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Abstract 

A full-length cDNA clone representing the waxy protein (GB S SI) isolated from a hexaploid wheat de- 
veloping grain cDNA library has been used to characterise the organisation and expression of the waxy 
genes in wheat. The genes are organised as a triplicate set of single copy homeoloci on chromosome arms 
4AL, 7AS and 7DS. The genes are active throughout grain filling where the main 2.3 kb transcript ac- 
cumulates to high levels. The 2.3 kb transcript is not expressed in leaves where the presence of a re- 
lated, but less homologous, transcript of 1.6 kb suggests that a different set of genes operates. Gel analysis 
and purification of the waxy protein isolated from starch granules, followed by N-terminal amino acid 
sequencing in conjunction with data from hybrid select translation experiments and sequence analysis 
of the cDNA, shows that the mature protein has a molecular weight of 60kDa (615 amino acids) and 
that the preprotein includes a chloroplast/amyloplast transit peptide of 7kDa (75 amino acids). Anal- 
ysis of the derived amino acid sequence and alignment with five other plant waxy proteins shows that 
they exhibit substantial homology. The wheat protein differs from all others in that it contains an 1 lamino 
acid insertion towards the N-terminus. The protein contains the conserved motif KTGGL found in other 
waxy proteins and which has been implicated as the active site in glycogen synthase. 

Introduction 

Starch is the major storage product of the world's 
most important food crops: the seeds of cereals 
and some legumes, and tuber and root crops such 
as potato and yam. Starch biosynthesis in plants 
is confined to the chloroplast and amyloplast; in 
the latter, storage starch is deposited as water- 
insoluble granules. The starch granule usually 
comprises two different forms of polymer: amy- 
lose, an essentially linear chain of c~(1-4)-linked 

e-D-glucopyranosyl residues and amylopectin 
which is the branched form of amylose (by e(1-6) 
linkages). The ratio of amylose to amylopectin 
varies between different starches but in most 
starches the amylopectin content is 67570~o of 
the total [29]. 

Although the precise pathways leading to the 
accumulation of starch as granules in storage or- 
gans are not fully understood, evidence strongly 
suggests that the pathway involving ADP-glucose 
predominates with hexose sugars being imported 
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into the amyloplast [ 14]. There is increasing evi- 
dence for the fundamental importance of the last 
three enzymes in the pathway (which have been 
shown to be confined to the amyloplast and chlo- 
roplast [27, 30]) in regulating the type of starch 
synthesised and the flux through the pathway. 
These enzymes are ADPG pyrophosphorylase 
(which catalyses the formation of ADP-glucose 
from glucose-l-phosphate and ATP), starch syn- 
thase (which uses ADP-glucose to extend the 
amylose chain by ~(1-4) linkages) and starch 
branching enzyme (which cleaves the amylose 
chain and adds ~(1-6)-linked branches. The evi- 
dence comes from the analysis of the enzymic 
composition of starch mutants in a wide variety 
of species and is now being extended by the ap- 
plication of molecular biology and, in particular, 
by the analysis of transgenic plants. 

Starch synthase (ADP-glucose glucosyl trans- 
ferase; EC 2.4.1.2.1) occurs in two main forms, 
one bound to the starch grain and the other sol- 
uble, located in the stroma of the chloroplast or 
amyloplast. The waxy protein, first identified from 
the waxy mutant of maize, has for some time been 
thought to be the granule bound starch synthase 
(GB S S). Waxy mutants have been identified in a 
variety of other plant species including Amaran- 
thus hypochondriacus, barley, rice, potato and 
some millets [6, 11, 12, 28]. In the maize waxy 
mutants, the type of starch in the kernel (and in 
the pollen and embryo sac) is profoundly affected 
such that it is completely free of amylose, com- 
pared to the normal levels of 25-30~o found in 
the wild-type starches [38]. In addition, although 
some starch synthase activity has been associated 
with the waxy endosperm, the activity of granule- 
bound starch synthase is undetectable [25]. 
Analysis of the proteins associated with the starch 
granule showed that in the waxy mutant, a major 
protein of 58-60 kDa (the waxy protein) and a 
number of less abundant protein s are absent [ 6 ]. 
The GBSS activity in waxy mutants correlates 
with the abundance of the 60 kDa waxy protein 
[22]. Although these data only provide correla- 
tive evidence for the waxy protein being a granule- 
bound starch synthase, there is supporting evi- 
dence from a number of other sources. Polyclonal 

antibodies raised to the purified potato 60kDa 
waxy protein have been shown to cross react with 
the waxy proteins of both maize and Amaranthus 
and starch synthase activity in Amaranthus is in- 
hibited by the antibody [42]. A mutant of potato, 
produced by mutagenesis, is both amylose-free 
and shows a strongly reduced activity of granule- 
bound starch synthase and the loss of the 60kDa 
waxy protein [12]. Experiments in which anti- 
sense granule-bound starch synthase RNA has 
been expressed in potato tubers provide the best 
evidence that the waxy protein is a granule-bound 
starch synthase [41]. 

