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A B S T R A C T

The glucan phosphatase Starch EXcess4 (SEX4) plays an essential role in regulating starch degra-
dation through reversible phosphorylation. However, starch granule properties and phosphoryla-
tion levels vary widely between different organisms. We biochemically characterized SEX4 from
agronomically relevant plants and found that SEX4 orthologs display differential glucan phos-
phatase activity. SEX4 from cereal crops displayed higher dephosphorylation rates than SEX4
from storage tubers. Intriguingly, these rates were found to be inversely related to glucan sub-
strate binding. To determine the effects of this difference, the ability of SEX4 orthologs to en-
hance in vitro starch degradation by the β-amylase BAM3 was measured. An inverse relationship
was observed between SEX4 ortholog starch binding affinity and its ability to enhance BAM3-
mediated glucan degradation. Collectively, our findings reveal a direct correlation between the
dephosphorylation rates of SEX4 orthologs and their ability to enhance in vitro starch degrada-
tion. These data provide significant insights into the differential activity of SEX4 from different
organisms, corresponding to their distinct biological roles and providing the basis for utilizing
their specific properties for industrial and biotechnological applications.

1. Introduction
Starch is the primary carbohydrate storage molecule in photosynthetic organisms, including land plants and algae. It is also the

primary nutritional product in agronomic crops, including cereal grains (e.g., rice, corn, wheat) and storage tubers (e.g., potato, cas-
sava). Starch is a key component in many aspects of daily life; it is the principal dietary calorie source for humans, the feedstock for
bioethanol production, and a raw material for various materials, such as bio-degradable plastics, textiles, paper, adhesives, etc.
(Damager et al., 2010; Smith, 2008). Starch from the seeds of cereal crops and tubers contributes to the human diet, accounting for up
to 80% of daily caloric intake (Santelia and Zeeman, 2011). Starch intake in humans comes in many forms: as native starch from
botanical sources, modified starch in agri-food products, and as starch derivatives (e.g., sweeteners). Rising demand has increased hu-
man consumption of processed starch. Global demand for starch increases every year because of its critical role in food and versatility
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in many industrial applications. Over 92% of industrial production of starch is based on grains such as corn and rice and on tubers
such as cassava and potato (Halley, 2014). Cassava and potato tubers are valuable food sources for many parts of the world. Because
of its high starch content, cassava can also be processed for bioethanol production (Wang et al., 2018; Zhu, 2015). Corn and rice are
cereal crops with several uses, which range from food for humans and animals and as a raw material for various industrial applica-
tions. The inert nature of native starch makes it difficult to directly use for industrial application without extensive processing. There-
fore, starch is modified via physical, chemical, and biotechnological methods to increase its processability and function. These addi-
tional steps are costly and impose a significant burden on the environment (Tharanathan, 2005). Therefore, identifying strategies to
improve starch degradation for industrial processing and increasing product yield is vital for meeting global demands for starch. Har-
nessing the enzymes from agronomic crops that allow plants to utilize starch efficiently is an important method for achieving this
goal.

Starch granules are comprised of two glucose polymers, amylopectin (70–90%) and amylose (10–30%) (Smith and Zeeman,
2020). Amylopectin is the branched glucose polymer composed primarily of long glucose chains with α-1,4-glycosidic linkages with a
few α-1,6-glycosidic branch points (4–5% total) (Bertoft, 2017; Manners, 1991; Tester et al., 2004). The regions with branch points
arrange in clusters (amorphous lamellae), allowing adjacent linear amylopectin chains to form double helices that pack in layers
(crystalline lamellae). These alternating crystalline and amorphous lamellae give starch a complex semicrystalline matrix (Buleon et
al., 1998). The minor component of starch, amylose, is a long linear glucose polymer with few branches and is preferentially localized
in the amorphous layer (Jenkins and Donald, 1995). The resulting starch granule structure is a significant determinant of its function.
Starch from all sources shares similar microdomain structures, including regions of linear glucan chains, branch points, and helices.
Despite this chemical similarity, starch granules isolated from different botanical species and organs display varying granule sizes,
morphology, and composition (i.e., phosphate content, ratio of amylopectin to amylose) (Pfister and Zeeman, 2016). For example,
starches from cereals are small spherical-shaped granules with sizes changing from 2 to 35 μ m (Singh et al., 2003). Tuber starches in-
cluding those from potato and cassava have larger granule sizes of 100 μ m in diameter. Leaf starch granules isolated from Arabidopsis
are large and disk shaped (Zeeman et al., 2002). These differences may have a significant role at the organismal level.

Starch serves as the main energy reserve for plants. The insoluble granule structure makes starch is an ideal energy storage mole-
cule in photosynthetic organisms (Pfister and Zeeman, 2016; Smith and Zeeman, 2020). However, the same features make starch less
accessible for starch hydrolyzing enzymes, and mechanisms must exist in plants to overcome this barrier. Phosphorylation is the only
known in vivo covalent modification of starch (Blennow et al., 2000, 2002; Blennow and Engelsen, 2010). Over the last two decades,
the critical importance of starch phosphorylation has been recognized to control the crystallinity and hydration of starch directly.
Nearly all plants contain small amounts of covalently bound phosphate at the C6 or C3 position of amylopectin glycosyl units. Still,
the extent of phosphorylation varies by species and the botanical source (Blennow and Engelsen, 2010; Blennow et al., 2002). For ex-
ample, potato tuber starch contains high amounts of phosphate with 8–33 nM of glucose-6-phosphate/mg starch (Baunsgaard et al.,
2005; Carciofi et al., 2011). Cassava, another tuber starch, contains 2.5 nM of glucose-6-phosphate/mg starch. In contrast, cereal
grains, including corn and rice, contain amounts of starch phosphate as low as <1 nM glucose-6-phosphate/mg starch (Carciofi et al.,
2011). Phosphorylation is known to occur during starch synthesis and degradation. However, it is still unclear why phosphate content
varies among different organisms. Starch phosphorylation plays a significant role in transitory starch metabolism. Phosphorylation
occurs during transitory starch synthesis and degradation. Starch granule synthesis is a complex process and phosphorylation is an in-
tegrated part of the process (Nielsen et al., 1994; Wischmann et al., 1999). Nearly 0.1% of glucosyl residues are phosphorylated in
Arabidopsis leaves. Transgenic plants lacking phosphorylating enzymes differ in their granular surface structure (Mahlow et al.,
2014). Interestingly, the rate of starch phosphorylation significantly increases during degradation, suggesting the importance of this
process for normal starch degradation. (Mahlow et al., 2016). However, the role of phosphorylation in starch synthesis is not clear yet
(Blennow et al., 2002; Pfister and Zeeman, 2016).

