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Abstract

Glucan phosphatases are functionally conserved at the enzymatic level, dephosphorylating
glycogen in animals and starch in plants. The human glucan phosphatase laforin is the founding
member of the family and it is comprised of a carbohydrate binding module (CBM) domain
followed by a dual specificity phosphatase (DSP) domain. Plants encode for two glucan
phosphatases: Starch EXcess4 (SEX4) and Like Sex Four2 (LSF2). SEX4 contains a DSP domain
followed by a CBM domain, while LSF2 contains a DSP domain and lacks a CBM. This review
demonstrates how glucan phosphatase function is conserved and highlights how each family
member employs a unique mechanism to bind and dephosphorylate glucan substrates.

Introduction

Animals and plants both utilize glucans comprised of a-1,4 linked glucose chains with a-1,6
branch points as energy storage macromolecules. Glycogen is water-soluble and is utilized
by opisthokonts (e.g. animals and fungi) and most prokaryotes, while starch is water-
insoluble and is utilized by Archaeplastida (e.g. algae and land plants) and eukaryotes with
Archaeplastida-derived plastids. Glycogen and starch each can be enzymatically modified by
the addition of phosphate and this phosphoryl group links research on a human epilepsy with
plant starch metabolism.

Glycogen and Lafora disease

Glycogen, the major mammalian storage carbohydrate, has a critical function in energy
metabolism [1]. Glycogen is typically modeled with an average of 13 glucose residues per
chain and successive layers of a.-1,6 branches up to 12 tiers total (Figure 1A). This unique
organization allows cells to store up to 55,000 glucose units/molecule in a water-soluble
form allowing rapid glucose mobilization. Recent discoveries from the study of Lafora
disease have enabled identification of glycogen phosphorylation as an important regulatory
mechanism with direct implications for human disease.
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In 1911, Gonzalo Lafora, a student of Cajal and Alzheimer, reported cases of teen-age
myoclonus epilepsy with dementia and elegantly described “amyloid bodies” in patient
neurons (Figure 1A) [2,3]. While amyloid now is used to refer to proteinaceous deposits, it
originally referred to any material that stained in a manner similar to starch. The disease
identified by Lafora was later called Lafora disease (LD) and the starch-like inclusions
Lafora bodies (LBs).

LD is a fatal, autosomal recessive, neurodegenerative epilepsy. The majority of cases are
caused by mutations in the epilepsy, progressive myoclonus ZA (EPMZA) gene [4]. EPMZA
encodes the bimodular protein laforin that contains a carbohydrate binding module-family
20 (CBM20) domain followed by a dual specific phosphatase (DSP) domain (Figure 1B) [4—
6]. CBMs are a divergent family of domains that allow proteins to bind an array of different
carbohydrates with the CBM20 family being specific for glycogen and starch [7]. DSPs
belong to the protein tyrosine phosphatase (PTP) superfamily, a family of ~105
phosphatases that dephosphorylate proteinaceous or non-proteinaceous substrates regulating
multiple signaling cascades [8]. Driven by the observation that many of the enzymes
involved in glycogen metabolism are regulated by reversible phosphorylation, including the
1992 Nobel Prize for the discovery of reversible phosphorylation of glycogen
phosphorylase, it was initially hypothesized that laforin’s function was to dephosphorylate
an enzyme(s) involved in glycogen metabolism.

Surprisingly, insights from starch metabolism led to the discovery of laforin’s function.
Austin and coworkers demonstrated that LBs are glucose polymers more similar to starch
than glycogen, and identified ~10-fold more phosphate in LBs than in normal glycogen
[9,10]. Dixon and colleagues were struck by the realization of the aberrant glycogen
metabolism in LD patients, the increased phosphate on LBs, and that the mutated £PM2A
gene encoded a phosphatase with an unknown substrate. They demonstrated that laforin
could remove phosphate from glucans and hypothesized that laforin is a glycogen
phosphatase [11]. Subsequent work demonstrated that laforin does remove phosphate from
glycogen, that glycogen becomes hyperphosphorylated in the absence of laforin activity, that
this hyperphosphorylated glycogen becomes a LB, and that LBs are the pathogenic cause of
LD (Figure 1A) [12-16]. Recent structural studies have elucidated the basis for the function
of laforin as a glucan-specific phosphatase, and provided important insights into the
molecular basis of LD.

