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Abstract: ADP-Glc pyrophosphorylase (AGPase) is a pivotal enzyme catalyzing the conversion of
ATP and glucose-1-phosphate (Glc-1-P) to adenosine diphosphate glucose (ADP-Glc), thereby serving
as a rate-limiting factor in starch biosynthesis in crops. Although previous investigations have sug-
gested phosphorylation-based regulation of AGPase in maize, the explicit modulation mechanisms
have yet to be elucidated. This research evaluated the effect of point mutations at phosphorylation
sites (identified using iTRAQTM AB SCIEX, Framingham, MA, USA) on the subcellular localization
and activity of the AGPase small subunit Bt2, and its interaction with the large subunit Sh2, in
maize. Despite the induction of point mutations, subcellular localization of the Bt2 subunit remained
unaltered, primarily within the cytoplasm and nucleus. The interaction between Bt2 and Sh2 subunits
continued, mainly in the chloroplast. Notably, an increase in AGPase activity was observed in the
case of simulated phosphorylation point mutations, whereas dephosphorylation activity significantly
diminished relative to the wild type. These findings demonstrate that point mutations do not affect
the subcellular localization of the Bt2 subunit or its interaction with the Sh2 subunit, but substantially
modulate AGPase activity. This study provides critical insights into the role of point mutations in
enhancing AGPase activity, thus potentially accelerating the production of ADP-Glc, the primary
substrate for starch synthesis, promising implications for improved starch biosynthesis in maize.

Keywords: AGPase; enzyme activity regulation; AGPase phosphorylation; subcellular localization
of AGPase

1. Introduction

Starch, recognized for its environmentally friendly properties, widespread availability,
cost-effectiveness, and ease of modification, acts as a fundamental raw material across
a variety of industries including food, medicine, bioethanol production, biodegradable
materials, and ecofriendly water treatment agents [1–3]. Given the ongoing resource scarcity
per capita and increasing emphasis on environmental preservation in China, corn starch has
risen to prominence due to its high yield [4] and adaptability in both primary and secondary
product processing [5]. Consequently, investigations into corn starch synthesis and the
development of methodologies to enhance starch production have become increasingly

Agronomy 2023, 13, 2119. https://doi.org/10.3390/agronomy13082119 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy13082119
https://doi.org/10.3390/agronomy13082119
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0001-5595-9065
https://doi.org/10.3390/agronomy13082119
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13082119?type=check_update&version=1


Agronomy 2023, 13, 2119 2 of 12

crucial. The complex process of starch biosynthesis fundamentally relies on a sequence of
catalytic enzymes, including adenosine diphosphate glucose pyrophosphorylase (AGPase),
starch synthase (SS), starch branching enzyme (SBE), and starch debranching enzyme
(DBE) [6]. Of these, AGPase holds a crucial position as a rate-determining enzyme in starch
biosynthesis and catalyzes the conversion of ATP and glucose-1-phosphate (Glc-1-P) to
adenosine diphosphate glucose (ADP-Glc). This reaction is considered the first committed
step in starch synthesis. Since this is an early step and its product, ADP-Glc, is the primary
substrate for the subsequent starch production (act as a substrate to extend the α-1,4 linked
glucans by SS [7], the rate at which this reaction occurs can effectively control the overall
rate of starch synthesis. In addition, there are indications that AGPase does not entirely
involve in starch biosynthesis, as it requires a primer of reasonable chain length [8]. Based
on biochemical evidence, it is assumed that starch phosphorylase (SP) is involved in the
initiation and amplification starch biosynthesis in plants [9,10]. There are two possible
routes for starch synthesis: either through the PHO1 or AGPase/SS, which depend on the
availability of substrate-level Glc-1-P [11,12].