Much of our understanding of starch degradation has come from studying the transitory leaf starch metabolism in the model plant
Arabidopsis thaliana. Based on location and utilization, starch can be divided into two types: transitory starch and storage starch. Tran-
sitory starch is synthesized during the day and degraded during the following night (MacNeill et al., 2017; Streb and Zeeman, 2012).
In contrast, non-photosynthetic organs accumulate starch over time and degrade it only when needed for growth, development, and
reproduction. Central to the transitory starch degradation process is reversible starch phosphorylation (Emanuelle et al., 2016; Gentry
et al., 2016; Meekins et al., 2016). Plants contain two dikinases that phosphorylate starch: glucan water dikinase (GWD), which phos-
phorylates the hydroxyls at C6 positions, and phosphoglucan water dikinase (PWD), which phosphorylates C3 positions of glucosyl
residues in amylopectin chains (Baunsgaard et al., 2005; Kotting et al., 2005; G. Ritte et al., 2006). These phosphorylation events dis-
rupt and unwind amylopectin helices and solubilize the starch granule surface, allowing starch hydrolyzing β-amylase-3 (BAM3) ac-
cess to the starch granule for its enzymatic activities (Hejazi et al., 2008, 2009). However, BAM3 can only continue its processive en-
zymatic activity until it encounters a phosphorylated glucosyl unit (Edner et al., 2007). Therefore, it is critical for plants to have
mechanisms to remove phosphates. The glucan phosphatase family of enzymes removes covalently attached phosphate esters so that
BAM3 can resume activity and complete the degradation process (Kotting et al., 2009; Silver et al., 2014). Thus, transitory starch
degradation mainly occurs via a cyclic process: phosphorylation by glucan dikinases, hydrolysis of α-1-4 linkages by BAM3, and de-
phosphorylation by glucan phosphatases (Kotting et al., 2010; Streb and Zeeman, 2012).

Glucan phosphatases belong to the dual-specificity phosphatase (DSP) family of proteins within the larger protein tyrosine phos-
phatases (PTPs) superfamily. Plants contain three known glucan phosphatases: Starch EXcess4 (SEX4), Like Sex Four1 (LSF1), and
Like Sex Four2 (LSF2) (Gentry et al., 2016; Kotting et al., 2009; Santelia et al., 2011). All three proteins share homology in their DSP
domain, and contribute to important roles in starch degradation in the leaves of Arabidopsis. SEX4 is the main glucan phosphatase in
plants with C6 and C3 position-specific dephosphorylation activity (Hejazi et al., 2010). LSF2 exclusively dephosphorylates the C3
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position (Santelia et al., 2011). LSF1 has been shown to be catalytically inactive but has a definitive role in starch degradation.
(Schreier et al., 2019; Smith, 2010). LSF1 possesses a carbohydrate-binding domain (CBM) similar to SEX4 and an additional N-
terminal PDZ type protein-protein interaction domain (Silver et al., 2014). LSF1 acts as a scaffold binding protein for BAM1 and
BAM3 enzymes on the starch granule but the molecular function for LSF1 activity is not clear. (Comparot-Moss et al., 2010; Schreier
et al., 2019). The role of glucan phosphatases in diurnal starch metabolism was initially identified based on genetic and mutational
studies of Arabidopsis plants that resulted in the starch excess phenotype. Since then, much progress has been made based on struc-
tural and functional studies of Arabidopsis thaliana SEX4 (AtSEX4). Recent structural and biochemical studies have revealed important
mechanistic information about starch dephosphorylation by SEX4 and LSF2 (Meekins et al., 2013, 2014, 2015; Vander Kooi et al.,
2010). SEX4 contains an amino-terminal chloroplast targeting peptide (cTP), DSP domain, carbohydrate-binding module (CBM), and
a C-terminal domain (CT). The SEX4 CBM initially interacts with the glucan chain and integrates with the DSP domain to form a con-
tinuous binding pocket for glucan chain positioning and dephosphorylation (Gentry et al., 2016). SEX4 binds and dephosphorylates
phosphorylated glucan substrates in vitro. However, starch is a complex macromolecule with significantly different microdomains.
Starch from diverse species display varying morphology and composition. Phosphates are present only on linear amylopectin chains
near branch points, but the ratio of phosphate to glucosyl residues within the granule varies widely among organisms and botanical
source (Jane et al., 1996). It has been shown that most of covalently bound phosphates of amylopectin are located in the amorphous
regions (Blennow et al., 2000). Therefore, mechanisms must exist for SEX4 from different organisms to locate and bind to phosphory-
lated regions within the starch granule. We recently demonstrated that AtSEX4 is an allosteric enzyme and the CBM of SEX4 is neces-
sary for the cooperative dephosphorylation kinetics of AtSEX4 (Mak et al., 2021). Glucan phosphatases have been identified in di-
verse photosynthetic organisms, but the glucan phosphatase sequences differ significantly between species, leaving key questions re-
garding glucan phosphatase cooperative activity and this novel enzymology in different plant species. Understanding and controlling
glucan phosphatase activity have considerable promise as an innovative strategy to harnessing it to engineer and utilize starch as we
seek to achieve sustainable practices. SEX4 functions in both leaves and storage organs. While most of our understanding of SEX4
comes from leaf starch metabolism, previous studies have shown that repressing SEX4 and LSF2 could affect both leaf and storage
starch metabolism (Huang et al., 2020; Samodien et al., 2018; Weise et al., 2012).