Laforin possesses a cooperative tetramodular glucan-binding platform

We determined the structure of the human laforin dimer bound to maltohexaose and
phosphate to 2.4 A (Figure 1C) [17]. Maltohexaose is a linear, six-glucose polysaccharide
with a-1,4 glycosidic linkages, representative of a linear glycogen chain. Laforin engages a
maltohexaose chain within its CBM and DSP domain active site via aromatic and
hydrophilic residues.

The laforin CBM and DSP domains form an integrated tertiary structure with >1200 A2 of
interfacial surface area. This interdomain interface is a hot spot for disease mutations,
suggesting domain coupling is critical for laforin function. Further, laforin was analyzed by
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multiple biophysical techniques to confirm that it is a dimer in solution. Laforin forms an
antiparallel dimer with a tetramodular CBM-DSP-DSP-CBM architecture (Figure 1C). The
four glucan binding sites are oriented on one face of the dimer. Binding experiments
demonstrated that shorter oligosaccharide chains, such as maltohexaose, bind without any
observed cooperativity, consistent with the multiple distinct chains bound in the crystal
structure. Strikingly, longer chains showed a single cooperative high-affinity binding.
Importantly, the disease mutation (laforin-F321S) was shown to disrupt dimerization and
abolish cooperative glucan binding. Thus, structural insights allowed definition of the
molecular basis for laforin substrate binding and the important role of the unique laforin
tertiary and quaternary structure, allowing it to function as a specific phosphoglucan
phosphatase.

The glucan bound at the active site is enveloped by DSP domain motifs that coordinate
binding to the phosphoglucan product (Figure 1D). DSP catalytic domains are ~150 residues
and are defined by several conserved motifs with the signature catalytic triad DX3,CX5R
forming the phosphate-binding site [18]. The catalytic Cys (laforin C266) sits at the base of
the active site cleft and functions as a nucleophile during catalysis (Figure 1E). The
phosphate is stabilized by hydrogen bonds to a conserved arginine (R272) with D235
serving as the general acid/base allowing formation and cleavage of enzyme-phosphoryl
intermediate. The laforin DSP motifs possess aromatic and hydrophilic residues that create
an active site channel that binds a glucan chain and positions it for dephosphorylation.

Reversible phosphorylation of transitory starch

In plants, starch phosphorylation was first suggested in 1890 and it was later shown that the
concentration of starch phosphate depends on the plant origin, with tuber starch containing
30-fold more phosphate than cereal starch [19-21]. The biological function of this phosphate
was realized with the discovery of a starch phosphorylating enzyme called Glucan, Water
Dikinase (GWD/SEX1/R1) [22-26]. Arabidopsis plants mutated in the gene encoding GWD
have a Starch EXcess phenotype since they synthesize starch, but the starch is not efficiently
degraded [25,26].

While starch and glycogen are both comprised of similar glycosidic-linked glucose, the
frequency of branching and chain length are quite different, with longer chains and fewer
branches, yielding water-insoluble starch. Starch is composed of a-1,4 linked amylose that
contains few branches and amylopectin that contains a-1,6 linked branch points, but the
amylopectin chains are longer and contain fewer branches than in glycogen [27,28]. It is
hypothesized that adjacent amylopectin glucose chains interact to form helices and organize
into crystalline lamellag, resulting in the expulsion of water, and together with amylose
make starch an energy-dense and stable glucose storage molecule [27,28]. Transitory starch
is synthesized during the day and degraded during the night, however its crystalline nature
hinders breakdown by glycolytic amylases. This crystallinity prevents starch catabolism and
requires a molecular mechanism for amylases to release the stored energy cache.

Starch phosphate was initially considered a contaminant or metabolic mistake, but later
found to be covalently attached to only the amylopectin fraction [29]. It is now understood
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that plants utilize reversible glucan phosphorylation as a key mechanism to modulate the
helical nature of starch surface glucan chains [30,31]. Similar screens that identified GWD
also identified the Starch EXcess4 (SEX4) gene that we subsequently demonstrated encodes
a glucan phosphatase (Figure 2A) [26,32,33].

