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(Bacl(ground: Glucan phosphatases are essential for glycogen and starch metabolism.
Results: Comparative enzymology of glucan phosphatases defines the mechanism for specific activity versus physiological

Conclusion: Glucan phosphatases possess a common active site motif but unique specific activities determined by phosphatase

Significance: Defining glucan dephosphorylation is essential for understanding normal plant and animal physiology and human
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Glucan phosphatases are central to the regulation of starch
and glycogen metabolism. Plants contain two known glucan
phosphatases, Starch EXcess4 (SEX4) and Like Sex Four2
(LSF2), which dephosphorylate starch. Starch is water-insol-
uble and reversible phosphorylation solubilizes its outer sur-
face allowing processive degradation. Vertebrates contain a
single known glucan phosphatase, laforin, that dephosphor-
vlates glycogen. In the absence of laforin, water-soluble gly-
cogen becomes insoluble, leading to the neurodegenerative
disorder Lafora Disease. Because of their essential role in
starch and glycogen metabolism glucan phosphatases are of
significant interest, yet a comparative analysis of their activ-
ities against diverse glucan substrates has not been estab-
lished. We identify active site residues required for specific
glucan dephosphorylation, defining a glucan phosphatase
signature motif (CCAGWGR) in the active site loop. We fur-
ther explore the basis for phosphate position-specific activity
of these enzymes and determine that their diverse phosphate
position-specific activity is governed by the phosphatase
domain. In addition, we find key differences in glucan phos-
phatase activity toward soluble and insoluble polyglucan sub-
strates, resulting from the participation of ancillary glucan-
binding domains. Together, these data provide fundamental
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insights into the specific activity of glucan phosphatases
against diverse polyglucan substrates.

Glucose is stored as large polysaccharides to meet the future
metabolic needs of bacteria, fungi, plants, and animals (1, 2).
Plants store excess glucose in the form of starch, which is com-
posed of the glucose polymers amylopectin and amylose (2, 3).
Amylopectin is the main component of starch, and is formed
from «a-1,4-glycosidic-linked chains with «a-1,6-branches clus-
tered at regular intervals every 20-25 glucose units (2—4).
Adjacent amylopectin chains form helices that create crystal-
line lamellae and cause starch to be water-insoluble, thereby
allowing plants to store the maximum amount of energy in the
minimum amount of volume (2, 4—6). This form of glucose
storage is ideal for the predictable metabolic cycles of photo-
synthetic plants (2, 7). Conversely, animals, bacteria, and fungi
store excess glucose in the form of glycogen, which is also
formed from «-1,4-glycosidic linked chains with «-1,
6-branches (1, 8). However, the glucose chains within glycogen
are shorter and the branches are more evenly spaced, thus prohib-
iting helix formation (1, 8, 9). These properties allow glycogen to
remain water-soluble, which is essential for bursts of metabolic
energy in biological systems that do not perform photosynthesis
(8). Therefore, each glucose storage structure is adapted to the
biological system in which it functions.

Reversible starch phosphorylation by glucan dikinases and
phosphatases is critical to control the solubility of starch and
permit starch degradation (2, 10, 11). Plant genomes contain
two identified glucan kinases, a-glucan water dikinase (GWD)?

3The abbreviations used are: GWD, a-glucan water dikinase; SEX4, Starch
EXcess4; LSF2, Like Sex Four2; PWD, phosphoglucan water dikinase; DSP,
dual-specificity phosphatase; CBM, carbohydrate binding module; CT,
carboxy-terminal motif; LSF1, Like Sex Four1; LD, Lafora Disease; LB,
Lafora Body; PTP, protein tyrosine phosphatase; pNPP, para-nitrophe-
nyl phosphate; VHR, vaccinia H1-related phosphatase; LSF2-RF,
LSF2-R157A/F261A.
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and phosphoglucan water dikinase (PWD), and two identified
glucan phosphatases, Starch EXcess4 (SEX4) and Like Sex
Four2 (LSF2) (12-15). GWD and PWD phosphorylate the
hydroxyl group of starch glucose at the C6- and C3-position,
respectively, resulting in helical unwinding and local solubiliza-
tion of the outer starch granule (16—-18). This solubilization
permits access to hydrolytic enzymes, but the main enzyme that
degrades starch, B-amylase, is unable to degrade glucan chains
pasta phosphate group (19, 20). The glucan phosphatases SEX4
and LSF2 must remove these phosphate groups for cyclical
starch degradation to proceed (15, 19, 21). Reversible starch
phosphorylation is therefore a dynamic process, with a con-
stant interplay between phosphorylation via glucan dikinases
and dephosphorylation via glucan phosphatases (2, 10). In addi-
tion, recent work has implicated phosphorylation in starch syn-
thesis, indicating that it may play a role in regulating the super-
structure of the starch granule itself (22, 23).

