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ABSTRACT. In higher plants, isoamylase-type starch debranching enzyme
catalyzes the a-1,6-glucosidic linkages of glycogen and phytoglycogen.
We cloned an isoamylase-type starch debranching enzyme ISA3 cDNA
sequence (2883 bp), designated as 7TalSA3, from common wheat (7riticum
aestivum), using the rapid amplification of cDNA ends method. The open
reading frame of 7alSA3 was found to have 2331 bp, and its deduced
amino acid sequence was found to share high similarity with those of
other gramineous plant ISA3 proteins. It contains a putative transit peptide
(68 amino acids), N-terminus domain (107 amino acids), and a catalytic
domain (173 amino acids). We extracted the expressed TaISA3 protein
from Escherichia coli (BL21), and measured starch isoamylase activity.
During the wheat grain-filling period, transcripts of the 7alSA3 gene
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reached a maximum level at the early developmental stage, then declined,
and increased again near the final maturation stage of the grain. We confirm
that the /SA3 gene is present in common wheat; it appears to play a role in
starch synthesis during early and late stages of the grain-filling period.
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Wheat (Triticum aestivum L.)

INTRODUCTION

Plant starch consists almost totally of glucose (Glc) homopolymers amylopectin and
amylose. Amylose is a lightly branched linear molecule with low polymerization, while amylo-
pectin is a much larger molecule with extensive branches resulting from a-1,6 linkages (Smith et
al., 1997; Dian et al., 2003). Amylose is synthesized by ADP-Glc pyrophosphorylase (AGPase)
and granule-bound starch synthase (GBSS), while amylopectin is synthesized by the coordinated
actions of AGPase, soluble starch synthase (SS), starch branching enzyme (BE), and starch deb-
ranching enzyme (DBE) (Han et al., 2007; Jeon et al., 2010). Disproportionating enzyme (DPE)
and phosphorylase (PHO) are generally considered to be involved in starch degradation, but re-
cent studies suggest that both DPE and PHO may play some roles in starch biosynthesis, although
the precise mechanisms are unclear (Ball and Morell, 2003; Ohdan et al., 2005).

There are two classes of DBE in higher plants, and they are referred to as pullulanase-
type DBE (PUL) and isoamylase-type DBE (ISA), based on similarities to prokaryotic en-
zymes with particular substrate specificity. Isoamylase can debranch glycogen and phytogly-
cogen, but barely acts on pullulan, while the reverse is true for pullulanase (Ball et al., 1996;
Beatty et al., 1999). Four genes coding for DBE proteins are conserved in higher plants, one
for a PUL protein and three for [SA proteins, designated as ISA1, ISA2, and ISA3 (Deschamps
etal., 2008). In higher plants, ISA1 and ISA2 proteins exist together in a heteromeric complex,
function together, and are strongly implicated in amylopectin synthesis (Fujita et al., 1999;
Hussain et al., 2003; Bustos et al., 2004; Delatte et al., 2005; Utsumi and Nakamura, 2006;
Takashima et al., 2007; Zeeman et al., 2010). In this complex, ISA2 is likely regulatory, be-
cause variant amino acids at essential catalytic residues of the a-amylase superfamily render
it enzymatically inactive (Hussain et al., 2003). ISA3 is not strongly associated with this mul-
timer and may function as a monomer. Mutational analysis of ISA3 function in Arabidopsis
indicates a primary role in starch breakdown but also a partially overlapping function with
ISA1/ISA2 in biosynthesis (Streb et al., 2008; Wattebled et al., 2008).

Amylose is essentially a linear molecule, in which glucosyl monomers are joined via
a-1,4 linkages. Amylopectin, the more abundant polymer in starch, has a much more defined
structure called ‘tandem-cluster structure’ compared to glycogen, because it is composed of
tandem-linked clusters (approximately 9-10 nm each in length) where linear o-1,4-glucan chains
are regularly branched via a-1,6-glucosidic linkages (Jeon et al., 2010). Variation in the cluster
fine structure is considered to cause variations in starch functional properties between species,
tissues, and genetic backgrounds. AGPase, GBSS, SS, BE, DBE, DPE, and PHO enzymes have
multiple isoforms, the number of which is plant species specific (Ohdan et al., 2005). For ex-
ample, SS, which functions in the elongation of linear glucan chains by catalyzing the transfer
of the glucosyl unit of AGP-Glc to the non-reducing end of a glucan chain, has four subclasses,
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namely SSI, SSII, SSIII, and SSIV, where SSII is further divided into the three isoforms a, b and
¢ (Hirose and Terao, 2004). It has been reported that SSIlc exists in rice and Arabidopsis but
not in maize (Ohdan et al., 2005). AGPase catalyzes the conversion of Glc-1-P and ATP to
pyrophosphate and ADP-Glc, and is thus thought to be the rate-limiting enzyme of starch
synthesis (Taliercio, 2011). AGPases in higher plants are heterotetramers composed of two
large subunits (AGPL) and two small subunits (AGPS). Four AGPL isoforms (AGPL 1, AGPL
2, AGPL 3, and AGPL 4) have been identified in rice, maize and cotton (Lai et al., 2004; Ohdan
et al., 2005; Taliercio, 2011). In barley, AGPL1 and AGPL2 have been identified, but AGPL 3
and AGPL 4 have not been shown to exist (Radchuk et al., 2009).