SEX4 - integrated DSP-CBM glucan binding platform

SEX4 is comprised of a chloroplast targeting peptide (cTP), a DSP domain, a CBM48, and a
carboxy-terminal (CT) motif (Figure 2B). We determined the structure of Arabidopsis SEX4
bound to phosphate (2.4 A) and maltoheptaose and phosphate (1.65 A) (Figure 2C) [34,35].
The bound maltoheptaose and phosphate at the SEX4 active site represent the SEX4 glucan
product. The SEX4 DSP and CBM domains interact with 457 A2 of interfacial surface area
via multiple highly conserved motifs. Intriguingly, the SEX4 tertiary structure closely
juxtaposes the CBM and DSP glucan binding sites, forming a continuous substrate binding
surface involving both domains. This binding surface encompasses aromatic and hydrophilic
residues from the CBM and a number of aromatic residues within the DSP domain that form
a glucan-binding platform unique for SEX4 (Figure 2D). The SEX4 DSP domain utilizes a
number of DSP motif residues to coordinate glucan binding at the active site, but this
coordination is dependent on CBM residues. Mutation of CBM residues W278 or W314 to
Ala dramatically decreased SEX4 binding to starch and abolished SEX4 starch
dephosphorylation [34]. Despite these differences, there are commonalities within the DSP
domains of laforin and SEX4 that interact with the glucan, with similar residues from
multiple phosphatase signature motifs directly contributing to specific glucan engagement in
both proteins (Figure 2D).

Multiple glucan dikinases and phosphatases

After the discovery of GWD, a second starch dikinase was discovered that only acted on
phosphorylated starch and was called phosphoglucan, water dikinase (PWD/GWD3)
[36,37]. Elegant biochemical experiments demonstrated that GWD phosphorylates the
hydroxyl group at the C6 position and this phosphorylation triggers PWD to phosphorylate
the C3 position of starch glucose units [23,36,37]. This phosphorylation introduces steric
hindrance that disrupts the amylopectin helices and results in localized solubilization of the
starch surface glucans (Figure 3A) [38-40]. Once solubilized, classes of amylases efficiently
release maltose and glucose for transport into the cytoplasm [41,42]. While glucan
phosphorylation is required for efficient starch degradation, phosphate moieties present an
additional problem to overcome. p-amylases (BAMS), the primary starch glycolytic
enzymes, degrade glucose chains up to a phosphate group, but BAMs are unable to continue
past a phosphate [43]. Thus, glucan phosphatase activity is needed to remove the phosphate
and reset this cycle (Figure 3A).

Like Sex Four2 — surface binding sites

The characterization of SEX4 led to the discovery of an additional plant glucan phosphatase
called Like Sex Four2 (LSF2) [44]. LSF2 is unique in that it is comprised of only a cTP, a
DSP domain, and CT motif (Figure 3B). This CT motif is a conserved feature unique to
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plant glucan phosphatases. It forms a conserved a-helical sub-domain that integrates into the
DSP domain and is essential for protein folding, stability, and function [34,35]. Although
LSF2 lacks a CBM domain, it still efficiently binds and dephosphorylates starch [44]. The
structures of Arabidopsis LSF2 revealed that LSF2 engages a glucan chain at the DSP active
site and additional chains via two surface binding sites (SBSs) nearly 20 A away from the
active site (Figure 3C) [45]. SBSs are an emerging theme in carbohydrate binding proteins
and have, for example, been shown to have diverse critical roles in amylase function [46,47].
SBSs are difficult to identify via bioinformatics due to their heterogeneity and are typically
identified via structural studies. The LSF2 active site and two SBSs each utilize aromatic
and hydrophilic residues to coordinate glucan binding. Combinatorial mutations of the active
site and SBSs showed additive decreases in LSF2 starch binding and dephosphorylation,
indicating that the sites function synergistically [45,48]. The specific role(s) of the multiple
SBSs of LSF2 is an active area of research, the observed synergistic function could be due to
altered dynamics from proximity effects, distinct binding preferences, or global effects on
glucan stability. The LSF2 active site is similar to laforin in that the DSP domain alone
coordinates glucan binding using many of the same elements found in both laforin and
SEX4 (Figure 3D). These elements combine to form an aromatic channel within an extended
phosphatase active site to position the glucan for dephosphorylation.

