
The Laforin-Like Dual-Specificity Phosphatase SEX4
from Arabidopsis Hydrolyzes Both C6- and C3-Phosphate
Esters Introduced by Starch-Related Dikinases and
Thereby Affects Phase Transition of a-Glucans1[W]

Mahdi Hejazi, Joerg Fettke*, Oliver Kötting, Samuel C. Zeeman, and Martin Steup

Department of Plant Physiology (M.H., J.F., M.S.) and Mass Spectrometry of Biopolymers (J.F.), Institute
of Biochemistry and Biology, University of Potsdam, 14476 Potsdam-Golm, Germany; and Institute of
Plant Sciences, ETH Zurich, 8092 Zurich, Switzerland (O.K., S.C.Z.)

The biochemical function of the Laforin-like dual-specific phosphatase AtSEX4 (EC 3.1.3.48) has been studied. Crystalline
maltodextrins representing the A- or the B-type allomorph were prephosphorylated using recombinant glucan, water dikinase
(StGWD) or the successive action of both plastidial dikinases (StGWD and AtPWD). AtSEX4 hydrolyzed carbon 6-phosphate
esters from both the prephosphorylated A- and B-type allomorphs and the kinetic constants are similar. The phosphatase also
acted on prelabeled carbon-3 esters from both crystalline maltodextrins. Similarly, native starch granules prelabeled in either
the carbon-6 or carbon-3 position were also dephosphorylated by AtSEX4. The phosphatase did also hydrolyze phosphate
esters of both prephosphorylated maltodextrins when the (phospho)glucans had been solubilized by heat treatment.
Submillimolar concentrations of nonphosphorylated maltodextrins inhibited AtSEX4 provided they possessed a minimum
of length and had been solubilized. As opposed to the soluble phosphomaltodextrins, the AtSEX4-mediated dephosphory-
lation of the insoluble substrates was incomplete and at least 50% of the phosphate esters were retained in the pelletable
(phospho)glucans. The partial dephosphorylation of the insoluble glucans also strongly reduced the release of nonphos-
phorylated chains into solution. Presumably, this effect reflects fast structural changes that following dephosphorylation occur
near the surface of the maltodextrin particles. A model is proposed defining distinct stages within the phosphorylation/
dephosphorylation-dependent transition of a-glucans from the insoluble to the soluble state.

The metabolism of starch, the most prominent
storage carbohydrate in plants, is assumed to require
approximately 30 to 40 distinct (iso)enzymes
(Deschamps et al., 2008), but, presumably, the list of
the starch-related proteins is not yet complete. Sev-
eral novel proteins (and protein functions) essential
for the normal starch metabolism have recently been
identified among which are two a-glucan phosphor-
ylating dikinases. One dikinase (glucan, water di-
kinase [GWD], EC 2.7.9.4) utilizes ATP as dual
phosphate donor and esterifies the C6 position of
amylopectin-related glucosyl residues, whereas the
other dikinase (phosphoglucan, water dikinase [PWD],
EC 2.7.9.5) selectively transfers the b-phosphate group

from ATP to the C3 position of glucosyl residues (Ritte
et al., 2006).

Two other previously unknown starch-related en-
zymes were designated as SEX4 protein (EC 3.1.3.48;
At3g52180; previous designations PTPKIS1 and DSP4)
and as Like Sex Four1 (LSF1) protein (At3g01510; pre-
viously named PTPKIS2; Comparot-Moss et al., 2010).
Both proteins are predicted to contain a noncatalytic
carbohydrate-binding module (CBM; Boraston et al.,
2004; Shoseyov et al., 2006) and a catalytic dual-
specificity phosphatase (DSP) domain. The latter is
shared by the large family of DSPs that dephosphory-
late distinct target phosphoproteins both at phos-
photyrosine and phosphoserine/phosphothreonine
residues. Some DSPs also act on various nonproteina-
ceous substrates, such as phospholipids or phosphory-
lated polyglycans (Pulido and Hooft van Huijsduijnen,
2008).

Arabidopsis (Arabidopsis thaliana) mutants lacking
a functional SEX4 protein contain both elevated
starch levels and significant amounts of soluble phos-
phooligoglucans that are below the limit of de-
tection in wild-type plants and probably originate
from starch. However, the precise biochemical func-
tion of SEX4 is far from being clear (Kötting et al.,
2009). The phenotype of the SEX4-deficient mutant
is complex: Transitory starch possesses an elevated
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amylose-to-amylopectin ratio but the phosphate con-
tent of amylopectin is not increased. It has been
hypothesized that SEX4 and LSF1 selectively hydro-
lyze C6- and C3-phosphate esters, respectively, but
experimental evidence is lacking (Kötting et al., 2009).
Likewise, it is unknown whether SEX4 preferentially
acts on particulate starch or on soluble phosphoglu-
cans.