Analysis of starch synthases in developing pea 
cotyledons suggests that starch synthase activity 
is associated with a 77 kDa protein and not with 
the antigenically unrelated 59 kDa waxy protein 
[39]. These proteins have been termed GBSS1 
and GBSSII respectively [5], and the authors 
propose that they represent functionally distinct 
isoforms of starch synthase which make different 
contributions to starch synthesis. 

Purification of the 60 kDa protein from maize 
has enabled the isolation of cDNA clones and 
genomic clones [36, 15] and waxy protein 
(GB S SI) genes have now been isolated from sev- 
eral other plant species. These include cDNA 
clones from pea [5], potato [40], barley [31] and 
wheat [4] and genomic clones from potato [32, 
40], rice [43], barley [31] and wheat (C.C. 
Ainsworth, unpublished). The GBSSII genes of 
both pea and potato have also been isolated [5]. 
In this study, we present an analysis of the nature 
and expression of a GBS SI gene and its encoded 
protein from the wheat endosperm. The sequence 
of the cDNA clone has recently been published 
[4]. We also compare the available GBSSI se- 
quences and that ofEscherichia coli glycogen syn- 
thase. 

Materials and methods 

Plant materials 

Hexaploid bread wheat (Triticum aestivum) cv. 
Chinese Spring and the relevant nullisomic- 



tetrasomic and ditelosomic aneuploid derivatives 
[33, 34, 35] were grown under glasshouse condi- 
tions. Developing grains were dissected from 
wheat ears, snap-frozen in liquid nitrogen and 
stored at -70 °C. 

Isolation of DNA 

Leaves were frozen in liquid nitrogen and rapidly 
ground to a fine powder in a coffee grinder or 
pestle and mortar, suspended in 2 volumes of 100 
mM Tris-HC1 pH 8.5, 100 mM NaC1, 50 mM 
EDTA, 2~o SDS, 0.05 mg/ml proteinase K and 
incubated at 60 °C for 1 to 2 h. The mixture was 
extracted with phenol/chloroform and precipi- 
tated with 0.6 volumes of isopropanol. The pre- 
cipitate was dissolved in TE (10 mM Tris-HC1 
pH8, 1 mM EDTA) and RNA was removed by 
digestion with 1 #g/ml RNase A for 30 min at 
37 o C. After extraction with phenol/chloroform, 
the DNA was ethanol-precipitated and dissolved 
in TE. 

Southern analysis 

Digested wheat DNA (8/~g) was fractionated on 
0.8 ~o TAE agarose gels and transferred to nylon 
membranes (Hybond N, Amersham) as described 
by Maniatis et al. [23]. Blots were prehybridised 
in 0.6 M NaCI, 20 mM PIPES pH 6.8, 4 mM 
EDTA, 0.2~ gelatin, 0.2~o PVP, 0.2~o Ficoll 
400, 1 ~o SDS containing 500 /lg/ml denatured 
autoclaved salmon sperm DNA for 4 h at 65 ° C. 
The waxy cDNA was released from pcSS22 [4] 
by digestion with Eco RI, purified by electrophore- 
sis and spin dialysis through Sepharose CL-6B 
(Pharmacia) and labelled with 32p-dCTP by 
primer extension [ 7 ]. Unincorporated nucleotides 
were removed by spin dialysis through Sepharose 
CL-6B. Prehybridised blots were hybridised with 
the labelled probe in the buffer described above 
for 16 h at 65 °C. Blots were washed with 2 x 
SSC, 0.1~o SDS (2 x 15 min) followed by 0.2 x 
SSC, 0.1Yo SDS (2x 15 min) and then exposed 
to Kodak XAR-5 film between intensifying 
screens at -70 °C. 
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Isolation of RNA 

Frozen developing grains and leaves were ground 
thoroughly in a pre-cooled coffee grinder and the 
frozen powder suspended in 3 volumes of 100 
mM Tris-HC1 pH 9.0, 200 mM NaC1, 5 mM 
DTT, 1~o Sarcosyl, 20 mM EDTA before dis- 
persing by grinding with a Polytron for 30 s. The 
mixture was extracted once with phenol/chloro- 
form/isoamyl alcohol (50:50:1) and twice with 
chloroform/isoamyl alcohol (50:1). The solution 
was adjusted to 2 M with 8 M LiC1 solution and 
the RNA was allowed to precipitate at 4 ° C over- 
night. The RNA was pelleted by centrifugation 
(10 000 x g for 10 min at 4 °C), washed twice in 
2 M LiC1 by resuspension and centrifugation (10 
000 x g for 10 min at 4 °C) before dissolving in 
TE. Insoluble material was removed by centri- 
fugation before the RNA was ethanol-precipitated 
and dissolved in water. 

Poly(A) + RNA was selected from total RNA 
using two rounds of oligo-d(T) cellulose chroma- 
tography [22]. 

Northern analysis 

Total or Poly(A) + RNA was electrophoresed in 
1.2 ~o agarose formaldehyde gels and transferred 
to nylon membranes without pre-treating the gels 
[23 ]. Blots were hybridised with labelled probe as 
for Southern blots (above) except that poly(A) 
was included in the hybridisation and prehybrid- 
isation solutions to prevent non-specific hybridi- 
sation. 