Given the varying levels of starch phosphorylation in agronomically important crops, we hypothesized that SEX4 from these or-
ganisms might exhibit differential enzyme activities and substrate binding properties. Understanding enzyme kinetics of SEX4 from
agronomically important crops has significant importance in understanding their distinct biological roles and also for utilizing their
specific properties for industrial and biotechnological applications. SEX4 orthologs from agriculturally essential crops were purified
and their enzymatic properties were investigated. A significant difference in activity was observed in orthologs from different species,
with intriguing differences between the activity of SEX4 from cereals versus tubers, including an inverse relationship observed be-
tween starch binding and catalysis. These distinct properties also significantly impacted the ability of the different orthologs to en-
hance starch degradation in vitro. These studies have relevance both for our understanding of reversible starch phosphorylation and
for the biotechnological utilization of glucan phosphatases.

2. Results
2.1. Sequence analysis, expression, and purification of SEX4 from agronomically relevant crops

The glucan phosphatase SEX4 is found in diverse photosynthetic organisms, including all plants and green algae examined to date.
To determine the SEX4 sequences from agronomically important crops, we performed protein-protein BLAST searches using AtSEX4
as the query sequence. SEX4 sequences from agronomically important organisms identified through bioinformatics analysis shared a
similar domain organization with the model plant A. thaliana: chloroplast targeting peptide (cTP), dual-specificity phosphatase do-
main (DSP), carbohydrate-binding molecule (CBM), and plant-specific C-terminal (CT) domains (Fig. 1a). We aligned 20 different
SEX4 sequences and constructed a phylogenetic tree. Our analysis revealed the conserved CX5R phosphatase motif in the DSP domain
and similar domain organization and boundaries in all SEX4 orthologs. The phylogenetic analysis revealed a clear separation between
cereal crops, tubers, and roots (Supplementary Fig. 1). We chose two cereal crops and two storage crops for further biochemical
analysis. We aligned SEX4 orthologs from Oryza sativa (OsSEX4), Zea mays (ZmSEX4), Manihot esculenta (MeSEX4), and Solanum
tuberosum (StSEX4) with AtSEX4 (Fig. 1b). SEX4 from cereal crops, OsSEX4 and ZmSEX4, share a high level of sequence similarity
(92.5%) and identity (86%) with each other and a moderate level of identity with AtSEX4 (63–65%) (Fig. 1c). Tuber SEX4 orthologs
are more divergent and share the highest similarity with each other. Specifically, StSEX4 shares 77.1% identity and 79.9% similarity
with MeSEX4. We further analyzed individual domains of each species. We found that DSP domains have the highest sequence conser-
vation among all three domains, and sequence conservation of CBM domains varies more widely.

2.2. Biochemical characterization of SEX4 orthologs
To compare the differential activity of SEX4 orthologs, we mapped out the predicted domain boundaries for all SEX4 orthologs

and designed expression constructs with the plastid/chloroplast targeting sequence removed. We expressed all four plant orthologs in
E.Coli and purified them to near homogeneity (>95% pure) using nickel affinity chromatography followed by size-exclusion chro-
matography (Fig. 2a). All recombinant proteins were expressed with ∼30–50 mg/L yield. We first carried out enzymatic assays using
p-nitrophenyl phosphate (PNPP) as a generic phosphatase substrate. Characteristic of DSPs, all plant orthologs displayed significant
catalytic activity against pNPP (Fig. 2b). The kinetic analysis demonstrated that all SEX4 orthologs exhibited Michaelis-Menten kinet-
ics against pNPP. Intriguingly, OsSEX4 and ZmSEX4 displayed higher velocities (Vmax) than MeSEX4 and StSEX4 orthologs (Fig. 2c).
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Fig. 1. Sequence comparison and analysis of SEX4 plant orthologs. (a) Domain organization of SEX4: cTP (yellow), DSP (blue), CBM (orange), and CT (green). (b)
SEX4 sequences containing the three functional domains were aligned using the multiple sequence alignment program ClustalW. Dark grey indicates conserved
residues among different orthologs. Secondary structural information of AtSEX4 was mapped on to the alignment figure to show domain boundaries. Oval shapes and
arrows represent predicted secondary structures, alpha helices and beta sheets, respectively. (c) Matrix table displaying pairwise percent similarity (highlighted light
grey) and percent identity (highlighted dark grey) scores for each pair of sequences in the alignment. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)

We also observed a significant difference in binding affinity (KM) between cereal versus tuber crops. AtSEX4 activity was found to be
intermediate (KM = 0.32 ± 0.06 mM and Vmax = 5.34 ± 0.23 μ M/min) (Table 1).