In higher plants, AGPase manifests as a heterotetramer composed of two small and
two large subunits (α2β2). While the proteins encoded by these subunits bear resemblance,
they present key distinctions. The small subunit, for example, demonstrates a higher
level of conservation (85–95%) compared to the large subunit (50–60%). Moreover, the
molecular weight of the large subunit (54–60 kDa) slightly exceeds that of the small subunit
(51–55 kDa) [13]. The efficient activity of AGPase relies on the synergistic interaction
between these two subunits [14]. The large subunit functions as the regulatory entity
modulating metabolic activity, while the small subunit assumes the role of the catalyst
facilitating its metabolic operation [15]. This division of roles within the heterotetrameric
structure of AGPase underscores its intricate function in starch biosynthesis. In many
species, AGPase primarily occupies the plastids, with plastid-located AGPase serving as
the sole source of ADP-Glc, a precursor integral to starch synthesis. However, in grain
endosperms, the majority of ADP-Glc is derived from AGPase located in the cytoplasm.
Therefore, in grain endosperm, AGPase is found both in the cytoplasm and plastids, with a
significant majority (85–95%) of its activity transpiring in the cytoplasm [16]. These findings
suggest a unique pathway in cereal endosperm starch synthesis that requires an ADP-Glc
transporter to shuttle ADP-Glc, generated by cytoplasmic AGPase, into the plastids [17,18].

The regulation of AGPase, which varies across tissues and cells, profoundly influences
its activity. Its function is comodulated via diverse regulatory mechanisms, encompassing
redox [19], allosteric [20], and transcriptional approaches [21,22]. With the progression
of experimental methodologies, notably mass spectrometry and affinity chromatography,
comprehension of proteomes and phosphoproteomes has been significantly extended.
Previous research has identified phosphorylated AGPase in a variety of species and tis-
sues [23,24]. In particular, grain-focused studies have indicated the occurrence of AGPase
subunit phosphorylation. For instance, differential gel electrophoresis analysis of grown
wheat seeds inferred that the small subunit of plastid AGPase undergoes phosphoryla-
tion, although the specific site of phosphorylation remained unidentified [25]. Previous
experiments in our laboratory suggest that when samples underwent alkaline phosphatase
treatment for gel activity measurement, the resulting enzymatic activity was less compared
to the phosphorylated control, insinuating an interrelationship between AGPase activity
and phosphorylation [26]. More recently, research has verified the phosphorylation of the
AGPase subunit in the wheat endosperm [27], with in vitro trials involving recombinant
AGPase from wheat endosperm and calcium-dependent protein kinase indicating that
phosphorylation emerges in both of the subunits.

In this study, the phosphorylation and dephosphorylation states were emulated
through point mutation at the three sites identified using mass spectrometry: Bt2-S10,
Bt2-T451, and Bt2-T462. To simulate dephosphorylation, all three sites were concurrently
mutated to alanine (A). Similarly, a collective mutation to glutamic acid (E) was conducted
to imitate phosphorylation [26]. A central question under investigation was whether these
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mutations would alter the subcellular localization, interaction with the large subunit, and
AGPase activity. Our findings established that the mutations at S10/T451/T462 (A/E) did
not bring about any alterations in the subcellular localization of Bt2 nor did they affect
its interaction with Sh2. Notably, however, the mutations that simulated phosphorylation
increased AGPase activity. These results, therefore, suggest that phosphorylation could
also serve as a mechanism for the regulation of AGPase activity during starch biosynthesis.

2. Materials and Methods
2.1. Preparation of Experiment Materials

The maize variety Mo17 utilized in this study was kindly provided by the College of
Agriculture, Sichuan Agricultural University. The maize was cultivated at the Chongzhou
Base, with endosperm protoplasts isolated 6–7 days after pollination (DAP). Etiolated
seedlings were initially grown in a controlled environment at 28 ◦C, with a light–dark
cycle of 16 h light and 8 h dark. After a germination period of three days, the seedlings
were transferred to dark conditions for continued cultivation. The yeast strain Y2H was
maintained in-house. The subcellular localization vector pCAMBIA2300-35S-eGFP, yeast
vectors pGADT7 and pGBKT7, bimolecular fluorescence complementation vectors E2913
(pSAT6-nEYFP-N1 for linking to Bt2) and E3086 (pSAT6-cEYFP-N1 for linking to Sh2),
as well as the transient expression vectors pBI221-ubiquitin-GUS, were also available in
Yu’s laboratory.