Hybrid select translation 

Circles of DBM paper (Transa-Bind, Schleicher 
and Schuell) were converted to the active form by 
washing on sterile foil with ice-cold 1.2 M HC1, 
immersing in freshly prepared 1.2 M HC1/I~o 
sodium nitrite solution for 45 min on ice, wash- 
ing twice in ice-cold sterile water followed by a 
wash in ice-cold 0.2 M sodium acetate pH 4.0. 10 
#g of plasmid DNA, dissolved in 0.2 M sodium 
acetate pH 4.0 was incubated at 80 °C for 1 min 
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and 40/A DMSO added before mixing and pi- 
petting onto individual filters contained in sterile 
siliconised 5 ml bottles. After overnight incuba- 
tion at room temperature, filters were washed 
three times in sterile water at 37 ° C, four times in 
0.4 M NaOH at 37 °C and four times in sterile 
water. 200 #1 storage buffer (50 ~o deionised for- 
mamide, 0.1 ~o SDS, 0.2mg/ml poly(A), 0.2mg/ml 
calf liver tRNA, 100 mM sodium phosphate pH 
7.0, 0.6 M NaC1) was added and the filters stored 
at 4 °C. After removal of the storage buffer, 100 
#1 hybridisation buffer (50~o deionised forma- 
mide, 40 mM PIPES pH 6.4, 0.9 M NaC1, 1 mM 
EDTA, 0.4~o SDS, 0.05 mg/ml poly(A))contain- 
ing 20 #g total RNA was added and the filters 
hybridised at 41 °C overnight. The hybridisation 
solution was removed and the filters washed four 
times for 20 min at 32 °C in 50~o deionised for- 
mamide, 8 mM sodium citrate pH 7.6, 20 mM 
NaC1, 1 mM EDTA, 0.2~o SDS. The bound 
RNA was eluted by washing twice in 90 ~o for- 
mamide, 20 mM PIPES pH6.4, 1 mM EDTA, 
0.5~o SDS at 60 °C for 20 min. The selected 
RNA was ethanol-precipitated and dissolved in 5 
/~1 sterile water. 

2/~1 of selected RNAs were translated in vitro 
using a rabbit reticulocyte lysate kindly provided 
by Dr M.F. Tuite (University of Kent, Canter- 
bury, UK). Translation was carried out for 90 
min at 30 °C in a reaction volume of 25/A con- 
taining 12.5 #1 of lysate, 100 #M amino acids 
(minus Met), 1 mM ATP, 200 /~M GTP, 12.5 
mM creatine phosphate, 5 U creatine phospho- 
kinase, 2 mM magnesium acetate, 75 mM potas- 
sium chloride, 20 mM Tris-HC1 pH 7.6, 3 mM 
glucose and 5 /~Ci [35S] - methionine (>  1000 
Ci/mmol, Amersham). After translation, samples 
were treated with 2.5U RNase A for 10 min at 
37 °C. 

Labelled polypeptides were resolved on 10~o 
polyacrylamide gels using the L aemmli [ 19] buffer 
system and visualised by fluorography. 

Isolation of starch granules from wheat grains 

Wheat grains (100 g harvested at 15 days after 
anthesis) were removed from their husks and were 

homogenised in 200 ml ice-cold buffer (50 mM 
Tris-acetate pH 7.5, 1 mM EDTA, 1 mM DTT) 
using a Polytron homogeniser. The homogenised 
tissue was squeezed through four layers of mus- 
lin and the filtrate centrifuged at 10 000 x g for 
10 min at 4 °C. After discarding the supematant, 
loose material was brushed from the surface of 
the pellet and after removal of the grey layer of 
gluten, the starch pellet was resuspended in 50 ml 
of homogenisation buffer and centrifuged as be- 
fore. This procedure was repeated twice more. 
The starch preparation was washed four times in 
cold ( -20 ° C) acetone, each time the starch being 
resuspended thoroughly in 100 ml acetone and 
allowed to settle at -70 °C for 30 min. After the 
final wash the acetone was removed by aspira- 
tion, the starch was allowed to air-dry and was 
stored at -20 °C. 

SDS-PAGE of starch granule-bound proteins 

50 mg starch was resuspended in 0.5 ml deionized 
water. After addition of 2 × sample buffer (100 
mM Tris-C1 pH 6.8, 2~o SDS, 10~o glycerol, 5 ~  
2-mercaptoethanol), the suspension was boiled 
for 5 minutes and the gelled starch pelleted by 
centrifugation at 10 000 x g for 10 min. SDS- 
PAGE of the solubilised protein was carried out 
using 7.5 ~o polyacrylamide gels and the discon- 
tinuous Tris-glycine buffer system of Laemmli 
[19]. 10 mM 2-mercaptoethanol was included in 
the upper buffer tank as a free-radical scavenger. 
Coloured molecular weight standards (Amer- 
sham) were used to allow identification of the 
strip of gel containing the waxy protein band 
without the need to stain the gel. 