Glucan phosphatase active site topology and substrate specificity

The DSP clade, containing the glucan phosphatases, is very sequence divergent at the amino
acid level yet DSPs maintain a prototypical apa PTP fold [18]. Tyrosine-specific PTPs
utilize a narrow and deep catalytic cleft to accommodate pTyr and to exclude shorter side
chains (Figure 4A). The catalytic cleft of DSPs that dephosphorylate pTyr, pSer, and pThr is
shallow to accommaodate both short and long side chains. Alternatively, the lipid
phosphatases and glucan phosphatases possess a hybrid active site to accommodate the
unique phospholipid or phosphoglucan (Figure 4A). Each glucan phosphatase examined to
date possesses conserved structural elements with an active site rich in aromatic and
hydrophilic residues uniquely structured to accommodate glucan substrates [17,34,35,45,49—
51]. Further, the glucan phosphatase CXgR active site loop possesses a signature motif of
Cys, hydrophilic, Ala, Gly, long chain aliphatic, Gly, Arg (CCAGyGR), specific to glucan
phosphatases (Figure 4A) [49].

While the active site topology of the glucan phosphatases has common elements, they have
key differences in the orientation of the glucan in their active site that determines their
position specific activity. Structural data have defined a physical basis for the observed
position specificity. Examination of the glucan phosphate in the laforin active site
demonstrated that the O2 and O3 groups of Glc3 are 3.8 A and 2.7 A from the phosphate in
the laforin active site with the O6 position 7.7 A away, consistent with the observed O3-
specific activity of laforin (Figure 1D) [17,49]. Conversely, in the SEX4 DSP active site, the
06 hydroxyl of Glc2 interacts with phosphate at a distance of 2.6 A with the O3 hydroxyl
7.1 A away and points into the solvent, consistent with the observed O6-specific activity of
SEX4 (Figure 2D) [34]. At the LSF2 active site, the O3 hydroxyl of Glc3 directly interacts
with the phosphate at a distance of 2.4 A compared to 7.0 A for the O6 position, consistent
with the observed O3-specific activity of LSF2 (Figure 3D) [45]. Further, the conformation
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and orientation of the glucan in the active site is significantly different, with laforin
displaying a highly curved glucan conformation while SEX4 and LSF2 display a more
helical glucan conformation but with opposite orientations [50,51]. Thus, each glucan
phosphatase engages phospho-glucans at their active site in an orientation-specific manner,
providing a physical mechanism for their position-specific activity.

Microenvironments of soluble and insoluble glucans

Structure guided mutagenesis revealed that glucan-binding residues within the CBM domain
of laforin or SEX4 are largely responsible for glucan engagement and residues within the
DSP domain are essential in defining specificity independent of the CBM [17,34]. LSF2
lacks a CBM domain, instead employing SBSs for starch binding, and its DSP domain also
determines substrate specificity [45].

These mutagenesis studies coupled with biochemical assays also uncovered that glucan
phosphatase activity is different depending on the glucan in question. As highlighted above,
there is a gradation of water solubility among glucans with oligosaccharides being most
water-soluble, then glycogen, amylopectin and starch being water-insoluble. In laforin,
SEX4, and LSF2 the DSP domain is necessary and sufficient to dephosphorylate water-
soluble phosphopolyglucans, e.g. oligosaccharides and amylopectin (Figure 4B) [49,52].
These glucans lack the higher-ordered crystalline structure of starch and instead the
phosphoglucose within them is freely accessible in solution to the glucan phosphatase active
site. Alternatively, ancillary binding domains, either a CBM domain or SBSs, are necessary
for the activity against more insoluble glucans and these domains are necessary for
dephosphorylation [49].

Conclusions

Reversible glucan phosphorylation has broad biological importance, from a role in a fatal,
neurodegenerative epilepsy to starch metabolism. Misregulation of glucan
(de)phosphorylation in humans and plants both results in the formation of water insoluble
non-degradable glucans. There are striking similarities and differences between the animal
and plant pathways as well as among the glucan phosphatases. Intriguingly, the starch excess
phenotype used to identify plant dikinases and glucan phosphatases is analogous to the
cellular phenotype of LBs in LD patients. Indeed, human laforin could partially compensate
for the starch excess phenotype in sex4-mutant plants [32]. The glucan phosphatases are all
capable of dephosphorylating phosphoglucans utilizing similar active site topology, but they
utilize different binding platforms to engage the glucan chains to obtain different substrate
specificities.