2.2. iTRAQTM Labeling and Mass Spectrometry Analysis

The iTRAQTM method [28] was utilized to identify phosphorylated proteins in this
study. Three samples of Mo17 corn 25 DAP grain protein were collected during both day-
and night-time, and the experiment was repeated. To begin, sample lysis and protein
extraction were performed using an SDT buffer consisting of 4% SDS, 100 mM Tris-HCl,
and 1 mM DTT at pH 7.6. The concentration of the extracted proteins was determined
using the BCA Protein Assay Kit from Bio-Rad, Hercules, CA, USA. Protein digestion was
carried out using trypsin following the filter-aided sample preparation (FASP) procedure.
The resulting digested peptides from each sample were desalted using C18 Cartridges
(EmporeTM SPE Cartridges C18, standard density), concentrated through vacuum cen-
trifugation, and reconstituted in 40 µL of 0.1% (v/v) formic acid. The phosphopeptides
were then enriched using the High-SelectTM Fe-NTA Phosphopeptides Enrichment Kit,
according to the manufacturer’s instructions (Thermo Scientific, Hanover Park, IL, USA).
The phosphopeptides were lyophilized and subsequently resuspended in 20 µL of loading
buffer (0.1% formic acid). For LC-MS analysis, a timsTOF Pro mass spectrometer (Bruker,
Billerica, MA, USA) coupled with Nanoelute (Bruker Daltonics) was employed for a total
duration of 60 min. The peptides were loaded onto a C18-reversed phase analytical column
(25 cm long, 75 µm inner diameter, 1.9 µm, C18), and separation was achieved using a linear
gradient of buffer B (84% acetonitrile and 0.1% formic acid) at a flow rate of 300 g/min,
with buffer A (0.1% formic acid) as the starting buffer. The mass spectrometer operated
in positive ion mode, collecting ion mobility MS spectra within the mass range of m/z
100–1700 and 1/k0 values ranging from 0.6 to 1.6. Following this, 10 cycles of PASEF
MS/MS were performed with a target intensity of 1.5 k and a threshold of 2500. The active
exclusion was enabled with a release time of 0.4 min.

The original data obtained from the mass spectrometry analysis were in RAW file format.
For library identification and quantitative analysis, MaxQuant software (version 1.5.3.17)
was utilized.

2.3. Site-Directed Point Mutations

Site-specific primers for gene mutations Bt2-S10A-F/R, Bt2-S10E-F/R, Bt2-T451A-F/R,
Bt2-T451E-F/R, Bt2-T462A-F/R, and Bt2-T462E-F/R were designed according to NCBI
guidelines, leading to a total of six pairs (primer sequences detailed in Table S1). The
positive cloning vector UG221-Bt2, maintained in-house, served as the template plasmid
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for mutation. PCR conditions were set as follows: an initial denaturation step at 95 ◦C
for 3 min, followed by 34 cycles of 95 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C for 8 min. The
PCR protocol concluded with a final extension at 72 ◦C for 10 min, with products stored at
12 ◦C. Upon completion of PCR, 1 µL of DpnI was directly added to the reaction mixture,
stirred, and then incubated at 37 ◦C for 30 min. Post-DpnI digestion, the mixture could be
used immediately for transformation or stored at –20 ◦C for later use. After transformation,
single colonies were isolated, cultured, validated, and sent to the company for sequencing.
Upon sequencing confirmation, plasmids were extracted and either stored or used for
vector replacement.

2.4. Subcellular Localization Analysis

Subcellular localization vectors were constructed for both wild type and mutant type,
leading to the creation of 2300-Bt2-eGFP, 2300-Bt2-S10/T451/T462A-eGFP, and 2300-Bt2-
S10/T451/T462E-eGFP fusion plasmids as per described in [29]. The selected restric-
tion enzyme sites were KpnI and XbaI, with homologous recombination primers listed in
Supplementary Table S1. Constructed plasmids were introduced into endosperm proto-
plasts using the polyethylene glycol-calcium (PEG-Ca2+) transformation method. Following
transformation, protoplasts were cultured for 16 h either in the dark or under low-light con-
ditions. Post-culture, the intracellular distribution of GFP was examined using microscopy.