Preparation of protein samples for electroblotting and 
protein sequencing 

Solubilised starch granule-bound proteins were 
separated by SDS-PAGE. Strips containing the 
waxy protein were cut from the gels and proteins 
were electroeluted into a dialysis bag at 10 V/cm 
for 2 h. At the end of that period the current was 



reversed for 1 minute. The eluted proteins were 
concentrated using an Amicon microconcentra- 
tion system (Mr cut-off 10 000). The concentrated 
protein was electrophoresed on a 7.5 ~o polyacry- 
lamide gel and proteins were electroblotted onto 
Immobilon PVDF membrane (Millipore) at 2.5 
mA per cm 2 membrane for 30 min. After trans- 
fer, the membrane was stained for one min in 
0.1 ~o Coomassie blue G250, 40% methanol, 1 ~o 
acetic acid. The membrane was destained in two 
changes of 50~o methanol, 10% acetic acid for 2 
rain each. Finally, the membrane was washed in 
deionized water for 5 min and then allowed to 
air-dry. 

Sequencing of the immobilized waxy protein 
was performed by Dr L. Packman (Department 
of Biochemistry, University of Cambridge, UK) 
using an Applied Biosystems 477A protein se- 
quencer. 

DNA and protein sequence analysis 

Computer analysis of the sequence of the cDNA 
insert of pcSS22 was carried out using the 
DNASTAR programs Align, Mapdraw and Pro- 
tean. Multiple alignments were done using the 
Intelligenetics program Genalign. 

Results and discussion 

Cloning the waxy locus 

A cDNA library of cDNAs synthesised from 
poly(A) + RNA isolated from developing wheat 
grains (cv. Chinese Spring) harvested at 20 days 
post anthesis (dpa) and cloned into ~.gtl0 was 
screened with the insert from pcwx27, a cDNA 
clone representing the barley waxy protein mRNA 
[31]. Of the clones which hybridised strongly to 
the barley probe, the cDNA inserts ranged in size 
from a few hundred nucleotides to 2.2 kb. A num- 
ber of less strongly hybridising clones were iso- 
lated which included two with insert sizes of 3.3 
kb and 4.4 kb respectively. 

Hybridisation of the insert from pcwx27 to 
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northern blots of RNA isolated from developing 
wheat grains harvested at 20 dpa showed an 
abundant transcript of 2.3 kb (data not shown). 
It was assumed that the 2.2 kb cDNA clone rep- 
resented the full-length wheat waxy mRNA and 
the cDNA insert from this clone was subcloned 
into pUC18. The resultant plasmid was desig- 
nated pcSS22. The cDNA insert of 2186 nucle- 
otides appeared to be a full-length copy of the 
mRNA and had an open reading frame of 1845 
nucleotides. The sequence of the GBSSI insert 
contained in the full-length 2.2 kb cDNA clone, 
pcSS22, has been presented elsewhere [4]. 

Organisation of GBSSI  genes in the wheat genome 

The hexaploid nature of cultivated wheat has en- 
abled the development of a wide range of genetic 
stocks such as the nullisomic-tetrasomic (NT) 
and ditelocentric aneuploid lines of Chinese 
Spring in which the absence of whole chromo- 
somes or chromosome arms can be assessed phe- 
notypically. These lines, developed by E.R. Sears 
[33, 34, 35] are of great value in enabling the 
chromosomal locations of genes to be determined. 
DNA samples were isolated from the set of 
nullisomic-tetrasomic Chinese Spring lines such 
that each chromosome was represented as a nulli- 
somic and 8 #g of each sample was digested with 
Eco RI, Bam HI and Hind III before electrophore- 
sis. Hybridisation of Southern blots of these gels 
with the oligolabelled insert from pcSS22 showed 
that in euploid Chinese Spring the main hybrid- 
ising fragments can be assigned to chromosomes 
4A, 7A or 7D. Figure 1 shows an autoradiograph 
of a blot of Eco RI digested DNA from repre- 
sentative NT lines of the group 4, 6 and 7 chro- 
mosomes. The three major hybridising fragments 
(with sizes of 21 kb, 8.5 kb and 7.5 kb) are ab- 
sent in the NT lines lacking chromosomes 7A, 4A 
and 7D respectively. The two weaker bands (16 
kb and 9.5 kb), which were unable to be assigned 
chromosomal locations, may result from the co- 
migration of similar sized fragments from more 
than one chromosome. Analysis of the ditelo- 
somic lines showed that the loci are located on 
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(from 5AL [21 ]). This translocation has also been 
identified by the non-homeologous locations of 
marker genes [ 1 ]. 

Fig. 1. Waxy gene organisation. Genomic Southern blot of 
Eco RI-digested DNA from euploid CS wheat and chromo- 
some group 4, 6 and 7 nullisomic-tetrasomic (N--T--) geno- 
types hybridised with the cDNA insert from pcSS22. Frag- 
ments missing as a result of the removal of whole chromosomes 
from chromosome groups 4 and 7 are arrowed. The group 6 
NT lines are included as an example of chromosome set in 
which nullisomy has no effect on the fragments hybridising to 
the pcSS22 probe. 

the long arm of chromosome 4A, the short arm 
of chromosome 7A and the short arm of chro- 
mosome 7D (data not shown). Copy number re- 
constructions (not shown), in conjunction with 
the nullisomic data, indicate that there is one gene 
at each locus. The genes encoding the waxy pro- 
teins of other monocot  plants, for example rice 
and maize [10, 36], have also been shown to be 
single-copy. 