Crystalline maltodextrins (MDcryst) have recently
been introduced as a model mimicking some struc-
tural features of the native starch granules (Hejazi
et al., 2008). They can be crystallized as either the A- or
the B-type allomorph (Gallant et al., 1997; Gérard et al.,
2001). Recombinant StGWD phosphorylates both
maltodextrin allomorphs with a far higher rate than
native starch granules and thereby initiates solubili-
zation of both phosphorylated and nonphosphory-
lated maltodextrins. In vitro both allomorphs act also
as substrate for PWD provided a prephosphorylation
by GWD (Hejazi et al., 2009).

In this study, we used the prephosphorylated A- and
B-type allomorphs of MDcryst to study biochemical
functions of AtSEX4. As highly ordered a-glucans are
the preferred sites of the dikinase-mediated phosphor-
ylation, we designed experiments to answer the fol-
lowing questions: Does SEX4 preferentially act on
phosphorylated insoluble or soluble glucans? If insol-
uble a-glucans are the preferred substrate, does the
phosphatase distinguish between theA- and the B-type
allomorph? Does SEX4 preferentially or selectively
hydrolyze C6-phosphate esters? Does SEX4 also inter-
act with nonphosphorylated oligoglucans? Finally, as-
suming that SEX4 acts on insoluble phosphoglucans,
does the removal of phosphate esters affect the phase
transition and/or the physical order of the glucans?

RESULTS

SEX4 Acts on C6-Phosphate Esters of Both Crystalline

and Solubilized Maltodextrins But the Mode of
Action Differs

The physical and physicochemical properties of the
two crystalline maltodextrin preparations representing
theA- or theB-type allomorph (A-MDcryst andB-MDcryst,

respectively) used in this study were indiscernible from
those previously described (Hejazi et al., 2009).

For the determination of kinetic constants of
AtSEX4, both MDcryst preparations were prephos-
phorylated for 60 min with recombinant StGWD and
[b-33P]ATP. Subsequently, the glucosyl and the gluco-
syl 6-P contents of the pelletable (phospho)glucans
were quantified. The water-insoluble preparations de-
rived from the A- or the B-type allomorph differed by
less than 10% in the ratio of glucosyl 6-P residues and
glucosyl moieties (Table I). As phosphorylation of
the twoMDcryst preparations is restricted to the surface
of the particles, the surface-near degree of phosphory-
lation is likely to be higher as the average values given
in Table I.

Varying amounts of the two prelabeled MD prepa-
rations were incubated with wild-type AtSEX4 using
the short-term assay (STA). Under these conditions, less
than 4% of the glucosyl 6-P esters were hydrolyzed but
the hydrolysis rates were constant. The maximal hy-
drolytic activity (Vmax) and the half-saturating MD
levels (S0.5 values) were determined according to Hanes
(1932; Table I). For the B-type derived substrate, both
the Vmax and the S0.5 values were slightly higher than
those for the A-type counterpart. The first-order rate
constants (Vmax/S0.5), i.e. the rates at limiting substrate
levels, were very similar and, therefore, AtSEX4 does
not exert any obvious allomorph preference. However,
the GWD-mediated prephosphorylation initiates tran-
sition from the highly ordered to the soluble state
(Hejazi et al., 2009). Therefore, the actual substrates of
AtSEX4 (i.e. phosphoglucans) are unlikely to represent
the original A- or B-type allomorph but rather inter-
mediate structures.

For a more quantitative hydrolysis of the phosphate
esters, incubation with AtSEX4 was extended to 60
min. Furthermore, the prephosphorylated maltodex-
trins were applied either in an insoluble or a heat-
solubilized state (long-term assay [LTA]). The four
labeled samples were incubated with equal amounts
of recombinant AtSEX4. At intervals, the content of
[33P]orthophosphate, as percentage of the total label,
was determined. The solubilized phosphoglucans, de-
rived from either the A- or B-type allomorph are not
necessarily identical as they may differ in the intra-
molecular position of the phosphate esters.

Table I. Kinetic parameters of SEX4 acting on prephosphorylated A- and B-type MDcryst (STA)

Vmax and S0.5 values were determined according to Hanes (1932). A- and B-type MDcryst were
prephosphorylated using StGWD and [b-33P]ATP for 60 min. Subsequently, varying amounts of both
prelabeled water-insoluble MD were incubated with AtSEX4 (25 ng). At 1 min intervals, aliquots of the
reaction mixtures were heat inactivated and the [33P]orthophosphate was quantified by TLC and phosphor
imaging (n = 3; 6SD). G6P, Glc 6-P.