SEX4 contains a chloroplast targeting peptide (cTP), dual-
specificity phosphatase (DSP) domain, a carbohydrate binding
module (CBM), and a carboxy-terminal (CT) motif (14, 24 -26).
LSF2 contains a ¢cTP, DSP domain, and a CT motif (15). SEX4
preferentially dephosphorylates the C6-position of starch glu-
cose and LSF2 exclusively dephosphorylates the C3-position
(15, 27, 28). Arabidopsis sex4 mutants contain excess leaf
starch, decreased plant growth, and an accumulation of short-
chain phospho-oligosaccharides (19, 29). Conversely, Isf2
plants display normal plant growth and starch levels, but sex4/
Isf2 double mutants contain an exacerbation of the starch
excess phenotype compared with sex4 plants (15). These
genetic data highlight the critical role glucan phosphatases play
in starch metabolism and overall plant viability. Interestingly,
investigators have identified an additional Arabidopsis protein
that resembles a glucan phosphatase, named Like Sex Fourl
(LSF1) (14, 30). Similar to SEX4, LSF1 contains a cTP, DSP, and
CBM and Isf1 mutants exhibit a starch excess phenotype (14,
30). However, LSF1 has been reported to lack phosphatase
activity, therefore its precise role in starch metabolism is
unclear (30).

The human glucan phosphatase laforin dephosphorylates
glycogen and is conserved in vertebrates (31-36). Similar to
SEX4, laforin utilizes a CBM and DSP domain to achieve glucan
phosphatase activity, although the domains are in the opposite
orientation (37-39). The importance of laforin in glycogen
metabolism is exemplified by its link to the fatal myoclonic
epileptic disorder Lafora Disease (LD) (37, 40). Approximately
70% of LD patients harbor mutations in the EPM2A gene
encoding laforin and these mutations are distributed through-
out both the CBM and DSP domains (36, 37, 41, 42). LD is
characterized by the accumulation of cytoplasmic, water-insol-
uble polyglucan deposits called Lafora bodies (LBs) that result
from aberrant glycogen metabolism (43—47). These accumula-
tions of insoluble LBs contain a higher concentration of mono-
ester bound phosphate and longer glucose chains, physio-
chemical properties that are reminiscent of plant amylopectin
(44 -51). The mechanism for phosphate incorporation into gly-
cogen is currently being disputed, but it is clear that the glucan
phosphatase activity of laforin is essential for maintaining nor-
mal glycogen metabolism (36, 50, 51).
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All three glucan phosphatases are members of the protein
tyrosine phosphatase (PTP) superfamily and are classified in
the heterogeneous subgroup called dual-specificity phospha-
tases (DSPs) that share a conserved CX.R catalytic motif (11,
52-56). Most DSPs dephosphorylate pTyr and pSer/Thr resi-
dues of proteins, while others dephosphorylate non-proteina-
ceous substrates such as lipids, nucleic acids, or glucans (53, 54,
56). These differences in substrate specificity are driven, in
large part, by the architecture of the DSP (53, 54, 56). Recent
structural work has elucidated the primary mechanism under-
lying the method by which all three glucan phosphatases bind
glucan chains and integrate them into the catalytic site (28, 42, 57).
The glucan phosphatase DSP domains all contain aromatic/
hydrophobic residues that act as platforms to bind glucan
chains at the active site (28, 42, 57). In addition, each glucan
phosphatase also employs an ancillary glucan-binding
domain. The SEX4 structure revealed that its DSP and CBM
domains form a continuous binding pocket and simultane-
ously engage the glucan chain (28). Conversely, the DSP and
CBM in laforin are spatially separated and engage glucan
chains independently (42). LSF2, lacking a CBM, uses two
non-catalytic secondary binding sites associated with its CT
domain to interact with starch glucans at a distance of >20 A
from the DSP active site (57). These structural studies dem-
onstrate that the glucan phosphatases are all capable of bind-
ing glucan chains via the DSP domain and ancillary glucan-
binding domains, but they use distinct variations on this
theme to achieve their respective glucan phosphatase func-
tions within their own biological niches.

A comparative analysis of the basis for common glucan phos-
phatase activity and specific functional differences between
family members has not been established. In the present study,
we define key determinants of glucan phosphatase activity and
position-specific activity. We also determine activity against
relevant water-soluble and -insoluble polyglucan substrates.
We define the role of secondary glucan-binding domains, and
determine how their architectural differences translate into
unique enzymatic activities. This information provides com-
prehensive insights into the biochemical activity of this critical
family of enzymes.

Experimental Procedures

Cloning, Expression, and Purification of Recombinant
Proteins—Wild type Arabidopsis thaliana SEX4 and LSF2 con-
structs were designed as previously described (28, 57). Both
constructs (A89-SEX4, A78-LSF2) lack the chloroplast target-
ing peptide (cTP) along with residues up to the DSP recognition
domain, and were subcloned into a pET-28b vector (Novagen)
using Ndel and Xhol restriction sites to encode an N-terminal
His, tag, a thrombin cleavage site, and SEX4 or LSF2. Full-
length Homo sapiens laforin was subcloned into a pET-21
(Novagen) vector using Ndel and Xhol restriction sites to
encode laforin and a C-terminal His, tag (42). SEX4ACBM was
designed using the structure of SEX4 and was cloned via a three
piece ligation with the DSP domain (residues 89 —-254) ampli-
fied with Ndel and Kpnl restriction sites and the CT-motif (res-
idues 338 —380) amplified with KpnlI and Xhol restriction sites.
The fragments were then subcloned into a pET-28b vector to
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encode an N-terminal His, tag, a thrombin cleavage site and
SEX4ACBM. LSF2+CBM was synthesized (GenScript) to con-
tain the LSF2 DSP (LSF2 residues 79-244), the SEX4 CBM
(SEX4 residues 250-337), and the LSF2 CT-motif (LSF2 resi-
dues 245-282) into a pET-28b vector to encode an N-terminal
His, tag, a thrombin cleavage site, and LSF2+CBM. A point
mutation of each wild type construct was created whereby the
catalytic cysteine residue was mutated to a serine (C/S), an
established technique that generates a catalytically inactive con-
struct for use as a negative control in enzymatic assays (58 — 60).
All point mutants were generated using site-directed mutagen-
esis (Agilent) and confirmed by DNA sequencing (ACGT, Inc).