ISA3 has already been identified in rice, maize, Arabidopsis, etc. (Kubo et al., 1999;
Streb et al., 2008; Yan et al., 2009). However, whether ISA3 exists in common wheat (7riti-
cum aestivum L.) has not been reported so far. In the present study, the /SA3 gene was first
isolated from common wheat using the rapid amplification of cDNA ends method (RACE),
indicating that it also exists in wheat. The catalytic activity of isoamylase enzyme synthesized
in Escherichia coli was measured, and /S43 expression pattern during the grain-filling period
was further investigated.

MATERIAL AND METHODS
Plant material and growth conditions

The common wheat (7" aestivum L.) cultivar Yujiao 2 was planted at the Experimental
Farm of the Agricultural Faculty (34°N, 113°E, and 52 m elevation), Henan Agricultural Uni-
versity during the wheat growing seasons. The status of field nutrients and plant growth and
development were shown in a previous study (Kang et al., 2010).

c¢DNA cloning and sequence analysis of the 7alSA3 gene

BLAST search of wheat databases from the Functional Genomics group in the Univer-
sity of Bristol (http://www.cerealsdb.uk.net/CerealsDB/Documents/DOC _search_reads.php) using
the cDNA sequences of OsIS43 (GenBank accession No. NM_001069968) retrieved some wheat
ESTs (contig237334, contig918142, contig1 429932, etc.), which had high similarities (86-96%)
to OsISA3. Primers were designed according to these sequences to amplify the full-length cDNA
sequences of TalSA3 using the BD SMART™ RACE cDNA Amplification kit (Invitrogen, Carls-
bad, CA, USA). To confirm the assembled full-length sequence of the 7aISA3 gene obtained with
RACE, another pair of primers was designed to amplify the open reading frame (ORF) sequence
of the above TalSA3 gene using the first-strand cDNA synthesized from the above extracted RNA.
All primers are listed in Table 1. Five positive clones identified by PCR were sequenced.

Sequence data were analyzed using BLAST (http://www.ncbi.nlm.nih.gov/blast/),
CAP3 Sequence Assembly Program (http://pbil.univ-lyonl.fr/cap3.php), and ORF Finder
(http://www.ncbi.nih.gov/gorf/gorf.html). The alignment of the deduced protein sequences
and phylogenetic tree were computed using DNAMAN and the ClustalX version 1.81 pro-
gram employing standard parameters, respectively. TargetP version 1.1 was used to analyze
the transit peptides of ISA3 proteins of wheat and other crops without cutoff, including the
cleavage site prediction (http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al., 2007).
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Table 1. Primers used in this study.

Gene name Primer sequence (5'—3") PCR
conditions
Forward Location Reverse Location
TalSA3 RACE
5'-RACE UPM CCCAATGTCTCAAGCTGTCGAGT 1454-1476 (a)
NUP TGCTTCATTCGTATGGTTGTAAA 1282-1304 (b)
3'-RACE GCAGTGGAGTTGCTACCTGTTTTT 1056-1089  UPM (a)
ACGTCGTTTACAACCATACGAATG 1276-1299  NUP (b)
Confirming RACE
CCACGAGCCCCTATAACTAA 119-138 CCAACTGACAACTCACCAAA 2586-2605 (b)
Protein expression
pTalSA3 GGATCCATGGATTCGGCGGCCTCT 195-212 GTCGACCTATGGGCTTGCCTTGA-G 2508-2525 (b)
(BamHI) (Sall)
Semi-quantitative RT-PCR
TaActin GTTCCAATCTATGAGGGATACACGC  261-285 GAACCTCCACTGAGAACAACATTACC 631-657 (c)
TalSA3 TTGGGATTGTGGAGGTCTTT 1625-1644  CGTTTCAGTATTGGGTGGTT 2209-2218 (c)