2.5. Yeast Two-Hybrid Assay

The fusion plasmids pGADT7-Bt2, pGADT7-Bt2-S10/T451/T462A, pGADT7-Bt2-
S10/T451/T462E, and pGBKT7-Sh2 were constructed according to [30]. The restriction
enzyme sites used were EcoRI and BamHI, and the homologous recombination primers are
presented in Table S1. The combination of pGADT7 and pGBKT7 was utilized as a negative
control. The resulting plasmid combinations were introduced into Y2H yeast-competent
cells using the PEG/LiAc method. Following the transformation process, the cells were
spread onto selection media lacking tryptophan (SD/Trp). The plates were incubated at
28 ◦C for approximately three days. Positive clones were then selected and cultured in
liquid media without two necessary nutrients until reaching an optical density (OD600)
between 0.5 and 0.8. The yeast culture was then collected, washed with sterile water, and
spotted onto both two-deficient and four-deficient solid media at various concentration
gradients (10−1, 10−2, 10−3, 10−4, from left to right). The plates were cultured for an
additional 2–3 days and the growth of individual yeast colonies was subsequently observed.

2.6. Bimolecular Fluorescence Complementation

The BiFC expression vectors were constructed utilizing E2913 (pSAT6-nEYFP-N1)
and E3086 (pSAT6-cEYFP-N1) to harbor the Bt2 (and its mutant forms) and Sh2 genes,
respectively. This yielded fusion plasmids E2913-Bt2-N YFP, E2913-Bt2-S10/T451/T462A-N
YFP, E2913-Bt2-S10/T451/T462E-N YFP, and E3086-Sh2-C YFP. The restriction enzyme sites
selected for this process were EcoRI and SmaI, and the relevant homologous recombination
primers are documented in Table S1. The combination of E2913-N YFP and E3086-C YFP
was employed as a negative control. The combined plasmids were introduced into maize
leaf etiolated seedling protoplasts using the PEG-Ca2+ transformation method. Following
a 24 h incubation period in darkness, the YFP yellow fluorescence signal was inspected
under a confocal microscope.

2.7. Protoplasm Preparation

Seedling-stage leaves exhibiting yellow heads were delicately sliced into 0.5–1 mm
wide leaf fillets using a sharp blade. Concurrently, endosperm from maize (7–9 DAP)
was carefully removed with precision tweezers and swiftly segmented into minute pieces.
To prevent desiccation, these were immersed in an enzyme solution composed of 1.5%
cellulase, 0.75% pectin, 10 mM MES, 600 mM mannitol, 10 mM CaCl2, and 0.1% BSA.
The endosperm underwent enzymatic hydrolysis for 4–6 h. Post-hydrolysis, an equal
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volume of W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES-KOH) was
added, followed by brief centrifugation at 90× g for 3 min at 4 ◦C. The supernatant was
discarded, protoplasts were resuspended in 5 mL of W5, and the centrifugation step was
repeated. The supernatant was subsequently discarded, 1 mL of W5 was added, and the
solution was allowed to rest on ice for 30 min. The protoplasts were then resuspended in
MMG solution (400 mM mannitol, 15 mM MgCl2, 4 mM MES-KOH, pH 5.6) at a density
of approximately 2 × 105 protoplasts/mL. The transformation process was initiated by
adding 10–20 µg of plant expression vector to the protoplast suspension. A gentle mixing
followed, succeeded by the addition of 100 µL of PEG-Ca2+ solution (4 M mannitol, 10 mM
CaCl2, 40% PEG). The induced transformation was carried out in darkness for 15 min,
then halted by adding 400 µL of W5 solution. Following a brief centrifugation at 90× g
for 2 min at room temperature and discarding the supernatant, an additional 100 µL of
W5 solution was gently mixed in. The protoplasts were incubated in the dark at 28 ◦C for
12 h and subsequently observed under a microscope. Protoplasts were then gathered via a
brief centrifugation at room temperature and a fraction of this was selected for fluorescence
signal observation under a confocal microscope.