All protein constructs were expressed and purified as previ-
ously described via the following protocol, except where noted
(28, 42, 57). Protein was produced in BL21-Codon Plus Esche-
richia coli cells (Stratagene). Cells were grown at 37 °C in 2xYT
media to an O.D.q,, of 0.6—0.8, placed in ice for 20 min,
induced with 1 mm isopropyl B-p-thiogalactoside, grown at
16 °C for ~16 h, and harvested by centrifugation. Cells were
lysed in 20 mm Tris-HCI (pH 7.5), 100 mm NaCl, and 2 mMm
dithiothreitol (DTT), centrifuged, and the proteins were puri-
fied using a Profinia IMAC column with Ni** beads (Bio-Rad)
with a Profinia protein purification system (Bio-Rad). Proteins
were eluted in lysis buffer containing 300 mMm imidazole. Pro-
tein was then dialyzed in 20 mm Tris-HCI (pH 7.5), 100 mm
NaCl, and 2 mm DTT overnight in the presence of thrombin.
Protein was then reverse purified over the Profinia IMAC col-
umn. Protein was purified using a HiLoad 26/60 Superdex 200
size exclusion column. Laforin and laforin-W32G constructs
were purified without cleavage of the His,, and protein eluted
from the Profinia purification system (Bio-Rad) was immedi-
ately purified using a HiLoad 16/60 Superdex 200 size-exclu-
sion column.

Differential Scanning Fluorimetry to Measure Protein
Stability—To determine the T, of proteins 20 ul of 10 um
protein was combined with 20 ul of Differential Scanning Flu-
orimetry (DSF) buffer (20 um Tris-HCI pH 7.5, 100 mm NaCl, 2
mM DTT) containing 5x SYPRO Orange Protein Gel Stain
(Invitrogen) in a QC PCR 96-well plate (Bio-Rad). Thermal
denaturation of proteins was examined with a CFX96 Real-
Time PCR instrument (Bio-Rad) from 20 °C to 90 °C at a rate of
1°C/50 s. The melting temperature (T, )was calculated by fit-
ting the first derivative of the melting curve with a Gaussian
distribution using Prism. Measurements were performed in
triplicates for all protein constructs used.

Phosphatase Assays—Generic phosphatase activity assays
were performed using para-nitrophenyl phosphate (pNPP) (31,
34, 61). Hydrolysis of pNPP was performed in 50 ul reactions,
containing 1x phosphatase buffer (100 mm sodium acetate, 50
mM bis-Tris, 50 mm Tris-HCI, pH 7.0), 2 mm DTT, and 50 mm
pNPP. To maintain reactions in the linear phase, SEX4 and
LSF2 constructs were performed with 750 ng protein for 20 min
and laforin constructs were performed with 200 ng protein for
20 min. Reactions were terminated by the addition of 200 ul of
250 mm NaOH and absorbance was measured at 410 nm. The
assay was performed with each protein six times or more to
determine specific activity.

SASBMB

SEPTEMBER 18, 2015+ VOLUME 290-NUMBER 38

Enzymology of Glucan Phosphatases

Glucan phosphatase activity assays were performed with
amylopectin using malachite green (31, 34, 61). Reactions were
performed in 20 ul containing 1x phosphatase buffer (100 mm
sodium acetate, 50 mm bus-Tris, 50 mm Tris-HCI, pH 7.0) and 2
mM DTT, and 45 ug amylopectin, and 150 ng protein. Amylo-
pectin was solubilized using the acid/base treatment Roach
method (62). To maintain enzymatic activity in the linear
phase, SEX4 and LSF2 constructs were incubated for 60 min
and laforin constructs were incubated for 20 min (11, 42). The
reaction was stopped by the addition of 20 ul of 100 mm N-eth-
ylmaleamide and 80 ul of malachite green reagent. Absorbance
was measured at 620 nm. The assay was performed with each
protein six times or more to determine specific activity. Mala-
chite green assays against purified phospho-oligosaccharides
were performed as above with the following modifications.
Phospho-oligosaccharides were purified from potato amylo-
pectin as described below. A concentration of phospho-
oligosaccharides equivalent to 1 nmol phosphate was used in
the reactions. 150 ng protein was used in each reaction. SEX4
constructs were incubated for 8 min, LSF2 constructs were
incubated for 7 min, and laforin constructs were incubated for 5
min. Each assay was performed six times to determine specific
activity.

