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Premature termination codons (PTCs) are an important reason for the silence of high-
molecular-weight glutenin subunits in 7riticum species. Although the Glu-A1y gene is gener-
ally silent in common wheat, we here isolated an expressed Glu-41y gene containing a PTC,
named /A4y8.3, from Triticum monococcum ssp. monococcum (A™A™, 2n = 2x = 14). Despite
the presence of a PTC (TAG) at base pair positions 1879-1881 in the C-terminal coding
region, this did not obviously affect /4y8.3 expression in seeds. This was demonstrated by
the fact that when the PTC TAG of /4y8.3 was mutated to the CAG codon, the mutant in
Escherichia coli bacterial cells expressed the same subunit as in the seeds. However, in E.
coli, 14y8.3 containing the PTC expressed a truncated protein with faster electrophoretic
mobility than that in seeds, suggesting that PTC translation termination suppression proba-
bly occurs in vivo (seeds) but not in vitro (E. coli). This may represent one of only a few
reports on the PTC termination suppression phenomenon in genes.
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Introduction

High-molecular-weight glutenin subunits (HMW-GSs) play a key role in determining
flour processing quality (Lawrence and Shepherd 1980; Shewry et al. 2002). In common
wheat, HMW-GSs are encoded by locus Glu-AI on chromosome arm 1AL, Glu-BI on
1BL, and Glu-D1 on 1DL (Payne et al. 1987; Shewry et al. 1992). Each locus consists of
two tightly linked genes encoding one x-type subunit and one y-type subunit (Payne et al.
1987). The x- and y-type subunits have similar primary structures, including a repetitive
region and conserved N-terminal and C-terminal domains (Shewry et al. 2002).
Although common wheat contains six different HMW-GS genes (/4x, [Ay, 1Bx, 1By,
1Dx, and 1Dy), only up to five subunits are typically observed since the /4y gene is al-
ways silent in common wheat (Forde et al. 1985; D’Ovidio et al. 1996). However, some
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active /Ay genes have been identified in diploid and tetraploid wheats (Margiotta et al.
1996; Jiang et al. 2009; Guo et al. 2013; Li et al. 2015). The incorporation of an active
1Ay subunit from wild wheat species into bread wheat could improve the gluten strength
of wheat flour (Ciaffi et al. 1991; Alvarez et al. 2009).

Two mechanisms of /4y gene silencing have been reported in wheat. The first is trans-
poson insertion leading to inactivation of the coding region. For example, the insertion of
an 8.6-kb LTR retrotransposon into the coding region causes silencing of /4y gene ex-
pression in some tetraploid Triticum turgidum wheat and common wheat (Harberd et al.
1987). The second silencing mechanism is nonsense mutation leading to the generation of
a premature termination codon (PTC) in the gene coding sequence (Forde et al. 1985;
Jiang et al. 2009). In the present study, we found that a Glu-A1y gene from the diploid
species Triticum monococcum was expressed even though it contains a PTC in its C-ter-
minal coding region. We sought to characterize the expressed gene containing a PTC and
examined its expression in vivo and in vitro.

Materials and Methods
Plant materials

The wheat 7. monococcum ssp. monococcum accession 10-1 (AmA™, 2n = 2x = 14) was
used in this study. HMW-GSs from the hexaploid common wheat Chinese Spring (CS)
(null, 1Bx7 + 1By8, 1Dx2 + 1Dy12) were used as references for HMW-GS identification.

SDS-PAGE analysis

The HMW glutenin proteins were extracted and separated based on Yan et al. (2002).
Seeds harvested over four successive years from 2012 to 2015 were analyzed to confirm
the homozygosity on HMW-GS alleles in accession 10-1. At least five seeds for each year
were analyzed.