Our understanding of the molecular basis for reversible starch phosphorylation in plants has
made significant progress with the structural studies of SEX4 and LSF2 bound to simple
model substrates. Future studies are key to defining the function of the glucan phosphatases
in the heterogeneous microenvironments of their natural substrates, including long and short
oligosaccharide chains, phosphorylated and non-phosphorylated chains, branch points, and
helical structure. While glucan phosphatases have been extensively studied, little is known
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regarding the function of glucan dikinases on a molecular level. They possess multiple CBM
domains and a unique dikinase domain. Further, while GWD clearly functions during starch
degradation, recent studies have highlighted a role for GWD in starch synthesis, though the
exact function is unclear. Additionally, it is not known when during the diurnal cycle starch
dikinases and phosphatases are active or inactive, nor is it known how these activities are
regulated. Further studies on the molecular basis for enzymes that phosphorylate and
dephosphorylate glucan substrates are important for defining their function and specificity.
Active research is focusing on identifying additional glucan kinase and phosphatase
enzymes in all kingdoms of life. Additionally, molecular studies not only inform on the
underlying biology, but also open new avenues to utilize this important chemical
modification of glucans for industrial application.

Less is known regarding the regulation and function of glycogen phosphorylation. This fact
is surprising given that glycogen metabolism is a mainstay in biochemistry textbooks and
four Nobel Prizes have been awarded in the glycogen field [1]. Glycogen clearly contains
monoester phosphate on the C2, C3, and C6 positions and laforin is definitively a glycogen
phosphatase, but the origin of that phosphate is unknown [53-55]. Some suggest that C2 and
perhaps C3 phosphate is due to a metabolic error by glycogen synthase [54,56,57].
Alternatively, others have proposed that a kinase similar to GWD phosphorylates glycogen,
but no candidate has been reported [53]. Whatever the source of the phosphate, it is clear
that glycogen hyperphosphorylation is pathological and results in LD. Intriguingly,
increasing evidence indicates that glycogen phosphorylation may also have an important
physiological role [62]. It is possible that glycogen phosphorylation on different hydroxyls
may have distinct physical and functional roles, similar to phosphoinositols where different
phosphorylation positions signal different fates or downstream signaling events.
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Highlights

. Glucan phosphatase activity is conserved in plants and animals.

. Mutations in the human glucan phosphatase laforin result in a fatal
disease.

. Laforin utilizes glucan-binding platforms in the CBM and DSP
domains.

. SEX4 employs an integrated CBM-DSP glucan binding channel to
dephosphorylate starch.

. LSF2 uses surface binding sites and the DSP active site to
dephosphorylate starch.

Curr Opin Struct Biol. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gentry et al. Page 13
A Glycogen E
EPM2A cys
mutation \
R-motif
Laforin 3:”?‘24 .
1
B Laforin !

Recoagnition
domain D197

Active Site

Figure 1.

(a) Glycogen model depicting 4 of the possible 12 tiers. Red spheres represent phosphate
moieties. Laforin is a glycogen phosphatase encoded by the £PM2A gene. Mutations in
EPMZA result in the hyperphosphorylation of glycogen that changes the normal branching
pattern of glycogen and results in a Lafora body (LB). LBs are inclusions present in neurons
of LD patients and stain Periodic acid-Schiff (PAS) positive. The micrographs are PAS stain
slices of wildtype (WT) and EpmZa-/~ (LD) mice hippocampus. Modified from [58] with
permission. (b) Laforin is composed of an N-terminal carbohydrate binding module (CBM)
and a C-terminal dual-specificity phosphatase (DSP) domain. (c) The crystal structure of the
laforin dimer bound to maltohexaose and phosphate (PDB: 4RKK). The CBM and DSP of
one subunit are shown in light blue and dark blue, respectively; the second subunit is shown
in grey. The quaternary arrangement of the two subunits results in a CBM-DSP-DSP-CBM
architecture. Structure figures were generated using Pymol [59]. (d) Ligplot+ generated

representation of hydrophobic and hydrophilic protein-glucan interactions at the DSP

domain active site [60]. Maltohexaose is shown in green and hydrogen bonds are shown in

black. Glucose moieties are numbered from the non-reducing end to the reducing end.