Site-specific glucan phosphate activity was determined by
release from 33P-labeled starch (15, 27, 28, 57). C6-23P-labeled
starch was generated by purifying phosphate-free starch from
the Arabidopsis sex]1-3 mutant (63), phosphorylating the
starch with **P at the C6-position by incubation with GWD and
[B-**P]ATP (Hartmann Analytic). The starch was then washed
and phosphorylated at the C3-position by incubation with
PWD and unlabeled ATP. C3-**P-labeled starch was generated
in the same manner except using GWD and unlabeled ATP for
the first step and PWD and [3-**P]ATP for the second resulting
in **P-label at only the C3 position. Recombinant proteins (150
ng) were incubated in dephosphorylation buffer (100 mm
sodium acetate, 50 mm bis-Tris, 50 mm Tris-HCI, pH 6.5, 0.5%
(v/v) Triton X-100, 1 pug/pl BSA, and 2 mm DTT) with C6- or
C3-prelabeled starch (4 mg/ml) in a final volume of 150 ul on a
rotating wheel for 5 min at 25 °C. For glucan phosphatase vari-
ants, protein concentration and reaction time were increased to
1 ng and 30 min, respectively. The reaction was terminated by
the addition of 50 ul of 10% SDS. The reaction tubes were then
centrifuged at 13,000 rpm for 5 min to pellet the starch. **P
release into 150 ul of supernatant was determined using a 1900
TR liquid scintillation counter (Packard). The assay was per-
formed with each protein six times to determine specific
activity.

Purification of Phospho-oligosaccharides from Potato
Amylopectin—Ten grams of amylopectin from potato (Sola-
num tuberosum) starch (Sigma-Aldrich) were dissolved in 200
ml of 5 mm sodium acetate, pH 4.8, at 60 °C. Partial enzymatic
degradation was achieved by addition of isoamylase (25,000
units; from Pseudomonas amyloderamosa, Sigma), pullulanase
(3.6 units; from Klebsiella planticola, Megazyme), and B-amy-
lase (1,000 units; from Hordeum vulgare; Megazyme) and incu-
bation at 37 °C for 19 h, followed by addition of a-amylase
(3,000 units; from Sus scrofa domestica pancreas, Roche) and
additional 3-h incubation at 37 °C. The reaction was stopped by

JOURNAL OF BIOLOGICAL CHEMISTRY 23363

9T0Z ‘0g JequanoN uo 1senb Aq /610 g mmmy//:dny wody papeojumoq


http://www.jbc.org/

Enzymology of Glucan Phosphatases

A 12345 B SEX4 LSF2 Laforin
sexa [@|r[alg)m[G &w
LSF2 slaGlL|c b :
Laforin [€[N|A |G|V |G _*k °i( ‘_’12&
LSF1 T T|G|F D 3{(\ R {’T{\(\
1 1 1

VHR R E Y S 5 5 5

c c c

FIGURE 1. The glucan phosphatase active site. A, multiple sequence align-
ment of the PTP-loop from At-SEX4-(198 -204), At-LSF2-(193-199), Hs-laforin-
(266-272), At-LSF1-(390-396), and Hs-VHR-(124-130). The catalytic cysteine
and arginine are colored red and blue, respectively. The Gly residue strictly
conserved in all PTPs is colored dark gray, and residues conserved in glucan
phosphatases are colored light gray. Numbers refer to the amino acid position
carboxy-terminal to the catalytic cysteine. B, interactions between the PTP-
loop (yellow) and glucan chain (green) in SEX4 (PDB code: 4PYH), LSF2 (PDB
code: 4KYR), and laforin (PDB code: 4RKK). The catalytic cysteine (C) is colored
red and the phosphate orange. The numbers highlight the residues outlined in
the multiple sequence alignment shown in panel A.

heating to 95 °C for 15 min. Insoluble material was removed by
centrifugation for 30 min at 5,000 X g, 4 °C. The supernatant
was filtered through a 0.45 um filter (Sartorius Stedim Biotech),
diluted to 1 liter with H,O, the pH was adjusted to 7.0 with
NaOH, and the sample was applied at 2 ml per minute to an
anion-exchange chromatography column (50 ml Q-Sepharose
FF, GE Healthcare) using an AKTA Explorer 100 (GE Health-
care) at4 °C. The column was washed with 2 column volumes of
H,O and phospho-oligosaccharides (P-oligos) were eluted into
fractions with 3 column volumes of 200 mm NaCl, 10 mm HCl at
a flowrate of 5 ml per minute. Positive fractions, as determined
by a reducing-end assay (64), were pooled, precipitated in 75%
(v/v) ethanol for 30 min on ice and pelleted by centrifugation
(30 min, 12,000 X g, 4 °C). The supernatant was removed and
the pellet was air-dried and re-dissolved in 2 ml of 2 mm
HEPES-KOH, pH 7.0, to a concentration of 45.5 wmol Glc
equivalents per ml. P-oligos were analyzed by high-perfor-
mance anion-exchange chromatography with pulsed ampero-
metric detection (HPAEC-PAD) as described previously (19).
The HPAEC-PAD profile of the purified P-oligos resembled
that from sex4 mutant plants (19) with an average degree of
polymerization of DP7.