The fact that the loci are not carried on the 
three chromosomes of a single homeologous 
group, but are apparently split between groups 4 
and 7 can be explained by the existence of a trans- 
location between chromosomes 4A and 7B which 
has been identified by the presence of other genes, 
including isozyme markers [2, 16] and RFLP loci 
[21 ], which have translocated positions. Analysis 
of chromosome pairing also demonstrates that 
the terminal region of chromosome 4AL is ho- 
meologous to 7AS and 7DS [24]. Although we 
have not used pcSS22 in RFLP studies to map 
the loci, these data show that the locus on chro- 
mosome 4A is located on the terminal segment, 
which is distal to another translocated region 

GBSSI  gene expression 

In order to characterise the expression profile of 
the waxy genes in the wheat plant, northern blots 
of RNA isolated from developing grains and 
leaves were probed with the cDNA insert from 
pcSS22. Northern blots of poly(A) ÷ RNA iso- 
lated from wheat grains harvested over the period 
of grain development (5, 10, 15, 20 and 25 dpa) 
show that the GB S SI genes are active throughout 
grain filling where the main 2.3 kb transcripts 
accumulate to high levels (Fig. 2). It is thought 
that the slight reduction in transcript levels at 15 
dpa (relative to the levels at 10 and 20 dpa) re- 
flects a difference in the efficiency of selection of 
poly(A) ÷ RNA rather than a reduction in tran- 
script level. In addition to the 2.3 kb mRNA, 
three additional, and very much weaker, tran- 
scripts are evident. A 4.4 kb transcript appears 
during early to mid grain development (10 and 15 
dpa) but is not evident in the later stages of grain 
development. Two transcripts, of around 1.6 kb, 

Fig. 2. Northern analysis of waxy locus expression during 
grain development. 5 #g poly(A) ÷ RNA was run in each lane 
and the blot hybridised with the insert from pcSS22. Blots 
were washed at a stringency of 0.2 × SSC, 65 °C. 
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also appear early in grain development (5 dpa). 
Since the blots were washed under stringent con- 
ditions (0.2 x S SC, 65 o C), these transcripts may 
result from other less homologous starch synthase 
genes or may reflect some homology in function- 
ally unrelated genes. 

On northern blots containing both total leaf 
RNA and total grain RNA, hybridised with the 
insert from pc SS22 and washed under stringent 
conditions (0.2 × SSC, 65 °C ) there is no evi- 
dence of the 2.3 kb transcript in leaves, but, in- 
stead, there is a very weak transcript of 1.6 kb 
which is less abundant or less homologous to the 
endosperm mRNA species (data not shown). In 
order to investigate this further, duplicate blots 
containing equal amounts (10/~g) of total RNA 
from leaves and grains were hybridised as before 
but washed at a range of stringencies from low 
(4 x SSC, 65 °C) to high stringency (0.2 x SSC, 
65 o C ). It is clear from this analysis (Fig. 3) that, 
whereas the 2.3 kb grain transcript does not 
change in intensity with washing stringency, the 
1.6 kb leaf transcript most certainly does. At low 
stringency, the 1.6 kb band is clearly evident but 
the intensity is markedly reduced at washing 
stringencies below 2 × SSC. This is indicative 
that the mRNA in leaves is produced by separate 
genes and does not result from differential splic- 
ing of the RNA which produces the endosperm 
waxy mRNA. 

Comparison of the expression profiles of the 
waxy (GB S SI) genes in the plants from which the 

genes have been cloned produces an interesting 
dichotomy between dicotyledonous and mono- 
cotyledonous plants. In maize and rice, in north- 
ern experiments where the blots were washed at 
high stringency, no mRNA homologous to the 
cloned waxy gene has been shown in leaves or 
other green tissues [ 15, 10]. Since no lower strin- 
gency experiments were performed it is not pos- 
sible to say whether, as in wheat, there is a smaller 
homologous leaf specific transcript in maize and 
rice. In pea, GBSS1 transcripts accumulate to 
high levels in the embryo, which is the site for 
storage starch synthesis, and mRNAs of the same 
size are also detected in pods and leaves [5]. 
Analysis of GBSSI transcripts in potato shows 
that the GBSSI genes are expressed in a number 
of different tissues including tubers and leaves 
[40], the transcript size being the same in tubers 
and leaves. These data indicate that the enzymol- 
ogy of starch synthesis in the leaves of wheat, 
maize and rice differs from that in leaves of pea 
and potato. In the latter group, the same GBSSI 
genes appear to be involved in the synthesis of 
both storage starch and transient starch (for ex- 
ample, in leaves). In the monocot group, unre- 
lated proteins or different isoforms of GBSSI 
must operate in the synthesis of transient starch 
in the leaves. It is tempting to speculate that the 
1.6 kb leaf transcript encodes a starch synthase 
which is involved in the synthesis of starch in the 
leaf. However, no proteins of this size (the en- 
coded polypeptide could not be larger than 50 

Fig. 3. Northern analysis of waxy locus expression in grains and leaves. 10/~g total RNA from 15 dpa grains (G) and from mature 
leaves (L) was run in each lane and the blots hybridised with the insert from pcSS22. Blots were washed at five different strin- 
gencies, ranging from 4 × SSC to 0.2 × SSC. 
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kDa) have been shown to have starch synthase 
activity, although in pea cotyledons, a minor 45 
kDa protein, which is related immunologically to 
the recently described 77 kDa granule-bound 
starch synthase (GB S SII) protein present in pea 
and potato [5], has been reported [37]. Without 
further experiments, the function of the protein 
encoded by it must remain an enigma. 

