or-amylase used to 
solubilise the starch. The individual specific activities of  
the starch synthases must  therefore be much  higher than 
0.5 pmol .  m i n - 1 . m g - 1  protein. The fact that  the second 
peak of  activity f rom wild-type starch contr ibutes only 
about  15% of the total activity and yet contains several 
times more  GBSSI  protein than the first peak (Fig. 5) also 
suggests that  the specific activity of  GBSSI  in these experi- 
ments  is very low. 
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Discussion 

Occurrence of starch synthases on wild-type starches. Our 
data provide good evidence that wild-type barley and 
maize endosperms have granule-bound starch synthases 
in addition to GBSSI. In barley starch, proteins of 77 
and 90 kDa exhibit starch synthase activity when recon- 
stituted after SDS-extraction from starch granules, and 
are antigenically related to pea GBSSII. Starch synthase 
activity co-elutes with these proteins upon ion-exchange 
chromatography of solubilised, granule-bound proteins. 
Our examination of maize starch is less detailed, but it is 
clear that protein(s) other than GBSSI are starch syn- 
thases. Three proteins, of 74-, 77- and 83-kDa, are anti- 
genically related to pea GBSSII. Comparison of the 
elution profiles of starch synthase activity and proteins 
from wild-type starch on a Mono Q column suggests that 
at least one of these proteins makes a substantial contri- 
bution to the activity that can be solubilised from the 
granule. 

Our results are in general agreement with those from 
previous studies of the starches of cereal endosperms. 
Wheat starch has starch synthases of 77- and 100- to 
105-kDa in addition to GBSSI (Denyer et al. 1995b). 
Maize starch is reported to have an isoform of 93 kDa 
(Macdonald and Preiss 1985), and there is good circum- 
stantial evidence that it has an isoform of 76 kDa 
(Mu et al. 1994). Although the relationship between the 
former and the proteins identified in our study is not clear, 
the latter is highly likely to be the 74-kDa protein 
antigenically related to pea GBSSII. 

Effects of waxy mutations on 9ranule-bound starch syn- 
thases. The waxy mutations of maize and barley have no 
apparent effect on putative granule-bound starch syn- 
thases other than GBSSI. For  barley, the amounts and 
starch synthase activities of the 77- and 90-kDa proteins 
identified as starch synthases appear to be unaffected by 
the mutation. For  the lines of maize used in our experi- 
ments, amounts of all of the proteins strongly antigeni- 
cally related to pea GBSSII are not affected by the 
mutation. Evidence that the activities of starch synthases 
other than GBSSI are not affected by the mutation is 
provided by the similarity between wild-type and waxy 
starches in the elution profiles from a Mono Q column of 
starch synthase activity and proteins related to pea 
GBSSII. Our results are not consistent in this respect with 
previous reports that waxy maize starch has two isoforms 
of starch synthase which differ in molecular mass and 
kinetic properties from the isoforms of wild-type starch 
(Macdonald and Preiss 1985). 

Activity of oranule-bound starch synthases. The effects of 
the waxy mutations on the starch synthase activity of 
starch granules provide evidence that the activity of intact, 
wild-type starch granules is due primarily to GBSSI. In- 
tact wild-type granules have high activity whereas in- 
tact waxy granules, which lack GBSSI but retain other 
isoforms of starch synthase, have almost none. Although 
isoforms other than GBSSI contribute little to the activity 
of intact granules, they probably account for a substantial 
proportion of the activity revealed by mechanical disrup- 

tion of wild-type granules. In barley, the amount of activ- 
ity revealed by disruption is of the same order in waxy as 
in wild-type starch. The situation is less clear in maize 
because of variation between experiments, but here too 
disruption of waxy starch reveals considerable starch syn- 
thase activity. We suggest that GBSSI is in a location or 
conformation within the intact granule which allows it to 
be active, whereas other isoforms only display significant 
activity when granules are disrupted. 