Results

The Glucan Phosphatase Active Site (PTP-loop)—To define
the basis for specific glucan phosphatase activity, we analyzed
the active site architecture, which critically determines sub-
strate specificity in the PTP superfamily (53, 54, 56). We first
examined the sequence and structure of the CX.R active-site
PTP-loop of the three known glucan phosphatases SEX4, LSF2,
and laforin, along with the homologue LSF1 and the prototyp-
ical proteinaceous DSP, Vaccinia H1-related (VHR/DUSP3)
(Fig. 1A) (52). In all cases, residues critical for phosphate bind-
ing and catalysis are strictly conserved including the Cys and
Arg residues as well as Gly at the 3 position. There are clear
differences, however, in glucan interacting CX R motif residues
between glucan and non-glucan phosphatases. The glucan
phosphatases contain shorter chain Ala and Gly residues at
positions 2 and 5, respectively. This conservation is in contrast
to Thr/Asp and Glu/Ser in LSF1 and VHR, respectively. Addi-
tionally, position 4 is a long chain aliphatic residue in the three
glucan phosphatases and an aromatic residue in the two non-
glucan phosphatases.
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FIGURE 2. Effects of PTP-loop mutation on glucan phosphatase activity. A,
model of the LSF1 PTP-loop (yellow) mutations in SEX4 (PDB code: 4PYH),
showing the steric clash (red disk) with the glucan chain caused by the Asp at
position 5 for LSF1. B, specific activity of SEX4, LSF2, and PTP-loop variants
against soluble amylopectin. Error bars represent the = S.D. of four replicates.
Statistical comparison of wild type and mutant activities demonstrates signif-
icant differences, p < 0.001, between all constructs. C, specific activity of
SEX4, LSF2, and PTP-loop variants against radiolabeled Arabidopsis starch.
Error bars represent the * S.D. of five replicates. Statistical analysis of wild
type and mutant activities demonstrates significant differences, p < 0.001,
between all constructs.

Superposition of the glucan-bound structures of SEX4, LSF2,
and laforin demonstrates that these positions are critical for
glucan substrate engagement (Fig. 1B). The pocket formed by
the strictly conserved glycine at position 5 (SEX4-Gly>°%, LSF2-
Gly'®3, Laforin-Gly*”") produces the deep and broad active site
architecture that allows engagement of the glucose moiety
immediately proximal to the phospho-glucose moiety in the
catalytic pocket. The long chain aliphatic at position 4 (SEX4-
Met?°?, LSF2-Leu'®”, Laforin-Val*’°) and alanine at position 2
(SEX4-Ala?°°, LSF2-Ala'®®, Laforin-Ala®®®) are both situated to
form van der Waals interactions with the face of the glucan
chain. Lastly, the short chain hydrophilic residue at position 1
(SEX4-Thr'®°, LSF2-Ser'®*, Laforin-Asn®®’) is positioned to
form a hydrogen bond with a hydroxyl of the glucan substrate.
Together, these data indicate a consensus for the active-site
PTP-loop of glucan phosphatases: Cys, hydrophilic, Ala, Gly,
long chain aliphatic, Gly, Arg (CCAGYGR).

To test the importance of this PTP-loop consensus in deter-
mining specific glucan phosphatase activity, we produced SEX4
and LSF2 chimeras with their PTP-loop residues converted to
the sequence of LSF1, SEX4 (TAGMG->TTGED), and LSF2
(SAGLG-> TTGFD). This active site swap is predicted to have
significant clashes with a potential glucan substrate due to var-
ied sequences at position 5, conserved as a glycine in glucan
phosphatases, and also position 2, conserved as an alanine in
glucan phosphatases (Fig. 24). We first tested the thermal sta-
bility of wild type and mutant proteins and found they had
equivalent stabilities: 38.94 = 0.04 °C and 38.60 = 0.59 °C for
SEX4 and 46.61 * 0.61 °C and 47.34 %+ 0.12 for LSF2 °C. Thus,
altering the PTP-loop sequence did not affect global protein
folding or stability. However, when tested for specific enzy-
matic activity both chimeric proteins were completely unable
to dephosphorylate soluble amylopectin (Fig. 2B) and insoluble
starch (Fig. 2C). Position 5 is strictly conserved as a glycine in all
known members of the glucan phosphatase family, and very
uncommon in other members of the broader DSP family. To
further probe the contribution of this position to specific glu-
can phosphatase activity, we additionally generated the single
point mutation SEX4-G203D. Strikingly, this single mutation
results in loss of specific glucan phosphatase activity, indicating
its importance for specific activity (Fig. 2, B and C). Taken
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FIGURE 3. Ancillary glucan binding domains in glucan phosphatase position-specific activity of A) SEX4, B) LSF2, and C) Laforin. Domain organization
of glucan phosphatase constructs used in this study, including SEX4ACBM, LSF2-RF, LSF2+CBM, and laforin-W32G (first column). Red lines represent point
mutations. Bottom scale represents residue number. Coomassie-stained SDS-PAGE gel showing purified wild-type and variants (second column). Activity of
glucan phosphatases and variants against para-nitrophenyl phosphate (pNPP) represented as percent activity relative to the wild type construct (third column).
Error bars represent the = S.D. of five replicates. Relative specific activity of wild type glucan phosphatases and variants at the C6 (blue) and C3 (yellow) positions
of radiolabeled Arabidopsis starch represented as the percentage of total position dephosphorylation relative to total dephosphorylation (fourth column).
Statistical analysis of wild type and mutant activities demonstrated no statistically significant differences, except for laforin wild type and laforin-W32G (p <

0.005).

together, these data indicate that glucan phosphatases maintain
a signature PTP-loop sequence of CCAGWGR that is critical for
glucan engagement and specific glucan phosphatase activity.