Cloning and sequencing of the HMW Glu-Aly gene ORF

Genomic DNA was extracted from the young leaf tissues of 7. monococcum accession
10-1 using a Plant Genomic DNA Kit (TIANGEN, Beijing, China). A pair of universal
primers (PF: 5'-ATGGCTAAGCGGC/TTA/GGTCCTCTTTG-3' and PR: 5'-CTAT-
CACTGGCTA/GGCCGACAATGCG-3") were used to amplify the complete coding re-
gion of the Glu-A1y gene following the method of Guo et al. (2013). PCRs were per-
formed using a cycling program consisting of a denaturation cycle at 95 °C for 3 min; 35
cycles of amplification (95 °C for 30 sec, 68 °C for 30 sec, 72 °C for 2 min per cycle), and
a final extension cycle of 72 °C for 10 min. The PCR products were separated on 1.5%
agarose gels, and the expected fragments were recovered, purified, and ligated into a
pMD19-T vector (TaKaRa, Dalian, China). The ligated mixtures were transformed into
Escherichia coli Topl0 competent cells. DNA sequencing was performed by TsingKe
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Biological Technology Company (Chengdu, China). Both the cloning and sequencing
were repeated five times to exclude errors. Sequence alignment and analysis were carried
out according to Li et al. (2015).

Isolation of total RNA and 3'-RACE

Total RNA was extracted from developing seeds at approximately 15 days post anthesis
using a Plant Total RNA Kit V1.5 (BIOFIT, Chengdu, China) according to the manufac-
turer’s instructions. An RNase-free DNase set (OMEGA, Shanghai, China) was then used
to remove DNA. Purified RNA (5 pg) was used to synthesize DNA using a SuperScript™
I First-Strand ¢cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA) following the
user’s manual, the cDNA samples were stored at —80 °C as a template for cloning the
complete cDNA of Glu-14y gene and their 3’end region. The PCR condition and proce-
dure were the same as those used in genomic DNA described above.

In order to amplify the cDNA 3’end of the Glu-A1y gene, 3'-RACE was performed us-
ing a rapid amplification of cDNA Ends Kit (Invitrogen) according to the manufacturer’s
protocol. A gene-specific primer (3-GSP: AGGCCAACAAACAGGACAAGTG), de-
signed from the region upstream of the PTC in the Glu-A41y gene, was used for PCR am-
plification using Super-Fidelity DNA polymerase (Vazyme). The PCR program used was
as follows: 95 °C for 3 min, followed by 25 cycles of 94 °C for 15 s, 62 °C/60 °C for
30 s, and 72 °C 1 min, and finally 72 °C for 10 min. To ensure sequencing accuracy,
cDNA sequencing was repeated 30 times.

Expression of the cloned Glu-Aly gene in E. coli

In order to remove the signal peptide coding sequence from Glu-A1y ORFs, two pairs of
primer combinations were used (F: 5'-AAACATATGGAAGGTGAGGCCTCTAGGC-3'
with either R1: 5'-AAAGAATTCCTACGCCTTTGCCACCTTTGG-3' or R2: 5'-AAA-
GAATTCCTATCACTGGCTGGCCGAC-3'). F and R1 were used to amplify the se-
quence from the N terminus to the PTC TAG in the C-terminal domain, which encodes
606 deduced amino acid residues (designated 1Ay606). F and R2 were used to amplify
the full sequence, including the PTC, which encodes 629 deduced amino acid residues
(designated 1Ay629). The restriction enzyme sites for Ndel and EcoRI (underlined) were
introduced into the ORF for subsequent cloning. The resulting fragments were cloned
into a pET-30a expression vector (Novagen). The recombinant constructs were trans-
formed into E. coli strain BL21 (DE3) pLysS according to Li et al. (2015).

Construction of the 14y8.3 mutant

A 1Ay8.3 mutant, designated 1Ay629M, was constructed in pET-30a by replacement of
the PTC TAG at base pair positions 1879-1881 with CAG. PCR was performed accord-
ing to the site-directed mutagenesis protocol reported by Zheng et al. (2004). A pair of
mutant primers (M-F: 5-CCCAAAGGTGGCAAAGGCGCAGCATCCGACGGCA-
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CAG-3' and M-R: 5'- CTGTGCCGTCGGATGCTGCGCCTTTGCCACCTTTGGG-3")
were used to obtain the 1Ay8.3 mutant.

Mass spectrometry analysis

For matrix-assisted laser desorption ionization time of flight mass spectrometry (MAL-
DI-TOF/MS) analysis, the target protein bands were manually excised from an SDS-
PAGE gel. And the excised products collected from eight gel bands for each sample.
MALDI-TOF/MS assays were performed as suggested by Shu et al. (2011). The MALDI-
TOF mass spectrometer analysis and parameters for database search were set by Sangon
Biotechnology Company (Shanghai, China).