In pea and potato, the sets of genes encoding 
the GBSSII starch synthase [5] are expressed in 
all organs, although the level of expression in pea 
is much higher in the embryo than in other tis- 
sues. In addition, a smaller GB S SII transcript is 
present in roots and leaves as well as the normal 
transcript. In pea, the GBSSI and GBSSII pro- 
teins are only weakly related antigenically and the 
genes are expressed at different times during em- 
bryo development, the GBSSI genes being ex- 
pressed earlier than the GBSSII genes [5]. 

The existence of another granule-bound starch 
synthase, in addition to the waxy protein, was 
proposed by Nelson et al. [26], whose analysis of 
starch synthase activity in extracts of waxy maize 
endosperm showed that the residual activity (10 ~o 
relative to the wild type) was attributable to a 
protein with a lower K m for ADP-glucose. This 
enzyme was most active in endosperm tis sue from 
younger kernels. This enzyme would seem likely 
to be the GBSSII type. 

Preliminary attempts at FPLC purification of 
granule-bound starch synthases from wheat 
granule-associated proteins (data not shown) im- 
plicate two proteins of 77 kDa and 95 kDa as 
starch synthases. Although activity was not as- 
sociated with the 60 kDa waxy protein, this may 
simply reflect that the waxy protein has lost ac- 
tivity in the purification method used. In pea, it 
has similarly been difficult to demonstrate starch 
synthase activity associated with the 59 kDa waxy 

protein [5]. The 77 kDa protein in wheat may 
well be a GBSSII type. The 95 kDa protein may 
be homologous to the 92 kDa granule-bound pro- 
tein found in maize which is immunologically 
related to the 60 kDa waxy protein but is sug- 
gested to be less abundant [22]. 

In summary, it seems that there are at least 
three starch synthases which operate in cereal 

endosperms, the 60 kDa waxy protein (GBSS1), 
a 77 kDa protein (probably homologous to GB- 
SSII found in pea and potato) and a 95 kDa 
protein (probably homologous to the 92 kDa and 
protein of maize. 

The wheat waxy protein 

mRNA isolated from 20 dpa Chinese Spring 
grains was used in hybrid selection experiments 
using pcSS22. Filters carrying pUC18 DNA 
alone were used as a control. The selected mRNA 
was translated using rabbit reticulocyte lysate and 
the translation products electrophoresed on 10 ~o 
polyacrylamide gels. Total RNA from wheat 
grains was also translated and the translation 

Fig. 4. Hybrid-select translation analysis of the waxy locus 
(pcSS22) cDNA clone. Translation products from mRNA 
selected using pcSS22 DNA were electrophoresed on a 10% 
polyacrylamide gel together with translation products from 
total wheat leaf RNA, total RNA from 15 dpa grains, selected 
RNA from the pUC18 plasmid control and selected RNA 
from control (no DNA) filters. The resultant fluorograph is 
shown. Lane M represents size markers. The 67 kDa selec- 
tion product of pcSS22 is arrowed. 
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Fig. 5. (a) SDS-PAGE of proteins associated with starch granules in developing wheat grain. The 60 kDa waxy protein is arrowed. 
(b) Purification of the wax), protein. SDS-PAGE of unpurified proteins isolated from starch granules (U) and the purified protein 
(P). Lane M represents size markers. 

products included on the gels together with 14C- 
labelled molecular weight markers. The resultant 
fluorograph shows that a translation product with 
a molecular weight of approximately 67 kDa is 
produced specifically with m R N A  selected by pc- 
SS22 (Fig. 4). The 67 kDa protein band may cor- 
relate with a band of similar size in the transla- 
tion products of total grain RNA. 

Translation of the 1845 nucleotide open read- 
ing frame of pcS $22, from the ATG (nucleotides 
64-66) to the termination codon, TGA (nucle- 
otides 1909-1911), gives a protein containing 615 
amino acids with a calculated molecular weight of 
67.7 kDa. 

The relative abundance of the waxy protein and 
its molecular weight in planta was determined by 
SDS-polyacrylamide gel electrophoretic analysis 
of proteins isolated from starch granules. Starch 
granules were isolated from 15 dpa wheat grains 
and proteins solubilised from the starch. Granule- 
bound proteins were separated on 7.5~o poly- 
acrylamide gels. Approximately twenty protein 
bands were observed on the stained gels, with the 
most abundant protein having a molecular mass 
of 60 kDa (Fig. 4a). This protein was shown to 

be the waxy protein by using a polyclonal anti- 
body raised to the potato waxy protein [42] to 
probe western blots of wheat granule associated 
proteins (data not shown). The discrepancy of 7 
kDa between the molecular weight of the mature 
protein as observed on SDS gels and that given 
by hybrid select translation or translation of the 
open reading frame of pcSS22 (Mr 67 758) is 
presumed to represent the transit peptide. In all 
other plant waxy proteins for which clones are 
available, a transit peptide sequence is present 
with a calculated molecular weight of around 7 
kDa. 