Generation of Chimeric Glucan Phosphatases—We gener-
ated an additional series of chimeric and mutant glucan phos-
phatase constructs for use in enzymatic analysis (Fig. 3). Three
mutant constructs were developed to investigate glucan phos-
phatase function without the participation of the ancillary glu-
can-binding domains: SEX4ACBM, in which the CBM was
removed via fusion of the DSP domain (residues 89 —253) to the
CT-motif (residues 338 —379), LSF2-R157A/F261A (LSF2-RF),
which lacks key contacts necessary for CT-motif directed glu-
can binding (57), and laforin-W32G, which contains an LD
patient mutation within the CBM previously shown to be crit-
ical for glucan binding (42, 65). Together, these three con-
structs permitted us to investigate the glucan phosphatase
activity and specificity derived from the DSP alone, indepen-
dent from ancillary glucan-binding domains. In addition, we
generated an LSF2+CBM construct in which the SEX4 CBM
(residues 250-337) was inserted between the LSF2 DSP
domain (residues 79 —244) and CT-motif (residues 245-282) to
determine how this additional glucan-binding interface affects
activity and specificity.
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All of the glucan phosphatase variants were expressed as sol-
uble protein and purified to near homogeneity (Fig. 3). We
tested each variant’s ability to dephosphorylate para-nitrophe-
nyl phosphate (pNPP), a generic PTP substrate. We found that
each variant possesses activity comparable to the correspond-
ing wild type constructs with no statistically significant
decreases in activity (Fig. 3). Therefore, the variant proteins are
functional phosphatases suitable for elucidating the relative
contribution of the DSP and ancillary glucan-binding domains
to specific activity and specificity.

Substrate Specificity of Glucan Phosphatases—In a physiolog-
ical context, glucan phosphatases dephosphorylate carbohy-
drate substrates in a position-specific manner. Starch is phos-
phorylated at both the C6- and C3-positions (2, 11) while
glycogen is phosphorylated at the C6-, C3-, and C2-positions
(50,51, 66). Therefore, we tested the physical basis for position-
specific activity of glucan phosphatases. Previous studies have
established that SEX4 preferentially dephosphorylates the
Cé6-position of starch. We found that the protein lacking the
CBM domain maintained position-specific activity (Fig. 34).
Similarly, LSF2 exclusively dephosphorylates the C3-position
of starch glucans (15), and removal of the ancillary glucan bind-
ing domains did not affect the position-specific activity (Fig.
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3B). Moreover, the addition of a glucan binding domain also did
not affect specificity, since LSF2+CBM showed no change (Fig.
3B). The substrate specificity of laforin has not previously been
determined. We found that laforin preferentially dephosphor-
ylates the C3-position, the inverse of what is seen with SEX4
(Fig. 3C). These data are consistent with the C3-specific orien-
tation of the glucan chain observed in the recently reported
laforin glucan-bound structure (42). The only significant
change in preference was observed for laforin, where the lafo-
rin-W32G mutant exhibited slightly greater C3-specificity than
wild type (Fig. 3C). Cumulatively, these data indicate that glu-
can phosphatase site-specific activity is determined by the DSP
domain.

Comparative Glucan Phosphatase Activity Against Soluble
Amylopectin and Phospho-oligosaccharides—Data involving
these chimeric proteins led to the question of the role of ancil-
lary glucan-binding domains, found in all known glucan phos-
phatases (28, 42, 57, 65). Laforin and SEX4 each contain a CBM
and LSF2 contains two non-catalytic glucan binding sites asso-
ciated with its CT-motif. These domains bind glucans indepen-
dently from glucan-interacting platforms within the DSP
domain itself (28, 42, 57). We hypothesized that these domains
may be critical to glucan dephosphorylation against water-sol-
uble versus -insoluble substrates among the different glucan
phosphatases.

We first compared glucan phosphatase activity against solu-
bilized potato amylopectin, which has a relatively high level of
glucose-bound phosphate estimated at 1 phosphate molecule
per 317 glucose units (67). The amylopectin was solubilized and
phosphate release by glucan phosphatases measured. SEX4
(0.88 = 0.08 nmol P, released X min~' X nmol protein™1),
LSF2 (0.22 + 0.01 nmol P, released X min~' X nmol pro-
tein '), and laforin (10.6 * 0.4 nmol P, released X min~" X
nmol protein™'), all displayed robust specific activity (Fig. 4,
A-C), consistent with previous studies (61).

We then tested the ability for the ancillary glucan-binding
variants to dephosphorylate water-soluble amylopectin (Fig. 4).
Surprisingly, we found that removal of the ancillary glucan-
binding interfaces had little effect on their specific activity.
Strikingly, SEX4ACBM had effectively the same activity against
water-soluble amylopectin as wild type SEX4, with no statisti-
cally significant decrease (Fig. 44). LSF2-RF, LSF2+CBM, and
laforin-W32G showed moderate but significant decreases in
activity compared with their respective wild type counterparts,
ranging from 12-33% (Fig. 4, B and C).