Next, we carried out kinetic analysis of SEX4 orthologs using solubilized potato amylopectin as the substrate using a malachite-
based assay (Sherwood et al., 2013). Interestingly, our results show a differential enzymatic activity between tuber (MeSEX4, StSEX4)
and cereal crops (OsSEX4, ZmSEX4) (Fig. 3). The highest kcat of 11.48 min−1 and the lowest of 4.76 min−1 were observed for OsSEX4
and MeSEX4, respectively (Table 2). Collectively, the kcat of OsSEX4 and ZmSEX4 were ∼2-fold greater than that of storage crops. We
found the half-saturation (K0.5) values are in the range of 0.5–0.6 mg/mL for OsSEX4 and ZmSEX4. Notably, the K0.5 values of StSEX4
and MeSEX4 and in the range of 0.2–0.3 mg/mL, suggesting a tighter binding of SEX4 from tubers to amylopectin. All plant SEX4 or-
thologs studied also display non-Michaelis-Menten sigmoidal kinetics against amylopectin, with an h value varying from 1.5 to 2.9.
The fact that SEX4 obtained from different plant orthologs have similar positive kinetic cooperativity, despite significant variations in
Vmax and K0.5 values, further confirmed that the atypical kinetics observed in plant SEX4 enzymes might have a significant biological
role in regulating plant glucan dephosphorylation rates (Table 2). However, regulation of SEX4 activity is not well understood. Previ-
ously it has been shown that AtSEX4 activity is regulated by a redox mechanism, where thioredoxin in the chloroplast acts as a poten-
tial reducing agent (Silver et al., 2013). The pH of the chloroplast differs significantly during the light and dark periods of photosyn-
thesis, with a pH closer to 7 at night and increasing to 8 during the day. However. it is not well understood how pH changes within the
amyloplast of the storage organs. We tested whether SEX4 glucan phosphatase ortholog activity is pH dependent. We measured the
amylopectin dephosphorylation activity of SEX4 in the pH range 5–9 (Supplementary Fig. 2b). All SEX4 orthologs displayed a similar
pH trend, with the maximum activity at pH 6. We also carried out a temperature study to figure out the optimum temperature for all
SEX4 ortholog activity (Supplementary Fig. 2a). The optimum temperature and pH for all orthologs are the same.

Previous studies have demonstrated that both the DSP and CBM domains serve as a platform for substrate binding and positioning
at the active site (Meekins et al., 2014, 2015; Raththagala et al., 2015). We hypothesized that variations in carbohydrate engagement
could contribute to the differential glucan phosphatase activities in SEX4 orthologs. To determine if differential glucan binding had
an effect on enzymatic activity, we investigated the ability of SEX4 orthologs to bind to both solubilized and insoluble glucan sub-
strates. Differential scanning fluorometry (DSF) thermal shift assays to quantify the binding of soluble maltohexaose glucan substrates
to SEX4. We observed binding-induced stabilization for tuber MeSEX4 and StSEX4 but notably less stabilization to cereal OsSEX4 and
ZmSEX4 (Fig. 4a). To gain further insights into substrate binding, we then compared the ability of SEX4 orthologs to bind to insoluble
starch using an in vitro co-sedimentation assay. We found that both OsSEX4 and ZmSEX4 displayed significantly decreased ability to
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Fig. 2. Purification and pNPP enzymatic activity of SEX4 orthologs. (a) SDS-PAGE stained with Coomassie Blue of pure fractions from SEX4 ortholog purification.
Each well is loaded with 1.5 μ g of purified protein. (b) Specific activities of SEX4 orthologs were quantified against para-nitrophenyl phosphate (pNPP) at pH 6.5. The
protein concentration for each reaction was kept at an optimized SEX4 concentration of 5.0 ng/μL. Each data point represents the mean ± SEM of three replicates
(c) A plot of dephosphorylation kinetics of SEX4 orthologs against pNPP. Each data point represents the mean ± SEM of three replicates.

Table 1
Comparative kinetic analysis of SEX4 orthologs against pNPP as the substrate. The Vmax for SEX4 orthologs was calculated from non-linear regression by fit-
ting the reaction velocities to the Michaelis-Menten equation. KM and Vmax values are shown as the mean ± SD of three replicates.

Vmax (μ M/min) KM (mM) Kcat (min−1)

AtSEX4 5.3 ± 0.2 0.32 ± 0.05 29.74
OsSEX4 8.7 ± 0.3 0.47 ± 0.06 48.64
ZmSEX4 6.9 ± 0.3 0.60 ± 0.11 38.47
StSEX4 2.0 ± 0.2 0.21 ± 0.09 11.47
MeSEX4 3.7 ± 0.2 0.30 ± 0.09 20.91

bind to starch compared to MeSEX4 and StSEX4 (Fig. 4b and c). AtSEX4 displayed intermediate binding in both assays. The binding at
sub-saturated starch concentrations suggests that SEX4 orthologs from cereal and storage crops exhibit differential engagement with
its substrate. Collectively, our biochemical characterization of SEX4 orthologs revealed important differences in their ability to bind
to and dephosphorylate starch substrates.