Purification of the waxy protein and the N-terminal 
sequence 

In order to define the transit peptide cleavage 
point, the waxy protein was purified from solubi- 
lised starch granule-bound proteins by cutting the 
protein band from SDS- polyacrylamide gels and 
concentration of the protein following electroelu- 
tion (Fig. 5b). The proteins were electroblotted 
onto PVDF membrane and 8 residues of amino 
acid sequence at the N-terminus were identified 
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by microsequencing. The N-terminal sequence 
obtained was Ala-Thr-Gly-Ser-Gly-unknown- 
Met-Asn, where the sixth amino acid was not 
clear-cut, but was most likely to be glycine. In- 

spection of the deduced amino acid sequence 
shows that the identical sequence, Ala-Thr-Gly- 
Ser-Gly-Gly-Met-Asn, occurs, with the alanine at 
position 71 (Fig. 6). The position of the cleavage 
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Fig. 6. Alignment of the derived amino acid sequences of the plant waxy proteins and E. coli glycogen synthase. Identical resi- 
dues (relative to the wheat sequence) are represented by asterisks. Residues which are conserved between all plant sequences shown 
and the E. eoli sequences are shown as filled boxes in the E. coli sequence. Residues which are conserved between the E. coli se- 
quences and at least one plant sequence are shown as open boxes. The conserved sequence VGAEMA is underlined in the wheat 
and E. coli sequences. The point of cleavage of the transit peptide from the mature waxy protein from wheat was identified by 
comparison of 8 residues of N-terminal amino acid sequence (shown as a filled box over the wheat sequence) obtained from the 
purified waxy protein. 



78 

of the transit peptide is, therefore, between mrg7o 

and Ala71, the length of the transit peptide being 
70 amino acids. The predicted molecular weight 
of the transit peptide is 7.62 kDa, which is close 
to the size difference between the size of the pro- 
tein on SDS gels and the deduced molecular 
weight. 

Comparison of the transit pepides of plant waxy 
proteins for which clones are available shows that 
there is homology between the transit peptides of 
wheat, barley, maize and rice but they are signif- 
icantly different from the potato and pea transit 
peptides. The transit peptide sequences of the 
proteins from wheat and barley are very similar 
(89~o) with only 8 of the 75 residues differing. The 
primary structures of the four cereal transit pep- 
tides exhibit some of the features which are com- 
monly asssociated with transit sequences (re- 
viewed in [ 13 ]) as does the potato transit peptide, 
though to a lesser extent [39]. Examination of the 
hydrophilicity plot of the derived amino acid se- 
quence from pcSS22 (Fig. 7) shows that there is 
a hydrophobic region encompassing the N-termi- 
nal twenty amino acids and two strongly hydro- 
philic regions (residues 20-37 and 50-63). The 
sequence includes a high proportion of hydroxy- 
lated amino acids, threonine and serine (totalling 
17 ~o) and of small hydrophobic amino acids, ala- 
nine and valine (totalling 21~o) and has a net 
positive charge (Fig. 7). 

Table 1. Similarity comparison (%) of the mature protein se- 
quences of the plant GBSSI proteins and E. coil glycogen 
synthase. Amino acid sequences were compared using the 
Lipman-Pearson method with a gap penalty of 4 and a length 
penalty of 12 [ 19]. Amino acid sequences were deduced by 
translation of the open reading frames from the cDNA and 
genomic clones if no protein sequence was given in the ref- 
erence. Transit peptide sequences were excluded from the 
comparison. 

Barley Rice Maize Potato Pea E. coli[8] 

Wheat [4] 93.3 84.2 83.4 67.3 63.3 32.4 
Barley [31] 86.6 86.4 69.6 69.6 30.6 
Rice [43] 88.1 70.1 67.0 32.3 
Maize [15] 69.9 67.6 31.5 
Potato [39] 75.4 29.6 
Pea [5] 29.5 

The position of the site of cleavage of the tran- 
sit peptide in the preprotein, between ArgTo and 
m|a71 (VVR~A) fits the consensus cleavage site 
motif of I/VXA/CSA, proposed for chloroplast 
transit peptides [9] and is similar to the sequence 
around the cleavage site (identified by N-terminal 
sequencing) of the maize waxy gene (VVCSA; 
[15]). Inspection of the sequences of barley and 
rice deduced waxy proteins shows that alanine 
residues, likely to represent the start of the mature 
protein, occur with similar position and sequence 
context. 

The mature waxy protein sequence 

Comparison of the deduced amino acid sequences 
(Table 1) shows that there is a large degree of 
similarity between the mature peptides of the six 
plant GBSSI proteins examined, with no two se- 
quences showing less than 63 ~o identity. The pro- 
teins fall into two distinct classes; the cereal pro- 
teins share in excess of 83 ~o identity but are less 
similar to the two dicot proteins (potato and pea), 
showing between 60)'0 and 70~o identity. The pea 
and potato proteins share 75 ~/o identity. The pro- 
teins of wheat and barley are 93.3 ~o similar which 
reflects the relatively short genetic distance be- 
tween these species. 