We also compared the ability of the glucan phosphatases to
dephosphorylate short-chain, soluble phospho-oligosaccha-
rides. The relative activity of the wild type glucan phosphatases
against soluble phospho-oligosaccharides was similar to that
seen against amylopectin, with SEX4 (5.5 = 0.2 nmol P,
released X min~' X nmol protein™'), LSF2 (3.2 = 0.3 nmol P,
released X min~' X nmol protein~ '), and laforin (28.1 + 0.8
nmol P; released X min~' X nmol protein~') all showing
robust specific activity (Fig. 4, A-C). Similarly, the activity of
the glucan phosphatase variants with altered glucan-binding
domains showed activity levels equivalent to that observed for
wild-type proteins (Fig. 4, A—C). These results indicate that the
DSP domain is necessary and sufficient for specific activity
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FIGURE 4. Glucan phosphatase activity against non-crystalline, water-
soluble polyglucan substrates. Activity of A) SEX4, B) LSF2, and C) Laforin
wild-type and variants against solubilized amylopectin (left) and soluble
phospho-oligosaccharides purified from potato (right). Error bars represent
the = S.D. of five replicates. Statistical analysis of wild type and mutant activ-
ities demonstrates significant differences (p < 0.005), between all constructs
except between SEX4 wild type and SEX4ACBM with amylopectin and LSF2
wild type and LSF2+CBM for soluble phospho-oligosaccharides.

against water-soluble polyglucan substrates, while the ancillary
glucan-binding domains are dispensable.

Glucan Phosphatase Activity Against Insoluble Starch—We
next performed a comparative enzymatic analysis against the
complex water-insoluble glucan substrate starch. Starch differs
significantly from the soluble polyglucan substrates due to the
glucan chains forming helices and semi-crystalline lamellae,
which directly contribute to its insolubility (2, 3). Phosphatase
activity was determined using **P-radiolabeled starch. All three
wild type glucan phosphatases showed robust specific activity ver-
sus starch: SEX4 (0.55 = 0.03 nmol P, released X min~"' X nmol
protein "), LSF2 (0.21 = 0.02 nmol P, released X min~"' X nmol
protein™'), and laforin (2.38 * 0.31 nmol P, released X
min~" X nmol protein~') (Fig. 5). As seen with soluble glucan
substrates laforin again had the highest absolute activity indi-
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FIGURE 5. Glucan phosphatase activity against the crystalline, water-in-
soluble polyglucan substrate starch. Activity of A) SEX4, B) LSF2, and ()
Laforin wild-type and variants against radiolabeled Arabidopsis starch. Error
bars represent the = S.D. of six replicates. Statistical analysis demonstrates a
significant difference between wild type and mutant for all variants (p <
0.005).

cating that the overall trend in total activity between all three
glucan phosphatases is consistent between soluble and insolu-
ble polyglucan substrates.

Next, we tested the glucan phosphatase variants to deter-
mine the contribution of ancillary glucan-binding domains on
specific activity of an insoluble glucan (Fig. 5). In striking con-
trast to soluble glucan substrates, we saw a dramatic effect.
SEX4ACBM activity was reduced 97%, comparable to the level
of background. LSF2-RF activity against starch was also drasti-
cally reduced by 91%. Interestingly, LSF2+CBM had a statisti-
cally significant increase in activity of 26% against starch com-
pared with wild type, indicating increased interaction
facilitated by the glucan-binding domain. Laforin-W32G activ-
ity was also dramatically reduced by 98% compared with wild
type. In contrast to soluble polyglucan substrates, these data
demonstrate the necessary role for ancillary glucan-binding
domain for the specific activity of glucan phosphatases against
insoluble polyglucan substrates.

Discussion

Glucan phosphatases are critical for regulating the metabo-
lism of complex carbohydrates in plants and animals, influenc-
ing the utilization and solubility of starch and glycogen, respec-
tively (11, 36). The current study defines the comparative
enzymology of glucan phosphatases in terms of specific activity
against both water-soluble and -insoluble polyglucan sub-
strates (Fig. 6). We also identify both key common elements of
glucan phosphatase enzymology and intriguing differences
between family members.

Our results demonstrate that the PTP-loop of glucan phos-
phatases forms a conserved structural motif required for
engagement of glucan substrates. We identify a glucan phos-
phatase PTP-loop signature sequence of CZAGWGR that is
uniquely adapted for engaging glucan chains and directing
them toward the active site (Fig. 6). This signature motif not
only helps to define bona fide glucan phosphatases but also
explains the lack of LSF1 activity. Although LSF1 contains both
phosphatase and carbohydrate binding domains it does not
possess the identified CCAGWGR motif and thus lacks glucan
phosphatase activity (11). Additionally, previous studies have
identified the lack of a histidine residue N-terminal to the cat-
alytic cysteine (11, 30). While LSF1 binds starch granules effi-
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FIGURE 6. Summary of glucan phosphatase activity against polyglucan
substrates. Soluble phospho-glucan substrates (phospho-oligosaccharrides
and solubilized amylopectin) are dephosphorylated directly by the DSP-do-
main. Complex, insoluble polyglucan substrates (starch, image at left) must
be engaged by the CBM before dephosphorylation can occur by the DSP-
domain. The inset at right depicts the glucan phosphatase PTP-loop, which
contains a CCAGWGR motif necessary for engaging glucans at the catalytic
site.

ciently, these data together strongly indicate that its target sub-
strate is not the starch glucans themselves as is the case with
both SEX4 and LSF2.