The protein bands excised from SDS-PAGE gel were also used in Nano Liquid Chro-
matography Mass Spectrometer (Nano LC-MS/MS) analysis, according to Sugiyama et
al. (2007). Two digestion enzymes of Chymotrypsin and Glu-C (V8-E) were used in the
analysis.The Nano LC-MS/MS analysis and parameters for database search were set by
Ketian Science Company (Beijing, China).

Plasmid construction and transient transformation in leaf protoplast

To study the condition of expression of /4y8.3 gene with a PTC in vivo, PA7—yellow
fluorescent protein (YFP) vector was used to transfect transiently leaf protoplasts. Two
constructs based on a YFP fusion were used. The first construct corresponded to the
1Ay649-YFP fusion, for which the complete cDNA of /4y8.3 contains a premature termi-
nation codon (PTC) and signal peptide sequence without double stop codons was ampli-
fied by PCR with a pair of primer (TP-F: 5" -AAACTCGAGATGGCTAAGCGGC/TTA/
GGTCCTCTTTG-3"; TP-R1: 5~ AAAACTAGTCTGGCTRGCCGACAATGCG-3'). The
second construct of the 1Ay626-YFP fusion contained the partial cDNA of /4y8.3 se-
quence from ATG to the PTC without the PTC by using primers (TP-F: 5' -AAACTCGA-
GATGGCTAAGCGGC/TTA/GGTCCTCTTTG-3; TP-R2: 5-AAAACTAGTCGC-
CTTTGCCACCTTTGGGCTG-3'). The restriction enzyme sites for XAol and Spel (un-
derlined) were introduced into the ORF for subsequent cloning.

Protoplasts were isolated from leaves of 10-day-old seedlings from 7. monococcum
10-1. Protoplast isolation and transient transformation followed the method of Yoo et al.
(2007). The tranfected cells were maintained at 25 °C in dark without shaking for 12—
16 h before observation by using an epifluorescence Olympus BX63 microscope.

Results
SDS-PAGE analysis

SDS-PAGE analysis indicated that the 7. monococcum ssp. monococcum accession 10-1
expressed two HMW-GSs, an x-type subunit of slower mobility and a y-type subunit of
faster mobility (Fig. 1a, lane 1). The electrophoretic mobility of the y-type subunit was
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between that of the 1Bx7 and 1By8 proteins of the common wheat cultivar Chinese
Spring, and different from the previously identified 1Ay12*, 1Ay8*, and 1AyS8.2 in
T. monococcum ssp. monococcum (Guo et al. 2013; Li et al. 2015). We designated the
y-type subunit of accession 10-1 as 1Ay8.3.

Sequence analysis of the 14y8.3 gene

The DNA fragment of gene /4y8.3 was amplified (Fig. 1b). The sequence of /4y8.3 was
deposited in GenBank with the accession number KU207221. The same sequence was
obtained using cDNA, indicating that /4y8.3 has no introns. A PTC of TAG was present
at base pair positions 1879-1881 in the C-terminal coding region (Fig. S1*). The se-
quence of 14y8.3 is highly similar to the previously sequenced Glu-A1y genes GQ184456
and HQS834309 from T monococcum ssp. monococcum, with identities of 99%. More-
over, the PTC TAG is present at the same positions in GQ184456 and HQ834309.

7 er
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Figure 1. SDS-PAGE analysis and DNA amplification of 1Ay8.3 in Triticum monococcum ssp. monococcum
accession 10-1. a SDS-PAGE profile of high-molecular-weight glutenin subunits from seeds (lane 1, the arrow
indicates 1Ay8.3) and bacterial expression of the modified ORFs of 1Ay629 (lane 2) and 1Ay606 (lane 3) with
isopropyl-p-D-thiogalactopyranoside (IPTG) induction, using 1Ay629 (lane 4) and 1Ay606 (lane 5) in bacterial
cells without IPTG induction as controls. b PCR amplification of the complete ORFs of the 1Ay8.3 subunit
(lane 1). ¢ PCR amplifications of the ORFs from which the signal peptide sequence has been removed, includ-
ing the premature termination codon (PTC) sequence (1Ay629) (lane 1) and terminating at the PTC sequence
(1Ay606) (lane 2). d SDS-PAGE analysis of the 1Ay8.3 subunit (arrows) from seeds harvested in 2012 (lane
1), 2013 (lane 2), 2014 (lane 3), and 2015 (lane 4), and bacterial expression of 1Ay629M (lane 5) and 1Ay629
(lane 6) with IPTG induction, using 1Ay629M (lane 7) in bacterial cells without IPTG induction as a control.
CS, Chinese Spring; M, DNA markers