UPM = the mixture of 0.4 mM long primer, 5'-CTAATACGACTCACTATAGGGCAAGCAGTGGTAT
CAACGCAGAGT-3' and 2 mM short primer, 5'-CTAATACGACTCACTATAGGGC-3'. NUP: 5'-AAGCAGT
GGTATCAACGCAGAGT-3' PCR conditions: (a) = according to the BD SMART™ RACE cDNA Amplification
Kit program; (b) = cycle parameters were 94°C for 4 min, 28 cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 2 min
30 s, and an extension of 72°C for 8 min; (c) = cycle parameters were 95°C for 4 min, 29 cycles of 94°C for 30 s,
56°C for 30 s, 72°C for 1 min, and an extension of 72°C for 6 min. Location indicates the primer location in cDNA
position. The restriction enzyme sites were underlined. The nucleotide sequence of the 7u/SA3 has been deposited
in the BenBank database under the accession No. IN412069.

Expression of the TaISA3 protein in E. coli and its catalytic activity

A pair of primers (Table 1) was used for PCR to obtain the ORF region of the 7a/S43
gene. The fragment of TaISA3 ORF contained 776 amino acids. The forward and reverse
primers were flanked by BamHI and Sall restriction enzyme sites, respectively. The PCR
products of 7alSA3 were sub-cloned into pGEX-4T-1 and designated p7alSA43. The recombi-
nant E. coli strain harboring p7alSA3 was cultivated at 37°C in 20 mL LB containing 100 ug/
mL ampicillin up to an OD,, of 0.5-0.6. Next, 1 mM IPTG was added, and the mixed cul-
tures were further incubated at 37°C. The products of 1 mL recombinant E. coli strains were
harvested after 0, 2, 4, 6, and 8 h incubation. After centrifugation at 8000 rpm for 10 min,
the pellet was suspended in 300 pL lysis buffer (50 mM Na,PO,, 10 mM Tris-HCI, 300 mM
NaCl), sonicated (6X 10 s), and centrifuged at 10,000 rpm for 20 min at 4°C. Soluble cyto-
plasmic proteins were prepared from IPTG-induced BL21 cells, and the expressed proteins
were analyzed by SDS-PAGE.

The expressed TalSA3 proteins in E. coli were purified from crude extracts by bind-
ing to S-agarose beads according to manufacturer instructions (Dingguo Ltd., China). Activi-
ties of TaISA3 proteins were measured using the method described by Hussain et al. (2003).

mRNA expression patterns of the 7aISA3 gene during the grain-filling period using
semi-quantitative RT-PCR

A total of 150 spikes that headed on the same day were chosen and tagged. Ten tagged
spikes were sampled at 4-day intervals from anthesis to maturity for measuring the mRNA
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expression of 7TalSA3 during starch synthesis. All of the developing grains from each spikelet
harvested in the morning at various stages of grain filling were removed and the embryos
were dissected. The sampled grains were frozen in liquid nitrogen for 2 min and then stored at
-80°C for gene expression analysis.

Semi-quantitative RT-PCR method was used to measure mRNA expression of 7a/SA43
gene in wheat grains during the grain-filling period. Total RNA was extracted using the Trizol
reagent according to manufacturer instructions (Invitrogen). The first-strand cDNA was syn-
thesized from 3 pg total RNA using M-MLYV reverse transcriptase from Promega. Each RNA
sample was evaluated by the relative expression levels of the wheat f-actin gene (GenBank
accession No. AB181991). All primers and the PCR programs are given in Table 1. The ex-
periments were repeated three times.

RESULTS

Isolation and characterization of the 7alSA3 cDNA sequence

Following 3'- and 5'-RACE analyses, two cDNA fragments around 1600 and 1300 bp
were detected with a 1.5% agarose gel. Following plasmid construction, transformation and
cDNA clone sequencing, 1608 bp for 3'-RACE and 1304 bp for 5'-RACE fragments were ob-
tained by removing vector and adapter sequences, respectively. The sequence of 7alSA3 was
deposited in GenBank and was assigned accession No. JN412069.

The full-length cDNA of 7alSA3 gene was obtained by aligning and assembling the 3'-
and 5'-RACE sequences with the CAP3 software. To confirm its authenticity, a pair of primers
(its sense primer located before the start codon ATG, and its reverse primer located after the
stop codon TGA) were designed. Using this pair of primers, the predicted band was amplified
with the first-strand cDNA from green grain RNA as the template, and verified by sequencing
(data not shown).

The length of the amplified 7a/SA3 cDNA sequence was 2883 bp, containing an ORF
of 2331 bp (the region from 195 to 2525 nucleotides), flanked by 5'- and 3'-untranslated re-
gions of 194 and 358 bp, respectively. The predicted TaISA3 protein had 776 amino acids with
a calculated molecular mass of 86,112 Da (Figure 1).