We find that the DSP domain is responsible for engagement
and dephosphorylation of glucan substrates in an orientation-
specific fashion. The three glucan phosphatases show signifi-
cantly different total activity and position-specific preference.
SEX4 shows a C6 preference, laforin shows a C3 preference, and
LSF2 is C3 specific. Previously, the substrate specificity of lafo-
rin was entirely unknown. Phosphate monoesters have been
reported in glycogen at the C6-, C3-, and C2-positions (50, 51,
66). Wehave determined thatlaforin preferentially dephosphor-
ylates the C3-position, consistent with both structural studies
(42) and the observation that C6-phosphates represent a
minority (20%) of glycogen-bound phosphate (66). Further, the
W32G Lafora disease mutant showed both reduced activity as
well as an alteration in C3/C6 specificity, with increased
C3-specificity. These data suggest that phosphorylation of the
different positions may have differential effects in animals, as
has previously been demonstrated in plants (15). Thus, glyco-
gen phosphorylated on different hydroxyl positions could be
analogous to phosphoinositols where phosphorylation of dif-
ferent hydroxyls results in diverse downstream effects. Future
studies will be necessary to understand this additional dimen-
sion of glycogen metabolism and the molecular pathology of
LD.

The present study also demonstrates that the DSP domain of
glucan phosphatases is sufficient for specific activity against
water-soluble polyglucans (Fig. 6). These glucans are freely sol-
uble and lack the higher-ordered crystalline features of starch.
Thus, the rapid diffusion of the polyglucan and glucan phos-
phatase in solution likely enables the glucan-interacting motifs
present at the active site to readily engage and remove phos-
phate groups. While the ancillary binding domains are not
required for activity against soluble glucan substrates, we estab-
lish that the ancillary binding domains are absolutely critical for
activity against insoluble starch (Fig. 6). This difference high-
lights the distinct environment of glucans at the outer starch
granule, which has physiochemical properties unfavorable to
enzymatic modification as a crucial feature of its cellular func-
tion. In this water-insoluble microenvironment, the ancillary
glucan-binding domains are necessary for glucan binding and
dephosphorylation.
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We establish that laforin has a significantly higher level of
activity than the other glucan phosphatases, which may be
related to the function of laforin in preventing the accumula-
tion of neuro-toxic, insoluble Lafora bodies. The higher specific
activity of laforin may arise from cooperativity, as recent evi-
dence demonstrates that laforin forms a functional dimer (42,
68). Additionally, activity data from the LD patient mutation
W32G significantly advances our understanding of the mecha-
nism of laforin mutations. Strikingly, there is an increasing loss
of activity for the W32G mutation comparing amylopectin
(33% loss), to glycogen (57% loss) (42), to starch (98% loss).
Thus, the CBM domain has an enhanced contribution to activ-
ity as the carbohydrate increases in complexity and/or insolu-
bility. These differences have significant implications for lafo-
rin’s role in human disease, since it has been demonstrated that
LBs are insoluble starch-like inclusions. Moreover, laforin pref-
erentially binds insoluble starch-like Lafora bodies compared
with glycogen (65, 69, 70). These data suggest that laforin
requires its ancillary glucan-binding domain to avidly engage
and dephosphorylate nascent LBs, which are aberrant starch-
like polyglucan substrates. Multiple LD patient point muta-
tions, including W32G, exist in the laforin CBM, suggesting a
common mechanism for this class of mutations.

The lower activity of SEX4 and LSF2, relative to laforin, is
likely to be advantageous in their biological context. The cur-
rent model of reversible starch phosphorylation describes a
complex interplay involving glucan phosphorylation, amylases,
and glucan dephosphorylation, which are essential steps for effi-
cient solubilization and degradation (2, 11). Changes in the
dynamics between phosphorylation and dephosphorylation in
vivo impact both starch synthesis and catabolism, including the
inability to degrade starch and alterations in granule morphology
(13,15,19, 22, 30, 63, 71-73). Thus, the lower glucan phosphatase
activity of SEX4 and LSF2 may provide an essential kinetic mech-
anismcontrollingthebalancebetweenphosphorylationanddephos-
phorylation to permit degradation before dephosphorylation
drives the outer starch granule back into an insoluble state.

Plants store insoluble starch and animals store soluble glyco-
gen. While plants store insoluble starch, sex4-3 plants accumu-
late soluble phospho-oligosaccharides whose role in normal
plant metabolism is unclear. Humans accumulate aberrant
polyglucosan bodies in both LD and during the aging process, as
corpora amylacea is observed in multiple tissues and accumu-
lates with age (74). Thus, there are many avenues to explore the
role of glucan (de)phosphorylation in both plant and animal
systems. The differences observed between position-specific
glucan phosphatase activity against soluble and insoluble sub-
strates opens up new avenues for understanding glucan phos-
phatase function and provides a critical variable to consider
when measuring and comparing glucan phosphatase activity.
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