2.8. Determination of AGPase Activity

To assess the activity of AGPase, the change in RLUC (Renilla luciferase) value corre-
sponding to ATP production was measured using the ADP/ATP luminescence detection
kit (Beyotime, Hangzhou, China). Fusion plasmids 221-Bt2, 221-Bt2-S10/T451/T462A, 221-
Bt2-S10/T451/T462E, and 221-Sh2 were constructed utilizing BamHI and SacI restriction
sites, with the corresponding homologous recombination primers delineated in Table S1.
AGPase activity was inferred based on the enzyme’s reversible property that facilitates
ADPG catalysis to consume Pi and generate ATP. The resultant ATP volume was quan-
tified to assess AGPase activity changes. These constructed plasmids were introduced
into the etiolated seedling protoplasts via PEG-Ca2+ transformation. Following 24 h of
dark cultivation, the ATP levels were determined. For in vitro AGPase activity assessment,
an ATP detection kit was employed. After 14–16 h of dark incubation, the protoplasts
were harvested via centrifugation at room temperature (90 g, 1 min). RLUC activity was
evaluated using the Luciferase Assay System (Promega, Madison, WI, USA), adhering to
the instructions outlined in the ATP Assay Kit (Beyotime). GUS activity was assessed by
adding 40 µL of cell lysate supernatant to 40 µL of 4-methylumbelliferyl-β-D-glucuronide
(MUG) reaction substrate. After thorough mixing, 30 µL of the reaction mixture was halted
with 60 µL of 0.3 M Na2CO3, and GUS activity was immediately recorded at time zero
after sampling 75 µL of the mixture. The remaining 50 µL of the reaction solution was
further incubated in the dark at 37 ◦C for 4 h, then halted with 60 µL of 0.3 M Na2CO3.
GUS activity was recorded after the complete 4 h incubation period. The halted reaction
solution was transferred to a black 96-well cell culture plate, and GUS activity was assessed
using a fluorescence spectrophotometer. The ratio of RLUC activity to GUS activity was
used as a measure of AGPase activity.

3. Results

3.1. iTRAQTM Identification of Bt2 Phosphorylation Sites

To identify the specific phosphorylation site on Sh2 during starch biosynthesis in
maize kernels, endosperm from three different sources, including 15DAP 08-641 maize,
transgenic maize, and Mo17 inbred line collected at 25DAP, during the day and night, were
subjected to iTRAQ analysis. Our results point toward the phosphorylation of Bt2 at S10,
T451, and T462 mentioned in [26]. This finding elucidates that the phosphorylation of Bt2
possibly occurs at S10, T451, and 462 in the maize endosperm.

3.2. Site-Directed Point Mutations

The Bt2 gene spans a total length of 1428 base pairs (bp). Specific mutation primers
were engineered, and the resulting sequences were aligned using DNAman software
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(https://www.lynnon.com/). Figure 1 presents the sequence outcomes of the mutation
sites following simulated processes of phosphorylation (E) and dephosphorylation (A).
These confirmed mutated clones were then used for amplification of the mutated Bt2,
paving the way for future recombination with required vectors.
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Figure 1. Sequence diagram of site-directed point mutations. W-Bt2 represents the reference Bt2
sequence from the NCBI database. Bt2-S10A/T451A/T462E highlights the sequence region en-
compassing the serine 10 site replaced with alanine, threonine 451 sites replaced with alanine, and
threonine 462 sites replaced with alanine. Bt2-S10E/T451E/T462E highlights the sequence region
encompassing the serine 10 site replaced with glutamic acid, threonine 451 sites replaced with glu-
tamic acid, and threonine 462 sites replaced with glutamic acid. White sequence lines demonstrate
the primers used for site-directed mutagenesis.