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Expression analysis of the 1Ay8.3 gene

Although there was a PTC in the C-terminal domain, the /4y8.3 gene was expressed in
seeds (designated 1Ay629S). In order to analyze the effects of the PTC on the transcrip-
tional level of 14y8.3, we sequenced its 3'-UTR using the 3'-RACE technique (Fig. S2).
All 30 transcripts analyzed contained the PTC at the same position as in the genomic
DNA and corresponding cDNA sequences, confirming its normal transcription. We fur-
ther investigated its expression in E. coli. Two fragments were amplified (Fig. 1¢). Both
of these can be expressed in E. coli. Although these fragments differed in length by 72 bp,
their expressed products in E. coli showed no obvious differences. However, compared
with the Glu-Aly protein from seeds (Fig. 1a, lane 1), these fragments had faster electro-
phoretic mobility (Fig. 1a, lane 2 and 3), indicating a difference between the in vivo
(seeds) and in vitro (E. coli) expressions.

We further analyzed the HMW-GS locus of 7. monococcum seeds harvested in four
different years and deduced that the HMW-GS locus was homozygous, since all the ana-
lyzed protein samples extracted from seeds exhibited a consistent electrophoretic mobil-
ity (Fig. 1d, lanes 1-4). This observation excluded the possibility that the inconsistent
expression between seeds and E. coli may have been caused by heterozygous alleles in
the seeds used. We further mutated the /4y8.3 gene by substitution of the PTC TAG with
CAG using a site-directed mutagenesis protocol. The /4y8.3 mutant, /4y629M, was suc-
cessfully expressed in E. coli (Fig. 1d, lane 5). Although its expression product showed
no obvious size difference compared with that of the seed protein, it did have slower
electrophoretic mobility than the expressed wild-type sequence containing the PTC TAG
(Fig. 1d, lane 6).

On the basis of MALDI-TOF/MS and Nano LC-MS/MS analysis, the expression prod-
ucts from seeds and E. coli, including the wild-type TAG PTC (1Ay629) and its mutant
(1Ay629M), were confirmed to be 1Ay. Since some peptide sequences were detected (Fig.
S3, Table S1). MALDI-TOF/MS analysis also showed that the glutenin proteins ex-
pressed in seeds and from the artificial 1 Ay8.3 mutant in E. coli exhibited a similar size
of approximately 70 kDa, which is higher than that of 1Ay8.3 expressed in E. coli (ap-
prox. 68 kDa) (Table S1).This also indicated that the /4y8.3 expressed in E. coli was a
truncated Glu-Aly protein.

Transient expression of 1Ay8.3 in leaf protoplast cells

The 1Ay649-YFP (Fig. S4a) and 1Ay626-YFP (Fig. S4b) nucleotide sequences were in-
troduced into the PA7-YFP plasmid under the control of the cauliflower mosaic virus 35S
promoter and terminator. After obtaining high viability leaf protoplasts from 7. monococ-
cum ssp. monococcum 10-1, we investigated their possibility to express the 1 Ay649-YFP
and 1Ay626-YFP protein in fusion with YFP. After transient transformation of leaf proto-
plasts and 12h of incubation in the dark, expression of the green fluorescent proteins was
observed by epifluorescence microscope. The YFP alone was expressed in some leaf
protoplasts and used as positive control (Fig. S5a). We observed the green fluorescence
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signals both for 1Ay649-YFP (Fig. S5b) and 1Ay626-YFP (Fig. S5¢). The expression of
1Ay649-YFP having the PTC suggested the existence of PTC translation termination sup-
pression also in leaf protoplast cells.