2.3. Utilization of SEX4 to enhance starch degradation in vitro
Reversible starch phosphorylation is essential for efficient starch degradation. Phosphorylation disrupts amylopectin helices and

allows BAM3 and isoamylases (ISA) access to starch. We hypothesized that the differential phosphatase activity of SEX4 orthologs
would differentially enhance BAM3-mediated starch degradation. We tested our hypothesis by measuring maltose release from starch
by BAM3 in the presence of SEX4 orthologs. The addition of BAM3 to solubilized potato starch resulted in maltose release while SEX4
alone did not. However, we observed a dramatic increase in BAM3-mediated maltose release upon co-addition of SEX4 (Fig. 5a). Im-
portantly, the degree of enhancement correlated with the measured activities of SEX4 orthologs (Fig. 5b). Potato starch, which has
the highest level of covalently bound phosphate, displayed high levels of BAM3-mediated enhancement of degradation. Importantly,
there was no significant enhancement in degradation upon addition of SEX4 orthologs to corn starch, which has very low levels of
phosphate (Fig. 5c and d). Thus, the degradation of starch critically depends on the levels of starch phosphorylation and the synergis-
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Fig. 3. The effects of substrate concentration on SEX4 ortholog dephosphorylation kinetic data of SEX4 against gelatinized amylopectin were fit using a sigmoidal sub-
strate-velocity equation in GraphPad Prism software. The protein concentration for each reaction was kept at optimized SEX4 concentration of 3.125 ng//μL Data
points for each ortholog are representative of mean ± SEM of 4 experiments each performed in three replicates.

Table 2
Comparative kinetic analysis of SEX4 against solubilized potato amylopectin substrates. The Vmax for SEX4 orthologs were calculated from non-linear regres-
sion by fitting the reaction velocities to the modified Michaelis-Menten equation. K0.5 and Vmax values are shown as the mean ± SD of three replicates.

Vmax (μ M/min) K0.5 (mg/mL) Kcat (min−1) Hill Coefficient (h)

AtSEX4 0.95 ± 0.03 0.31 ± 0.02 8.52 2.4 ± 0.4
OsSEX4 1.2 ± 0.6 0.4 6 ± 0.05 11.48 1.5 ± 0.3
ZmSEX4 0.90 ± 0.03 0.28 ± 0.03 8.14 2.1 ± 0.3
StSEX4 0.65 ± 0.02 0.2 0 ± 0.02 5.86 2.6 ± 0.6
MeSEX4 0.52 ± 0.04 0. 17 ± 0.03 4.76 2.1 ± 0.9

Fig. 4. Binding of SEX4 orthologs to glucan substrates. (a) DSF thermal shift calculated as ΔTm for SEX4 orthologs in the presence of 10 mM maltohexaose. (b) 5 μ g
of each protein was incubated with 40 mg of insoluble starch and the starch-protein pellet complex (P) and unbound soluble protein (S) were separated by centrifu-
gation. Initial protein load (L), S, and P fractions were visualized using protein specific antibodies. (c) Percentage of bound protein were calculated using the nor-
malized chemiluminescence signals obtained for three independent experiments. ± SD of three replicates. Statistical significance was determined using unpaired t-
test. * Values are significantly different at P < 0.05.

tic activity of SEX4 dephosphorylation with BAM3 activity. Cumulatively, these findings reveal the differential enzyme activity of
SEX4 orthologs and extend that knowledge to enhance in-vitro starch degradation.

3. Discussion
Reversible starch phosphorylation is essential for efficient starch degradation, and SEX4 is a key enzyme in this process. We em-

ployed biochemical and functional analyses to study SEX4 from agronomically important crops. Taken together, our findings demon-
strate an in-depth understanding of SEX4 dephosphorylation and provide evidence of how this can be utilized to enhance native
starch degradation.

While significant progress has been made on transitory starch degradation, less is known about the mechanisms that initiate and
control storage starch degradation. Many of the genes encoding enzymes involved in starch degradation are conserved in diverse pho-
tosynthetic organisms. However, there is growing evidence that the mechanisms of starch degradation may differ significantly be-
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Fig. 5. Effect of SEX4 activity on in vitro starch degradation. (a) BAM3 activity measured as function of maltose release for gelatinized potato starch in the presence of
SEX4 orthologs. Y-axis is shown as % maltose release normalized to BAM3 and OsSEX4 reaction. (b) Specific dephosphorylation rates of SEX4 orthologs were measured
against gelatinized potato starch obtained. (c) BAM3 activity measured as function of maltose release for gelatinized corn starch in the presence of SEX4 orthologs. (d)
Specific dephosphorylation rates of SEX4 orthologs were measured against gelatinized corn starch obtained (right). Each data point ina, b, c and dgraphs represent the
mean ± SEM of three replicates.

tween species and organs (Gentry and Pace, 2009; Ritte, M, 2000; Smith and Zeeman, 2020); (Zeeman et al., 2010),. For example, the
basic steps of starch degradation in cereal endosperm are different from those in Arabidopsis leaves. While BAMs play a major role in
most plant tissues, α − amylase is known to play a major role in endosperm starch degradation (Asatsuma et al., 2005; Zeeman et al.,
2010). Still, our understanding of starch turnover is limited for storage organs in different species (Smith and Zeeman, 2020). There-
fore, in-depth studies of enzymatic activities and regulatory mechanisms of starch degradation in other storage organs are essential. A
better understanding of the enzymes and pathways that regulate starch turnover in agronomic crops will help diversify the ways to
manipulate the starch structure, processibility and improved biomass. Here, we focused on biochemically characterizing SEX4 from
rice, corn, cassava, and potato. Intriguingly, there is no information on the biochemistry of these enzymes in agronomic crops. Our ki-
netic analysis clearly differentiated the activities of SEX4 from different plant species. This differential activity could be an adaptation
to structural and physicochemical differences of starch granules from these organisms. The phosphorylation status of native starch
granules is one such variability between species and organs that directly correlates with the physicochemical properties of starch
granules. Grain starch generally contains much lower phosphorylated esters than tuber starch. The higher phosphate content in tuber
starch could result from increased GWD and PWD activities or decreasing glucan phosphatase activity, or a combination of both. The
opposing actions of glucan dikinases and glucan phosphatases may be the determinant factors of the phosphorylation status and the
properties of the starch granule. However, starch synthesis is a complex process that involves multiple protein families. While the ex-
act mechanisms governing the phosphorylation status are still unknown in these crops, we observed an interesting correlation be-
tween SEX4 enzyme activity and the phosphorylation levels of native starch granules. However, more future studies are needed to
link phosphate content in starch to SEX4 properties.