Examination of the multiple alignment of the 
six plant genes and the bacterial homologue, the 
glycogen synthase protein from E. coli, gives more 
clue as to the divergence between the proteins 
(Fig. 6). The primary sequences of the plant ma- 
ture waxy proteins are conserved to a large degree 
as is indicated by the identity scores. The most 
striking difference amongst the plant sequences is 
that the wheat protein contains an insertion of 11 
amino acids (AMLCRAVPRRA) between posi- 
tions 219 and 230. A search of the SwissProt 
database (release 21) did not detect other pro- 
teins which contained this or very closely related 
peptides. The significance of this peptide is, there- 
fore, impossible to ascertain. It is noteworthy, 
however, that this region has a high probability of 
forming an alpha helix in a surrounding area that 
is predicted to be predominantly beta sheet or 
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• Hydrophilicity Plot 
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Fig. 7. Characteristics of the deduced protein from pcSS22. Hydrophilicity and charge density are calculated according to Kyte 
and Doolittie [17], secondary structure probabilities according to Chou and Fasman [3]. 

turn (Fig. 7). The peptide has a low probability of 
being on the surface of the protein (Fig. 7) and is 
consequently unlikely to be intimately involved in 
interactions with the substrate or other molecules. 

It is not known whether this insertion is confined 
to this particular gene or is found in all the ho- 
meoloci in the wheat genome. 

The longest region of identical and contiguous 
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amino acid residues in the plant waxy proteins 
tested is the 16 residues towards the N-terminus 
of the mature protein (PWSKTGGLGDVLG- 
GLP, residues 88-103 in the wheat sequence; 
Fig. 6). This conserved glycine-rich region con- 
tains the motif KTGGL which is also found in the 
glycogen synthase proteins of E. coli and animal 
muscle and which has been implicated in the 
binding site for the substrates, ADP-glucose and 
UDP-glucose, respectively [8]. This has previ- 
ously been discussed by Preiss [29] and van der 
Leij et al. [39] and the sequence motif has also 
been identified in the GBSSII gene from pea [5]. 
The region of homology around the motif is rea- 
sonably extensive, and in the E. coli enzyme, the 
19 amino acid region which includes the KTGGL 
motif contains 14 residues which are identical in 
one or more of the plant sequences. Two other 
regions of homology between the plant synthases 
and bacterial glycogen synthase have been noted 
towards the carboxy termini [39]. A region of 19 
residues (GADVILVPSRFEPCGLTQL) in the 
E. coli protein occurs in the plant sequences (po- 
sitions 480-498 in the wheat sequence) with 13 
residues identical in all plant synthases, 5 are 
present in one or more of the plant sequences and 
only one is different (the threonine is replaced by 
valine in pea and by isoleucine in the others). The 
second region of 8 residues in the E. coli protein 
(TGGLADTV) has a counterpart in the plant 
sequences (positions 513-519 in the wheat se- 
quence) where 6 residues are identical, one (va- 
line) is present in three of the plant proteins and 
one, the alanine, is replaced by valine in all the 
plant proteins. It has been noted [39] that the 
part of the last conserved domain, TGGL, occurs 
in the substrate binding domain at the N-termini 
of the proteins (KTGGL) but as it lacks the lysine, 
it is unlikely to represent an active site. 

Apart from these three domains, the plant 
GB S S I proteins share only around 30 ~o identity 
with the E. coli glycogen synthase (Table 1), 
the remaining identical residues being spread 
throughout the protein sequence. A feature of in- 
terest is the sequence VGAEMA that occurs in all 
the plant proteins (residues 82-87 in wheat), im- 
mediately preceding the putative active site, and 

which occurs in the E. coil enzyme between res- 
idues 116 and 121. The significance of this is 
unknown and screening the SwissProt data base 
revealed no homologous sequences in other pro- 
teins. 

There is now a significant body of information 
which provides evidence for the involvement of 
the waxy protein in the synthesis of storage starch. 
The correlative evidence from analysis of waxy 
mutants has been difficult to substantiate by in 
vitro experiments where enzyme activity is mea- 
sured. This, however, may simply be due to the 
loss of activity as a result of the protein isolation 
procedures employed as has been suggested to be 
the case for the pea waxy protein [5]. The best 
evidence for the waxy protein being a granule- 
bound starch synthase comes from experiments 
in which antisense GB S SI RNA expressed in po- 
tato tubers was demonstrated to reduce the lev- 
els of both amylose and GBSS to zero [41]. The 
similarity between the amino acid sequences of 
the plant waxy proteins and the glycogen syn- 
thases, particularly in the respect that the plant 
proteins contain a sequence analagous to the ac- 
tive site of glycogen synthase is additional evi- 
dence for the role of plant waxy proteins as starch 
synthase. The relationship between GBSSI and 
GBSSII, which exhibit substantial sequence ho- 
mology [ 5 ] and the nature and role of the starch 
syntheses which are active in leaves remain to be 
elucidated. 
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