Phylogenetic analysis

The phylogenetic analysis of a total of 23 ISA proteins in higher plants was performed
and indicated that ISAs were grouped into three branches: I, the ISA1 branch; II, the ISA2
branch; and III, the ISA3 branch (Figure 2). Each branch was further divided into two sub-
branches: monocotyledonous and dicotyledonous. In the ISA3 branch, TaISA3 was grouped
into the monocotyledonous ISA3 sub-branch, and it showed 96.02, 82.12 and 76.71% simi-
larities to HVISA3, OsISA3 and ZmISA3, respectively. However, TalSA3 shared only about
66% similarity to dicotyledonous sub-branch ISA3 proteins. This implied that the evolution of
ISA3 genes in monocots had occurred after the divergence of the monocots from the dicots.
Additionally, TaISA3 had less than 50% amino acid sequence similarity to other ISA1 and
ISA2 isoform proteins. This suggested that TaISA3 isolated in this study belonged to a mem-
ber of the plant ISA3 family.
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Figure 1. Nucleotide and deduced amino acid sequence of the cDNA clone 7a/SA43. The nucleotide sequence was
presented over the deduced amino acid sequence. The translation stop codon was noted by an asterisk. Putative
transit peptide, N-terminus domain and catalytic domain were underlined and noted.
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Figure 2. Phylogenetic relationship of ISA1, ISA2 and ISA3 proteins in high plants. The sequences of members
were obtained from GenBank/EMBL/DDBIJ database. TalSA1 and 3 (Triticum aestivum: CAC82925 and
AEV92948 and 3); HVISA1, 2 and 3 (Hordeum vulgare: AAM46866, BAD08581 and BAD89532); OsISAI, 2 and
3 (Oryza sativa: ACY56095, AAT93894 and EEE69882); ZmISAl, 2 and 3 (Zea mays: AAB97167, ACG48178
and NP001105198); StISA1, 2 and 3 (Solanum tuberosum: AAM15317, AAN15318 and AAN15319); RcISAL,
2 and 3 (Ricinus communis: XP002529900, XP002533079 and XP002513977); AtISA1, 2 and 3 (Arabidopsis
thaliana: NP181522, NP171830 and NP192641); PsISA1, 2 and 3 (Pisum sativum: AAZ81835, AAZ81836 and
AAZ81837). TaISA2 has not been reported so far, and was not listed in this figure.

Domain organization of TalSA3 proteins

Starch in higher plants is synthesized in plastids, and important enzymes of starch
synthesis, except for cytosolic AGPase in cereal crops, are located in plastids. These proteins
are targeted to plastids by transit peptides at their N termini (Jeon et al., 2010). The TargetP
software (www.cbs.dtu.dk/services/TargetP) is a good tool to predict the transit peptides and
their cleavage cites for the proteins that are located in plastids, and has broadly been used
so far (Bhushan et al., 2006; Emanuelsson et al., 2007; Lee et al., 2008). Prediction using the
TargetP software indicated that TaISA3 contained a transit peptide of 68 amino acids (Figure
1). Its length was approximately the same as that of other higher plants, and its amino acid
sequence had high similarity to that of other higher plants (data not shown).

Sequence analysis indicated that TaISA3 contained an N-terminal domain of 107 ami-
no acids and a catalytic domain of 173 amino acids (Figure 1). In higher plants, the catalytic
domains of ISA3 proteins were also divided into three types (Figure 3). TaISA3 (T aestivum),

Genetics and Molecular Research 12 (4): 4264-4275 (2013) ©FUNPEC-RP www.funpecrp.com.br



Cloning of IS43 gene in wheat and its expression profile 4271

HVISA3 (Hordeum vulgare), OsISA3 (Oryza sativa) and PvISA3 (Phaseolus vulgaris) be-
longed to type I; the lengths of their catalytic domains were about 173 amino acids, and they
shared high similarities (86.13-98.84%). AtIS3 (Arabidopsis thaliana), AIISA3 (Arabidopsis
lyrata subsp) and PtISA3 (Populus trichocarpa) belonged to type 11, and their catalytic do-
main lengths were about 139 amino acids. However, the lengths for PSISA3 (Pisum sativum),
ZmISA3 (Zea mays), RcISA3 (Ricinus communis), SISA3 (Solanum tuberosum), MeISA3
(Manihot esculenta), and VVISA3 (Vitis vinifera) were only 104 amino acids and they be-
longed to type III (Figure 3).
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Figure 3. Alignment of the catalytic domains of ISA3 in high plants. The sequences were aligned by the DNAMAN
program. The sequences of members were obtained from GenBank/EMBL/DDBIJ database. PtISA3 (Populus
trichocarpa: XP_002301076), VVISA3 (Vitis vinifera: CBI19205); MeISA3 (Manihot esculenta: ADD10143);
AlISA3 (Arabidopsis lyrata subsp: XP_002874494); PvISA3 (Phaseolus vulgaris: BAF52943). Other GenBank
accession numbers of ISA3 were listed in Figure 2. Identical amino acid residues were shown in white, black or
gray according to their similarities.