3.3. Mutations Effects on Subcellular Localization of AGPase Small Subunit Bt2

Figure 2 depicts the localization of various mutation types within maize endosperm
protoplasts. The subcellular localization of 35S-eGFP served as the control group, while
Bt2-eGFP, Bt2-S10/T451/T462A-eGFP, and Bt2-S10/T451/T462E-eGFP constituted the
experimental groups. Observations from Figure 1 reveal that both the control and exper-
imental groups displayed signals in the nucleus and cytoplasm. Signals from Bt2-eGFP
and Bt2-S10/T451/T462E-eGFP were distributed throughout the entire cell, while those
from Bt2-S10/T451/T462A-eGFP were primarily localized around the nucleus. The results
demonstrated that the subcellular localization of Bt2 remains unaffected by the mutations.
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Figure 2. Subcellular localization analysis of Bt2 with phosphorylation site mutations in maize
endosperm protoplasts. “Bright” refers to the bright field; the localization signal represents the GFP
and the corresponding fusion protein. “RFP” designates the red fluorescence signal indicative of
nuclear localization. “Merged” illustrates the composite signal resulting from the superimposition of
GFP and RFP (nucleus signals). The mutant’s description is the same as described in Figure 1.
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3.4. Interaction between Bt2 with Phosphorylation Sites Mutations and Sh2

We employed yeast two-hybrid assays using the constructed yeast vectors, and
the resulting interactions were analyzed. The yeast two-hybrid results are presented
in Figure 3. All colonies exhibited normal growth on the second deficient medium, while
the negative controls, pGBKT7+pGADT7-Bt2, and pGBKT7+pGADT7, demonstrated im-
paired growth on the fourth deficient medium. Contrarily, the experimental groups,
pGBKT7-Sh2+pGADT7-Bt2, pGBKT7-Sh2+pGADT7-Bt2-S10/T451/T462A, and pGBKT7-
Sh2+pGADT7-Bt2-S10/T451/T462E, maintained normal growth on all four deficient medi-
ums. The experimental results indicate that the interaction between the large and small
subunits persists, even after site-specific mutations.
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Figure 3. Yeast two-hybrid interaction analysis of Sh2 with mutants. Transformed yeast was plated
on SD/−Leu−Trp and SD/−His−Leu−Trp−Ade gradient dilution plates (10−1, 10−2, 10−3, and
10−4). The mutant description is the same as described in Figure 1.

3.5. Bimolecular Fluorescence Complementation Confirms Bt2 Interaction with Sh2

The bimolecular fluorescence complementation (BiFC) experiment was employed to
transfect maize leaf protoplasts, aiming to observe the interaction between the Bt2 point
mutations and the large subunit Sh2. The findings from this investigation are depicted in
Figure 4. In the negative control group, represented by N YFP + C YFP, no YFP fluorescence
signal was observed. In contrast, the experimental groups Bt2-S10A-NYFP + Sh2-C YFP,
Bt2-S10/T451/T462A-N YFP + Sh2-C YFP, and Bt2-S10/T451/T462E-N YFP + Sh2-C YFP
all exhibited a YFP fluorescence signal within the chloroplast. These experimental findings
provide evidence that the Bt2 protein retains its interaction with the large subunit Sh2
following point mutation. Importantly, the interaction site was identified within the
chloroplast. This substantiates the role of Bt2 and its interactions within the chloroplast
even after undergoing point mutations, underpinning the robustness of these biological
interactions and their potential role in chloroplast functions.