Discussion

Nonsense mutation generating a premature termination codon (PTC) in a coding sequence
is a common phenomenon in gene silencing (Rehwinkel et al. 2006). Previous studies
have suggested that PTCs seem to be an important factor involved in the silencing of
HMW-GS genes, including the Glu-A1y loci (D’Ovidio et al. 1996; Guo et al. 2013;
Li et al. 2015). In the current study, however, we identified a Glu-A1y gene 14y8.3 that
was expressed, despite the fact that it contained a PTC at base pair positions 1879-1881
(Fig. S1). On the basis of the protein product size, it appears that seeds expressed an intact
1Ay8.3 subunit, whereas E. coli expressed a truncated protein (Figs. 1a and 1d). This sug-
gested that termination suppression during translation probably occurred in vivo (seeds)
but not in vitro (E. coli). Such PTC termination suppression has been observed in several
organisms (Bertram et al. 2001).

Comparison with 15 previously sequenced /A4y genes from common wheat and other
Triticum species that contain a PTC in their coding region, revealed that a PTC similar to
that identified in /4y8.3 is also contained in three other 7 monococcum genes (Table S2),
indicating a common origin. The PTCs in the remaining 12 genes are present in the
N-terminal domain or central repetitive region. Although genes from common wheat
(T aestivum) containing PTCs have been confirmed to be silent (Forde et al. 1985), it is
unclear whether similar genes are expressed in other species. To our best knowledge,
14y8.3 is the first HMW-GS gene in which potential PTC termination suppression of
translation has been reported. However, at present, the underlying mechanisms remain
unclear. Several natural mechanisms of termination suppression have been reported, in-
cluding suppressor tRNAs (aminoacylated tRNAs with anticodons complementary to
stop codons in mRNA), ribosomal frameshifting, and stop codon readthrough (see review
by Dabrowski et al. 2015). In addition, nonsense-mediated mRNA decay (NMD) is a
eukaryotic surveillance mechanism that eliminates mRNA containing a PTC to prevent
the accumulation of truncated and potentially destructive proteins (Mendell et al. 2004).
In this regard, a previous study has shown that a long 3'UTR was preferentially targeted
to potentiate degradation by the NMD effector Upfl (up-frameshift protein) in transcripts
(Hogg and Goff 2010). The position of C-terminal coding region is closer to 3'UTR re-
gion than that of central repeat region. Further work is necessary in order to determine
whether the position of the PTC is related to termination suppression of the /4y8.3 gene.

In addition, the expressed /A4y8.3 contains a cysteine residue, which is present between
the PTC TAG and two stop codons in the C-terminal domain. (Fig. S2), and thus the re-
sulting protein from seeds contains seven cysteine residues. The extra cysteine residue
may be useful for improving flour processing quality by enhancing dough strength. Ear-
lier studies have reported an extra cysteine residue in the central repetitive region of the
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subunits 1Dx5 and 1Ax2*B, which facilitate the formation of additional disulfide bonds,
and thereby positively affects dough strength (Lafiandra et al. 1993; Juhasz et al. 2003).

In our work, an expressed Glu-A1y allele 1Ay8.3 containing a premature termination
codon (PTC) in its C-terminal coding region was identified from Triticum monococcum
ssp. monococcum. Furthermore, it was suggested that termination suppression during
translation probably occurs in vivo (seeds) but not in vitro (E. coli). This PTC termination
suppression event of 1Ay8.3 could be used to investigate the pseudogenes of Glu-41y and
other HMW-GS caused by a PTC in its coding region in future, and further enrich the
study of the mechanism of “Expression-Silence” for Glu-A4 1y gene in common wheat and
other Triticum species.
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Electronic Supplementary Figure S4. Gene structures for fusion protein. a 1Ay649-YFP, the full cDNA

sequence of /4y8.3 including the signal peptide sequence and the premature termination codon (PTC) TAG but

without the double stop codons. b 1Ay626-YFP, the partial cDNA of /4y8.3 sequence from signal peptide
sequence to the PTC but without the PTC
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Electronic Supplementary Figure S5. Transient transformation of the 1Ay8.3 fusion protein in leaf protoplast

cells of diploid wheat 10-1. a Leaf protoplasts were transiently transformed with a plasmid encoding the YFP

as a positive control. b The sequence of 1Ay649-YFP was transiently expressed in some leaf cells. ¢ The

sequence of 1 Ay626-YFP was transiently expressed in some leaf cells. The red fluorescence was used to detect

the spontaneous signal from chloroplast of leaf. Merged images of YFP as well as bright filed images of proto-
plasts were shown. Scale bar 100 um. Experiment repetition n = 3
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