Plant SEX4 orthologs displayed atypical (non-Michaelis-Menten) glucan dephosphorylation kinetics with an h value > 1.5 con-
firming positive cooperativity in plant SEX4 dephosphorylation. Although high-resolution structural information is not available for
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the orthologs studied, we saw a noteworthy correlation between sequence identities and SEX4 ortholog activities. Compared with At-
SEX4, the sequence variations were most prominent within the CBM domain (residues 250–338) and the CT (residues 338–379) mo-
tif. CBM domain possesses six β-strands that form a characteristic β-sandwich comprised of antiparallel sheets. The sequence variation
is most prominent in the first β-strand and the loops that connect 1–2 and 3–4 β-strands. Aromatic and hydrophilic residues are impor-
tant for glucan interactions within the CBMs, and many of these residues are conserved in all four orthologs. The crystal structure of
AtSEX4 revealed critical interactions formed between W278, W314, K307, N332, and H330 residues of SEX4 CBM and the glucan
substrate. Mutation of any of these residues significantly disrupted glucan binding and dephosphorylation activities. A variety of in-
teractions govern carbohydrate-protein interactions. Among them, hydrogen bonding between hydroxyl groups of carbohydrates and
charged amino acids contributes the most. We carefully looked at the SEX4 CBM region and observed that multiple lysine residues of
AtSEX4 CBM have been changed to other residues in storage and cereal crops (Fig. 1). For examples, K253, K255, K297, and K328, of
AtSEX4 are not conserved in other orthologs. They have been changed either to a polar or negatively charged residue such as serine,
asparagine, glutamate. These changes can significantly impact the electrostatic interactions and hydrogen bonding and SEX4 glucan
binding and dephosphorylation activity. The CT motif interacts with CBM and DSP domains, and the sequence differences between
residues 339–350 are worth further investigation. From a biochemical perspective, protein sequence governs the functions and ob-
served sequence variations may be an adaptation to bind and dephosphorylate starch coming from different photosynthetic sources
with different granular shapes, sizes, structure, composition, and physicochemical properties. Interestingly, SEX4 from cereal crops
showed reduced binding to both soluble glucan molecules and insoluble starch substrates (Fig. 4). In contrast, SEX4 from tuber stor-
age crops shows increased binding to both linear glucan chains and insoluble starch. It is possible that the differential binding could
be an adaptation to the differences within the starch structure in cereals versus storage starches. The physical complexity and poly-
meric nature of the starch granule provide a unique barrier for starch degrading enzymes that interact with polyglucan structures.
The fact that we observed an inverse relationship between catalysis and substrate binding ability of SEX4 could implicate either a
scanning or transient binding mechanism SEX4 employs to navigate through glucan chains of the starch granule for locating phospho-
rylated glucosyl residues. Future research focusing on the mode of catalysis and enzyme processivity would be necessary investigate
the phosphate recognition mechanism of SEX4. In addition, starch granules from potato and cassava are relatively larger than starch
granules from corn and rice, with potato granules being the largest (∼100 μ m) and rice being the smallest (<25μ m). Starch granules
from each organism are unique. The hydration and gelatinization temperatures of starch granules vary due to morphological and
physicochemical properties. Phosphorylation enhances granular solubility, thus providing access to starch hydrolyzing enzymes. En-
hanced solubility stimulates starch degradation in the cell. Varying phosphorylation levels are associated with altered granular mor-
phology, composition, and physicochemical properties of the starch granule (Chen et al., 2017; Xu et al., 2017a). In the physiological
context, GWD and SEX4 are both necessary for starch degradation. We recently showed that SEX4 is an allosteric enzyme. In its physi-
ological state, SEX4 is essential for complete and processive starch hydrolysis, and the activity of SEX4 is much higher against solubi-
lized glucan substrates. We investigated whether SEX4 could be utilized to enhance starch degradation in vitro. We found that differ-
ential dephosphorylation activities of SEX4 correlate with the ability of BAM3 to degrade starch from different species (Fig. 5). The
addition of SEX4 from cereal crops in starch degradation reaction contributed to nearly 4–5 times increase in BAM3-mediated maltose
release, while SEX4 from tubers increased maltose release only by 2–3 times. Interestingly, Arabidopsis thaliana SEX4 (AtSEX4) en-
zyme properties are in between cereals and storage tubers. We consider these differences to be significant and meaningful as SEX4
from plants can modulate the phosphate content in starch and thereby enhance starch degradation.