3.6. Effects of Site-Directed Point Mutations on AGPase Activity

UG221-Sh2 along with various mutant types of UG221-Bt2 were co-transfected into the
protoplasts of etiolated seedlings for transient expression. The transfected protoplasts were
then cultivated in darkness for 16 h. Subsequently, ATP levels were evaluated using the
ATP detection kit provided by Beyotime Biotech, with the experimental findings illustrated
in Figure 5. Taking the Bt2 + Sh2 interaction as a baseline, a significant decrease in AGPase
activity was observed in the Bt2-S10/T451/T462A + Sh2 measurements. Conversely, the
AGPase activity assessed using Bt2-S10/T451/T462E + Sh2 demonstrated an increase.
These results provide compelling evidence that point mutations can indeed alter AGPase
activity. In this experiment, it was observed that the simulation of dephosphorylation led
to a reduction in AGPase activity, whereas the simulation of phosphorylation prompted an
increase in AGPase activity. This underscores the profound impact of phosphorylation sta-
tus on enzymatic function, highlighting the intricate relationship between posttranslational
modifications and enzyme activity.
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4. Discussion

AGPase acts as the key enzyme regulating starch biosynthesis and is indispensable for
catalyzing the formation of ADP-Glc from Glc-1-P and ATP [7]. Its operational efficacy is
tightly linked to the process of starch synthesis, with any inhibition resulting in a decline
in starch output [31,32]. The regulation of AGPase activity is not uniform and varies
among different tissues and cells, affecting its overall performance [33–35]. In an adaptive
response to fluctuating environmental conditions, the function of AGPase is governed by
several regulatory pathways. These encompass redox regulation, allosteric regulation [20],
and transcriptional control [21,22] topics that have been subject to extensive research.
In cereal endosperm, AGPase activity is primarily derived from the cytoplasm, which
also hosts the localization of the small subunit Bt2 examined in this study. However,
Bt2 localization is not exclusive to the cytoplasm; it is also found within the nucleus.
Previous research reported the localization of the wild-type Bt2 in both the plastid and
the cytoplasm [36]. Bt2 exhibits two alternative splices, Bt2a and Bt2b, with Bt2a encoding
for cytoplasmic AGPase and being situated within the cytoplasm [37]. However, this past
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research primarily investigated just the initial 99 amino acids at the N-terminus. Moreover,
previous findings also demonstrated the presence of Bt2-GFP in the maize, with GFP
signals noted in both the cytoplasm and nucleus, suggesting the involvement of Bt2 in the
regulation of other pathways.

The potential influence of phosphorylation on protein interactions is a significant as-
pect of this study. In light of our prior research on AGPase activation [26], we suggest that
AGPase phosphorylation could be a crucial regulatory mechanism impacting its function.
In this experiment, the maize AGPase small subunit Bt2-S10, Bt2-T451, and Bt2-T462 sites
underwent mutation to either A or E. Yeast two-hybrid experiments revealed that various
mutation types interacted with Sh2. The fluorescence bimolecular complementation experi-
ments further established the presence of protein interactions between different mutation
types of Bt2-N YFP and the Sh2-C YFP fusion protein, which were exclusively localized
within the chloroplast. This suggests that even after site-specific mutations, the small
subunit Bt2 continues to interact with the large subunit Sh2, implying that these mutations
do not interfere with the structure of AGPase, allowing for tetramer formation [38]. In
summary, our findings contribute to a deeper understanding of the molecular interplay
between the Sh2 and Bt2 proteins during maize endosperm development. Moreover, the
data imply that Bt2 mutations do not disturb the interaction and potential function of the
Sh2–Bt2 protein complex.