Allomorph
Degree of

Phosphorylation
S0.5 Vmax Vmax/S0.5

nmol G6P/mmol Glc mg nmol min21 mg21 SEX4 nmol min21 mg21 SEX4/mg MD

A type 0.56 2.4 6 0.1 30 6 1.1 12.5
B type 0.52 3.6 6 0.2 49 6 2.1 13.6
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Recombinant AtSEX4 dephosphorylated both the
solubilized and the water-insoluble prephosphory-
lated MD but the mode of action differed (Fig. 1).
Dephosphorylation of the solubilized maltodextrins
proceeded with time and after 60 min the majority of
the total 33P label was recovered as orthophosphate.

By contrast, the initial rates of dephosphorylation of
the insoluble phosphoglucans were higher but, sub-
sequently, strongly declined. After 60 min incubation,
dephosphorylation was far from being complete.
Essentially the same mode of action was found for
both the prephosphorylated A- and B-MDcryst but the
dephosphorylation of the A-type allomorph tended
to be less complete as compared to the B-type
allomorph. When the period of the GWD-mediated
prephosphorylation was varied between 5 and 60
min, similar results were obtained (data not shown).
Likewise, the incomplete dephosphorylation was ob-
served in a relatively wide range of AtSEX4 levels
(Table II).

In other experiments, two mutated SEX4 proteins
(N333K and K307Q) were used in which a single
amino acid residue within the putative CBM (family
48; Christiansen et al., 2009) is exchanged. Both muta-
tions diminish functionality of the CBM (Gentry et al.,
2007). The two mutated AtSEX4 proteins and the wild-
type phosphatase were adjusted to equal phosphatase
activity as revealed by the p-nitrophenyl phosphate
assay. With both mutated AtSEX4 proteins, the rate of
the orthophosphate release from the prephosphory-
lated B-type allomorph was diminished but the time
dependencies were similar to that of the wild-type
AtSEX4. Following a relatively fast hydrolysis at the
onset of the incubation, dephosphorylation gradually
ceased and following 45 min, no further increase in the
orthophosphate formed was detectable (Fig. 1). Thus,
a functional CBM appear to be essential for the effi-
cient (yet incomplete) dephosphorylation of insoluble
phosphomaltodextrins.

AtSEX4 Acts on Singly, Doubly, and Triply
Phosphorylated a-Glucans

As the incomplete hydrolysis shown in Figure 1 could
be due to a selective action of AtSEX4 on distinct
phosphate esters, we analyzed the ratio of singly,
doubly, and triply phosphorylated glucan chains in
the water-insoluble MD before and after the AtSEX4
action. Both allomorphs were prephosphorylated for 60
min using StGWD and [b-33P]ATP. By increasing the
total amount of the insoluble MD analyzed (compare
with Hejazi et al., 2009), the 33P label of singly, doubly,
and triply phosphorylated maltodextrins could be
quantified. For both the A- and B-type allomorphs,
the majority of the 33P was recovered in monophos-
phorylated a-glucans (Table III).

Following both 30 and 60 min of incubation, the 33P
labeling of singly, doubly, and triply phosphorylated
glucans of the residual pelletable MD were quantified.
Values are given as percentage of the respective
phosphoglucan before the incubation with AtSEX4
(Table IV).

In bothMD preparations, the labeling patterns of the
residual pelletable phosphoglucans were very similar.
The 33P content of the triply phosphorylated com-
pounds is decreased by approximately 90% during 30

Figure 1. AtSEX4 dephosphorylates glucosyl 6-P residues of both the
prephosphorylated A- and B-type MDcryst. Wild-type AtSEX4 was
incubated with the prelabeled A-type (A) or the B-type (B) MD in the
insoluble (black symbols) or solubilized (white symbols) state using the
LTA (see “Materials and Methods”). In C, two mutated AtSEX4 proteins
(N333K [N/K] and K307Q [K/Q]) and the wild-type AtSEX4 protein
(see insert) were incubated with the prelabeled insoluble B-type allo-
morph. The three phosphatases were balanced to equal p-nitrophenyl
phosphate hydrolyzing activity. In A to C, prephosphorylation (and
prelabeling) was performed for 60 min. At intervals, aliquots of each of
the four reaction mixtures were heat treated and subjected to TLC.
Radioactivity was quantified by phosphor imaging (n = 3; 6SD).

SEX4 Hydrolyzes Both C6- and C3-Phosphate Esters
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min AtSEX4 action and subsequently it decreased only
slightly. Doubly phosphorylated glucans were dimin-
ished by more than 80% during 30 min with very little
change during the next 30 min. The 33P content of the
residual monophosphorylated glucans was approxi-
mately half of that at the onset of the AtSEX4 action.
Thus, the phosphoglucan patterns of residual insolu-
ble (phospho)glucans derived from both the A- and
the B-type allomorphs are deprived of multiply phos-
phorylated glucans but enriched in monophosphory-
lated compounds.