Biotechnological modulation of starch phosphorylation has been explored as a potential avenue for engineering starch with im-
proved properties that fit well in biotechnological applications. Mutational and functional analysis of starch phosphorylation has re-
vealed how we can utilize GWD and PWD enzymes to modulate starch metabolism in crops. It has been shown previously that gwd
and pwd knockout mutant plants display phosphate-free starch-excess (SEX) phenotypes and reduced plant growth rates (Yu et al.,
2001). Overexpressing potato GWD has been shown to increase phosphate content in the starch of cassava roots, rice, and barley
seeds (Carciofi et al., 2011; Chen et al., 2017; Wang et al., 2018). Repression studies of GWD have also been done in several plant
species. In one study in 2012, Weise et al. manipulated the phosphate metabolism in both Arabidopsis and corn plants to enhance
starch accumulation (Weise et al., 2012). Genetic engineering of GWD through the RNAi interference approach increased the starch
content without impacting the vegetative mass for both plant species. Varying levels of phosphorylation are associated with altered
granular morphology, composition, and physicochemical properties of the starch granule, gaining attention to this mechanism as a vi-
able option for modifying starch in the industrial setting (Chen et al., 2017; Xu et al., 2017a; Xu et al., 2017b). Overall, GWD seems to
be a promising biotechnological target with the potential to generate starch with different phosphate content and physiochemical
properties. Increasing phosphate content in crops is a highly desirable and environmentally friendly alternative for chemical process-
ing of starch. We believe SEX4 has a similar potential to be used in biotechnological modulation of starch and enhance industrial
starch processing. However, our attention is still limited on the glucan phosphatase family of enzymes and However, there have not
been studies to date focusing on the impact of modulating glucan phosphatase activities in cereal and storage starches. Transgenic
rice plants were generated successfully by knocking down SEX4 genes (Huang et al., 2020). We believe one of the setbacks for utiliz-
ing these enzymes in industrial starch processing this could be our limited understanding of the biochemistry of SEX4 in these crops.
Here, we successfully demonstrate that incorporating SEX4 could enhance BAM3-mediated starch degradation. From a biotechnologi-
cal perspective, modulating transient glucan phosphorylation is a viable approach to improve starch content in crops, degrade starch
in vitro, and synthesize starch with desired new properties. By incorporating one of the key enzymes in reversible phosphorylation,
our approach aims to overcome the fundamental challenge of the starch processing industry to some extent. Future work will test the
suitability of the full spectrum of enzymes involved in transitory starch degradation for utilization. Additionally, these enzymatic ap-
proaches have significant potential for synergistic use with designer starches, including those that are hyperphosphorylated. Ulti-
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mately,theseapproachesarepartofanongoingefforttodevelopenvironmentallyfriendlyapproachestoprocessstarchforindustrial

applications.

4. Materialsand methods

4.1.Sequencealignmentandcloning

SEX4proteinsequencesfromagronomicallyimportantplants weredeterminedusingtheBasicLocalAlignmentSearchTool

(BLAST),andAtSEX4(UniprotentryQ9FEB5)wasusedasthequerysequenceforeachsearch.Allsequencescollectedwerealigned

usingClustalWprogramandsubjectedtophylogeneticanalysis.Outofthe20proteinsequencesidentifiedandanalyzed,5species

werechosenforbiochemicalcharacterization.Sequencesaccessionnumbersforthesefivespeciesweregivenasfollows:AtSEX4(Ara-

bidopsisthalianaaccessionnumberNP_566960.1), MeSEX4(Manihotesculenta accessionnumberXP_021626492),StSEX4(Solanum

tuberosumaccessionnumberNP_001305515.1),ZmSEX4(ZeamaysaccessionnumberNP_001136639.1),andOsSEX4(Oryzasativa

accessionnumberXP_015631551.1).ThesequenceswerethenalignedusingClustalW,andthefiguresweregeneratedusingMacVec-

torsoftware.Theopenreadingframesofcodon-optimizedproteinsequencesofSEX4orthologsweresynthesizedandclonedinto

pET28bvectorusingGenscriptgenesynthesizingservice.InformedbysequenceanalysisandstructuralstudiesofAtSEX4,allSEX4

orthologs weredesignedtocontainsimilardomainboundariestocrystalizedAtSEX4(residues90–379)construct.Thesequence

boundariesforeachSEX4constructgeneratedwereasfollows:OsSEX4residues81–368,ZmSEX4residues81–373,MeSEX4residues

88–378,andStSEX4residues79–370.

4.2.Proteinexpressionandpurificationofrecombinantproteins

RecombinantAtSEX4proteinpurificationhasbeendescribedpreviously(Meekinsetal.,2015;Meekinsetal.,2014).Similarly,all

recombinantHis-taggedSEX4orthologsandArabidopsisthalianaBAM3(AtBAM3)wereexpressedinEscherichiacoliBL21(DE3)cells

(NEB)andpurifiedusingnickelaffinitychromatographyfollowedbysizeexclusionchromatography.Briefly,1Lof2XYTmediawas

inoculatedwith10 mLofBL21(DE3)transformantcultureandgrownat37°Cwithcontinuousshakingat210–225rpmuntilthe

OD600reachedbetween0.8and1.0.Cultureswerecooledto25°C,andtheproteinsexpressionwasinducedbytheadditionof1mM

isopropylβ-d-1-thiogalactopyranoside(GoldBio).Thecellsweretheninducedfor∼14–16hat25°Cbeforebeingharvestedbycen-

trifugationat4000×gfor10min.Allcellpelletswereresuspendedinlysisbuffercontaining20mMTris-HClpH7.5,100mMNaCl,

and2mMdithiothreitol(DTT),lysedbysonication,andcentrifugedat20,000×gand4°Cfor45mintoremovecelldebris.Thesu-

pernatantwassubjectedtoIMACnickelaffinitychromatography(BioRad)followedbySizeExclusionChromatography(SEC)ona

Sepharose16/200column(GEHealthcare).Allorthologselutedfromsizeexclusioncolumnatexpectedvolumesfor monomeric

SEX4proteins,aspreviouslydeterminedbySECwith Multi-AnglestaticLightScattering(SEC-MALS)(Sharmaetal.,2018).Thepu-

rityofproteinswasdeterminedbySDS-PAGE.TheproteinwasconcentratedusingAmiconcentrifugalfilters.Theconcentrationof

purifiedproteinwasmeasuredwithaNanodropspectrophotometer(Thermo)usingabsorptionat280nm.