Protein phosphorylation has been established to modify protein structure, influencing
protein–protein interactions, and thereby affecting these protein functions [39,40]. Such
alterations could have implications on protein activity, its intracellular localization, and the
stability of complexes it forms with other proteins [6,41]. Research into the phosphorylation
of the barley stripe mosaic virus gamma Ser-96-b protein revealed that phosphorylation at
crucial sites was vital for protein function [42]. It was discovered that a nonphosphorylated
mutant (S96A) of γ B had markedly reduced viral suppressor of RNA silencing (VSR)
activity, compared to the phosphorylation-simulated mutant (S96D) and the wild-type γ B,
both of which exhibited comparable VSR activities. This study implies that changes induced
by phosphorylation can significantly alter protein function. Similarly, an investigation
found the phosphorylation status of the tau protein to directly affect its intracellular
localization [43]. When phosphorylation was simulated by substituting serine/threonine
residues with glutamate in the N-terminal region of the protein, it was observed to impede
its membrane localization in transfected cells [26]. Furthermore, it is well established
that the phosphorylation of enzymes like SBEI and SP (starch phosphorylase) in maize is
crucial for forming active multiprotein complexes [12,44–46]. In addition, studies on wheat
endosperm have shown that phosphorylation is necessary for the formation of the SS–SBEII
protein complex and the protein complex between SBEIIb and SP [12]. Investigations
into the Sh2 gene in maize, which encodes the large subunit of AGPase, suggest that its
phosphorylation may affect AGPase activity, localization, and binding [26]. Experiments
leveraging the yeast two-hybrid method and bimolecular fluorescence complementation
have demonstrated that certain mutations in the Bt2 gene do not impact its interaction with
Sh2. Interestingly, the Bt2 mutants, simulating phosphorylation, exhibited increased activity,
possibly via a mechanism involving interaction with other proteins or alteration of the
enzyme conformation [47] (warranting further investigation). When transiently expressed
in endosperm protoplasts, these findings hint at its potential to enhance starch content.
Given these findings, future work should aim to validate these results in vivo and examine
the mechanistic underpinnings of this observed effect. This could involve investigations
into the structural changes induced by these mutations, the potential interaction partners of
the mutated Sh2 subunit, and the broader impact of these mutations on starch biosynthesis
and plant physiology. Such studies will undoubtedly enrich our understanding of the
regulatory complexity of AGPase and provide novel avenues for starch improvement. In
general, the observed effects of site mutations on AGPase activity suggest the crucial role
of these residues’ phosphorylation for optimal maize AGPase activity. This study noted an
increase in enzyme activity for the co-transformed phosphorylated modified small subunit
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and large subunit. In contrast, the enzyme activity for the dephosphorylated modified
form was significantly lower than the wild type. The existing literature suggests that the
dephosphorylated small subunit Bt2 might cause the active band formed by AGPase to
either disappear or decrease, leading to reduced enzymatic activity when the small subunit
is fully mutated to A. However, this study focused on the simultaneous mutation of three
sites, and the mutation status of individual sites may differ. These insights offer new
directions for enhancing AGPase activity following AGPase molecular modification, which
hints that phosphorylation at specified site could enhance starch synthesis process.

5. Conclusions

In this study, the point mutation of Bt2, the small subunit, was found not to have
an impact on its subcellular location. Bt2 remained localized within the nucleus and the
cytoplasm, suggesting that the fundamental cellular distribution of the protein was not
perturbed by these point mutations. Furthermore, this point mutation did not appear to
hinder Bt2 interaction with its larger counterpart, Sh2. In maize leaf protoplasts, their
interaction continued to take place primarily within the chloroplast, maintaining the
subcellular site for this crucial protein–protein interaction. Intriguingly, the point mutations
of Bt2 had a substantial effect on the activity of the AGPase enzyme, particularly in the
context of its phosphorylation state. When the mutated Bt2 was subject to phosphorylation
modifications, the activity of AGPase increased, which hints that phosphorylation at the
specified site could enhance the starch synthesis process. Conversely, dephosphorylation
led to a decrease in AGPase activity, implying that phosphorylation could be a vital
regulatory mechanism for the functionality of this enzyme. The nuanced influence of these
point mutations on AGPase activity, depending on its phosphorylation status, suggests
a critical role for phosphorylation in modulating the enzymatic activity of AGPase. This
dynamic could be harnessed to optimize starch synthesis in crop production, an area that
warrants further investigation. Through the creation and examination of mutants with
augmented AGPase activity, this research sets the stage for the possible creation of crop
variations with superior starch content. Such advancements could enhance both crop yield
and quality. Additionally, comprehension of the way the phosphorylation status of Sh2
affects AGPase activity may lead to the cultivation of crop variations with altered starch
characteristics, potentially amplifying their utility across various industries, such as the
food, pharmaceutical, and biofuel sectors.
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