This interpretation must, however, be treated with 
caution. First, waxy mutations change the structure 
of the granule, and hence may alter the environment of 
granule-bound starch synthases. It is thus conceivable 
that the mutation alters the extent to which isoforms other 
than GBSSI may be active in intact granules. Second, 
while mechanical disruption gave the highest starch syn- 
thase activities per weight of starch of any of the methods 
of disruption we tried, these values may not represent the 
maximum catalytic activity of granule-bound starch syn- 
thase for either wild-type or waxy granules. 

The synthesis ofamylose. Our results as a whole confirm 
the link between GBSSI and the synthesis of amylose. 
Conventional waxy mutants of maize in general, including 
the mutant used in this study, have undetectably low 
levels of amylose in their starch. Since GBSSI is the only 
granule-bound protein apparently affected by the waxy 
mutation, it must play the dominant role in amylose 
synthesis. The situation for barley is similar in that the 
waxy mutation causes a large reduction in amylose con- 
tent and affects only GBSSI. However, the Waxy Hector 
cultivar used here is reported to retain about 3 0 o  of the 
amylose content of Hector, the cultivar from which it was 
derived (Morrison et al. 1986). This amylose may be syn- 
thesised by starch synthases other than GBSSI, or it may 
be the product of a residual amount of active GBSSI in the 
waxy starch. 

Although our results suggest that GBSSI plays a 
dominant role in amylose synthesis and accounts for most 
of the starch synthase activity of intact starch granules, the 
protein after solubilisation in a native state has an ex- 
tremely low specific activity. Other starch synthases con- 
tribute a very substantial proportion of the activity of 
solubilised, granule-bound proteins. The GBSSI isoforms 
from the starches of pea embryo (Smith 1990) and wheat 
endosperm (Denyer et al. 1995b) also have very low or 
undetectable activities when solubilised in a native state. 
It is possible that some feature of the environment within 
the matrix of the granule is important for the activity of 
this isoform, and that this feature is lost when the isoform 
is solubilised. 

There are two repoi~ts that GBSSI retains significant 
activity after solubilisation from starch granules using 
starch-degrading enzymes. First, Macdonald and Preiss 
(1985) found that the protein responsible for 80% or more 
of the activity solubilised from starch of wild-type maize 
endosperm had a native molecular mass on sucrose-den- 
sity gradients of 60 kDa. Second, Sivak et al. (1993) re- 
ported that a protein of 60 kDa, which they believed to be 
GBSSI, accounted for all of the solubilised granule-bound 
activity from pea embryos. These results are different from 
our own, and may suggest that subtle differences in experi- 
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menta l  p ro toco l  affect the degree to which G B S S I  re ta ins  
ac t iv i ty  u p o n  solubi l isa t ion.  

O u r  results  indicate  s t rong ly  tha t  g r anu l e -bound  
s tarch synthases  o ther  than  G B S S I  m a k e  litt le con t r ibu -  
t ion to the synthesis  of  amylose .  The  poss ib i l i ty  tha t  they 
con t r ibu te  to the  synthesis  of  amy lopec t i n  canno t  be ruled 
out.  W e  have suggested prev ious ly  tha t  they m a y  be 
soluble  i soforms active in amylopec t in  synthesis  a t  the  
surface of  the granule,  which become t r apped  wi thin  the 
g rowing  mat r ix  and  then p lay  no  fur ther  role  in s ta rch  
synthesis  (Denyer  et al. 1993, 1995b). Cons i s ten t  with this, 
a 76 -kDa  g r anu l e -bound  p ro te in  of maize  e n d o s p e r m  
(likely to be the 74 -kDa  p ro te in  identif ied in this paper)  
appea r s  also to account  for a large p r o p o r t i o n  of  the  
soluble  s ta rch  synthase  act ivi ty  (Mu  et al. 1994). However ,  
a 100- to  105-kDa g r a n u l e - b o u n d  s tarch synthase  of  
whea t  is no t  de tec tab le  in the soluble  f ract ion of  the 
e n d o s p e r m  (Denyer  et al. 1995b). The  roles of these iso- 
forms remain  to be elucidated.  

We are very grateful to Dr. Roger Ellis (SCRI, Dundee, Scotland) for 
the gift of barley seeds, and to Drs Roger Ellis, Alan Schulman and 
Cathie Martin for helpful advice and comments during the course of 
this work. 
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