4.3.pNPPphosphataseassay

Theoptimalenzymeconcentrationandincubationtimefortheassayweredeterminedusing100–500ngofenzymeand50mM

pNPPina50μLreactionvolumecontaining20mMsodiumacetate,10mMBis-Tris,10mMTris-HCl,pH6.5,and0.4mMDTT,and

incubatingthemfor0–60minat37°C.Thereactionswerestoppedbyadding200μLof250mMNaOH,andabsorbancewasmea-

suredat410nmusingaSynergyHTX Multi-ModeReader(BioTek).Aplotofabsorbanceversustimewasgeneratedtoobtainopti-

mumenzymeconcentrationforkineticassays.Toobtain Michaelis Mentenkineticparameters,250ngoftheenzymewasusedin

50μLreactionvolumecontaining20mMsodiumacetate,10mMBis-Tris,10mMTris-HCl,pH6.5,and0.4mMDTT.Thereactions

wereincubatedfor20minat37°C,andthepNPproductformationwasmeasuredat410nmasafunctionofpNPPconcentrations

(0–12.5mM).Vmax andKM werecalculatedusingGraphPadPrism8software.kcatwascalculatedasVmax/[E],andcatalyticefficiency

askcat/KM.

4.4. Malachitegreenphosphataseassay

Amylopectindephosphorylationkineticswereobtainedusingpreviouslydescribedmethodswithslightmodifications(Gentryet

al.,2007;Maketal.,2021;Sherwoodetal.,2013;Worbyetal.,2006).Briefly,allreactionswereperformedinareactioncontaining

1xphosphatasebuffer(20 mMsodiumacetate,10 mMBis-Tris,10 mMTris-HCl,pH6.0),2 mMDTT,4 mg/mLpotato(Solanum

tuberosum)amylopectin(Sigma-Aldrich),and250ngofSEX4enzyme.The80μLreactionswereincubatedat37°Cforvarioustime

points(0–60 min)andstoppedbyadding20μLofthePiColorLock™ Goldsolutionwithaccelerator(NovusBiologicals).Theab-

sorbancewas measuredat630nmusingaSynergyHTX Multi-ModeReader(BioTek).GraphPadPrism8.0softwarewasusedtofit

datafortraditional Michaelis-Mentenandmodified Michaelis-Mentenequations.Theassayutilizedgelatinizedpotatoamylopectin,

potatostarch,andcornstarch.A10mg/mLsuspensionofeachstarchsolutionwasmadebyadding0.2gofstarchto10mLofwater.

Forgelatinization,eachstarchsolutionwasheatedinawaterbathat80°Cforabout1h,untilthesolutionwasnolongercloudy.

Starchsolutionwasallowedtoreturntoroomtemperaturewithfrequentvortexingtopreventclumping.

4.5. Differentialscanningfluorimetry

ThermalstabilityassayswereperformedusingaCFX96Real-TimePCRsystem(BioRad)withtheFRETchannelexcitationand

emissionwavelengthsetto450–470nmand560–580nm,respectively.To measurethe meltingtemperatures(Tm)ofSEX4inthe

presenceofglucans,40μLreactionswerepreparedusing8μMprotein,5XSYPROOrangeProteinGelStain(Invitrogen),and10mM

https://ui.pagecentral.io/NP_566960.1
https://ui.pagecentral.io/XP_021626492
https://ui.pagecentral.io/NP_001305515.1
https://ui.pagecentral.io/NP_001136639.1
https://ui.pagecentral.io/XP_015631551.1
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of maltohexaose (Sigma-Aldrich) in a buffer containing 20 mM Tris-HCl pH 7.5, 100 mM NaCl, and 2 mM DTT. Thermal denaturation
curves were obtained by measuring the fluorescence intensities using the FRET channel from 20 to 95 °C at a 1 °C/50 s scan rate. Ap-
parent Tm was obtained by computing the temperature derivative of the melting curve and processing it with a Gaussian peak fitting
algorithm in the Graphpad Prism 8.0 software.

4.6. Starch binding assay
A sample of 40 mg of potato starch (Research Product International) was incubated with 5 μg of SEX4 in 100 μL of 50 mM Tris-

HCl buffer, pH 7.5, for 30 min at 4 °C while rotating. The content was centrifuged at 10,000 g for 5 min to separate the bound and un-
bound fractions of SEX4. The pellet was washed two times in 750 μL of 50 mM Tris-HCl buffer, pH 7.5 to remove any unbound pro-
tein. The washed pellet was resuspended in 80 μL of 50 mM Tris-HCl buffer and 20 μL of 4xSDS loading dye. The supernatant and pel-
let fractions were subjected to SDS-PAGE, and the Western blot analysis was performed using His-tag HRP antibodies.

4.7. Maltose release assay
Maltose release assays were performed in 50 μL reaction volume in 50 mM MES buffer pH 6.0, 5 mg/mL solubilized starch sub-

strate, 50 ng of recombinant Arabidopsis thaliana BAM3, and 500 ng of SEX4 enzymes. Based on the optimization experiments carried
out, temperature for the assay was kept at 37 °C. The reaction was incubated for 30 min to maintain the linear range for both SEX4
and BAM3 enzymes (Meekins et al., 2014; Monroe et al., 2014). Next, the released maltose from the reactions was quantified using a
maltose assay kit (Sigma Aldrich). Briefly, 2 μL of maltose enzyme mix, 2 μL of glucosidase, 2 μL of maltose probe were mixed with
46 μL of maltose assay buffer provided in the kit. The resulting 50 μL mixture was incubated with 50 μL of degradation reaction at
37 °C for 1 h. Absorbance was measured at 570 nm using a Synergy HTX Multi-Mode Reader (BioTek). Maltose release from starch
degradation reaction was quantified using a standard curve generates for maltose (0–5 nmol/μL).
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