Shared glucan phosphatase-family DSP motifs contributing to glucan binding and their
corresponding key residues are displayed. Multiple elements of the laforin DSP domain
contribute to glucan binding at the active site. Both the recognition domain and the variable
loop (V-loop) interact with the convex side of the glucan chain with residues of the R-motif,
catalytic triad, and D-loop all interacting with the concave face. (e) The reaction mechanism
for glucan dephosphorylation is proposed based on the well-characterized mechanism of
PTPs [8,61]. The first step of catalysis involves nucleophilic attack by the sulfur atom of the

active site Cys, which is believed to exist in thiolate form. The highly conserved Asp
functions as a general acid, donating its proton to the substrate leaving group, and a

cysteinyl-phosphate intermediate is formed. In the second step of catalysis, the same Asp
functions as a a general base, accepting a proton from an attacking water molecule, which

hydrolyzes the phosphoenzyme intermediate.
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Figure 2.
(a) Arabidopsis leaves stained with iodine to reveal starch excess phenotypes. While wild-

type plants contain little transitory starch at the end of night and do not stain, leaves of
sex4-3 plants stain darkly, indicating high starch content. (b) SEX4 contains a chloroplast-
targeting peptide (cTP) at its N-terminus, followed by a DSP domain, CBM, and a C-
terminal (CT) motif. (c) The crystal structure of SEX4 lacking the cTP (residues 1-89)
bound to maltoheptaose and phosphate (PDB: 4PYH). SBS, surface binding site. (d) Ligplot
+ generated representation of protein-glucan interactions at the SEX4 active site. Glucose
moieties are numbered from the non-reducing end to the reducing end. The four glucose
moieties at the non-reducing end of the glucan chain interact with key residues of the DSP
domain with the recognition domain, variable loop (\V-loop), D-loop, catalytic triad and R-
motif all providing important contacts. SEX4 has an integrated active site bridging DSP and
CBM domains and the two glucose moieties at the reducing end interact with key residues of
the CBM domain, which is highlighted with a blue background.
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(a) Transitory starch breakdown requires the action of dikinases, phosphatases, and
amylases. Glucan, water dikinase (GWD) transfers the g-phosphate of ATP to the C6
position of glucose moieties within the starch lamellae. Phosphoglucan, water dikinase
(PWD) then phosphorylates the C3 position of glucose residues. Phosphorylation leads to
the disruption of the helices and solubilization of the starch surface, giving B-amylases
(BAM) access to degrade the linear chains. SEX4 and LSF2 then remove the C6- and C3-
bound phosphate. Dephosphorylation permits p-amylases to continue to degrade the linear
chains. Isoamylase (ISA) is required for debranching within the amorphous layer. The cycle
resets at the next layer of the starch granule. Red circles represent phosphates. Black dashes
and lines represent maltose and glucose. (b) LSF2 is comprised of a chloroplast-targeting
peptide (cTP), DSP domain and carboxy-terminal motif (CT), but lacks a CBM. (c) The
crystal structure of LSF2 bound to maltohexaose and phosphate (PDB: 4KYR). In addition
to phosphate, a single maltohexaose molecule was found at the active site (shown in green).
Maltohexaose molecules were also found at two surface binding sites (SBSs) distant from
the LSF2 active site. (d) Ligplot+ generated representations of protein-glucan interactions at
the LSF2 active site. Glucose moieties are numbered from the non-reducing end to the
reducing end. The glucan chain interacts with key residues of the DSP domain with the
recognition domain, variable loop (V-loop), D-loop, catalytic triad and R-motif all providing

important contacts.
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Figure 4.
(a) The tyrosine phosphatase PTP1B (PDB: 2HNP) displays a narrow and deep catalytic

cleft for dephosphorylating pTyr and excluding pSer/pThr [62]. The human DSP VHR
(PDB: 1VHR) possesses a narrow and shallow catalytic cleft for dephosphorylating pTyr and
pSer/pThr [63]. The glucan phosphatase SEX4 (PDB: 4PHY) has a hybrid catalytic cleft
suited for phosphoglucan substrates [34]. Phosphate is displayed in orange. The variable
loop (V-loop) and R-motif are DSP domain elements that flank the active site cleft. The
active site consensus motif for a glucan phosphatase is depicted below the active site. This
consensus motif is: Cys, hydrophilic, Ala, Gly, long chain aliphatic, Gly, Arg (CCAGyGR).
(b) Soluble phospho-oligosaccharides are dephosphorylated directly by the DSP domain.
Complex polyglucan substrates (starch and glycogen) must be engaged by an ancillary
binding platform (i.e. CBM or SBS) so that dephosphorylation can occur by the DSP
domain.
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