Expression of the TaISA3 protein in E. coli and its catalytic activity

To determine if 7alSA3 gene encodes an active enzyme, its ORF sequence was cloned
and inserted into the expression vector pGEXT. The expression of TaISA3 protein in E. coli
(BL21) was confirmed using SDS-PAGE. The predicted size (110 kDa) of the combined pro-
teins, S-TAG (24 kDa) and TaISA3 (86 kDa), was determined (Figure 4). Measurement of
the catalytic activity of TaISA3 protein showed that TaISA3 had relatively high activity on
S-limit dextrin, low on amylopectin and least on phytoglycogen (Figure 5).
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Figure 4. Expression of TaISA3 proteins in Escherichia coli (BL21). Lanes o h to 8 h = TalSA3 proteins were
induced by IPTG for 0, 2, 4, 6, and 8 h. The marked bound by an arrow was the combined proteins of S-TAG
(about 24 kDa) and TaISA3 (about 86 kDa). The bound proteins were separated by SDS-PAGE, and stained with
Coomassie blue; lane M = protein marker.
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Figure 5. Activity of TaISA3 proteins extracted from Escherichia coli cell on amylopectin, S-limit dextrin and
pullulan. Values are reported as means + standard deviation of three replications.

Expression patterns of the 7aISA3 gene during grain-filling period

Starch, the primary product in wheat grains, accounts for approximately 65 to 75% of
grain weight and is richly synthesized during the grain-filling period (Jeon et al., 2010). RT-PCR
analysis revealed that the TalSA3 transcript was abundantly expressed at early and late stages of
grain filling, and weakly at the middle developmental stage of grain filling (Figure 6).
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Figure 6. mRNA expression patterns of the 7a/S43 gene during the grain-filling period of Yujiao 2 cultivar using
semi-quantitative RT-PCR method. d = days.
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DISCUSSION

The present study demonstrated that the /S43 gene also exists in common wheat, and its
full-length cDNA sequence was successfully isolated. First, the putative amino acids encoded
by TalSA3 gene had higher similarities to HvISA3, OsISA3 and ZmiISA3 than other ISA iso-
forms (Figure 2). Second, the TaISA3 protein contained the conserved domain characteristics of
plant ISA3 proteins, including the transit peptide (Figure 1) and N-terminal and catalytic domains
(Hussain et al., 2003). Its transit peptide and catalytic domain also shared higher similarities to
those of HVISA3, OsISA3, etc. (Figure 3). Third, a direct test of enzyme activity illustrated
that TaISA3 protein expressed in E. coli had relatively high activity on f-limit dextrin but
much lower activity against amylopectin and phytoglycogen (Figure 5). Preference of plant
ISA3 enzymes for f-limit dextrin over amylopectin has also been confirmed in potato and
Arabidopsis (Hussain et al., 2003; Streb et al., 2008).

The isoforms examined so far, SS, BE, and DBE, play distinct roles in amylopectin bio-
synthesis. Therefore, analysis of the expression patterns of individual genes is important to
understand the features of tissue-specific and developmental stage-specific starch biosynthesis
(Nakamura, 2002; Ohdan et al., 2005). In this study, the 7alS43 gene expressed abundantly
at early and late stages of grain filling, but weakly at the middle developmental stage of grain
filling (Figure 6). This suggested that 7a/SA3 may play a partial role in starch synthesis during
early and late stages of the grain-filling period. This was similar to the expression profile of the
HvISA3 gene (Radchuk et al., 2009), but different from those of OsISA3 in rice and Zm/SA3 in
maize. In rice, OsISA3 has a comparatively low transcript level at the onset of grain development,
and expression remains almost constant through the late-milking stage of grain development
(Ohdan et al., 2005), whereas ZmISA3 in maize is mainly expressed in leaves and early devel-
oping endosperm (Yan et al., 2009). This suggests that, in starch metabolism, the role of TaISA3
could be similar to that of HVISA3, but different from that of OsISA3 and ZmISA3. This, how-
ever, needs to be confirmed by further studies.
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