Nonphosphorylated Soluble Maltodextrins
Inhibit AtSEX4

Nonphosphorylated rather than phosphorylated
glucans are predicted to bind to CBM48 and, therefore,
we hypothesized that nonphosphorylated a-glucans
can also interact with AtSEX4. If so, they possibly
could interfere with the phosphatase activity. To test
this hypothesis, an aliquot of the B-type MDcryst prepa-
ration was untreated (nonphosphorylated MD),
whereas another aliquot was prephosphorylated for
60 min by using recombinant StGWD and [b-33P]ATP
and, subsequently, served as substrate (500 mg each)
of recombinant AtSEX4. The nonphosphoryated MD
were either solubilized by heating (B-MDsol) or re-
mained water insoluble (B-MDcryst). Varying amounts
of either B-MDsol or B-MDcryst nonphosphorylated
MD were preincubated for 10 min with recombinant
AtSEX4 (25 ng each). The phosphatase reaction was
started by adding prephosphorylated insoluble MD
and, at intervals, aliquots of the complete reaction
mixtures were heat treated. Finally, the [33P]ortho-
phosphate released was quantified by thin-layer chro-
matography (TLC) and phosphor imaging. In Figure 2
the amount of orthophosphate formed in the various
reaction mixtures during 5 min is given. For more
detailed kinetics, see Supplemental Figure S1.

Varying amounts of nonphosphorylated B-MDcryst
had very little effect on the release of orthophosphate

but nonphosphorylated B-MDsol were efficient in-
hibitors, reducing the phosphatase activity by up
to 80%.

The maltodextrins used in these experiments con-
sist of a degree of polymerization (DP) ranging from 6
to approximately 30 (Hejazi et al., 2009). Maltodex-
trins extracted from leaves rarely exceed a DP of 7
(Critchley et al., 2001) and, therefore, it is uncertain
whether they can be considered as potential inhibi-
tors of SEX4. To clarify this question, we included two
commercially available maltodextrins with a defined
DP, maltotriose and maltoheptaose. When applied in
micromolar concentrations, maltotriose had almost
no effect on the AtSEX4 activity. By contrast, malto-
heptaose did significantly inhibit the phosphatase
(Fig. 2). Both DP3 and DP7 were applied in the same
range of molar concentrations as B-MDsol if the cal-
culation is based on the molar mass of the most
frequently occurring a-glucan, DP15. Thus, soluble
maltodextrins having a physiologically relevant size
are potential inhibitors of AtSEX4.

AtSEX4 Hydrolyzes C3-Phosphate Esters of Both
Insoluble and Solubilized Phosphomaltodextrins and of

Native Prephosphorylated Granules as Well

Recombinant AtPWD is unable to introduce phos-
phate esters at the C3 position in the A- or B-type
allomorph of the crystalline maltodextrin preparations
except the two types have been prephosphorylated by
StGWD (Hejazi et al., 2009). To specifically analyze any
action of AtSEX4 on the phosphate esters at C3, a
three-step procedure was chosen: Crystalline malto-
dextrins representing either the A- or the B-type
allomorph were first phosphorylated at the C6 posi-
tion using recombinant StGWD and unlabeled ATP.
Subsequently, they were esterified at C3 by recombi-
nant AtPWD and [b-33P]ATP. Following the second
phosphorylating reaction, the insoluble maltodextrins
were freed from AtPWD and [b-33P]ATP and each of
the two insoluble maltodextrin samples was then
divided into two equal parts, one of which remained
water insoluble, whereas the other one was solubilized

Table II. Incomplete dephosphorylation of insoluble phosphoglucans
using varying levels of AtSEX4

The B-type allomorph of MDcryst, prephosphorylated with StGWD
and [b-33P]ATP for 60 min, was incubated with either 25 or 100 ng of
AtSEX4. At intervals, the levels of [33P]orthophosphate were deter-
mined. [33P]Orthophosphate released is given as percentage of the
total 33P content of the prephosphorylated MD. Mean values n = 3;
6SD.

Time

33P-Orthophosphate Released

25 ng SEX4 100 ng SEX4

min %

5 30 6 3 33 6 2
10 36 6 2 36 6 4
30 38 6 3 41 6 4
60 40 6 3 46 6 3

Table III. Patterns of singly, doubly, and triply phosphorylated
maltodextrins following the action of recombinant StGWD on
insoluble MD

Both A- and B-type MDcryst were prephosphorylated for 60 min.
Subsequently, the distribution of 33P between singly, doubly, and triply
phosphorylated maltodextrins was determined. The 33P content of
each of the three phosphoglucan species is calculated as percentage of
the total 33P labeling (100%).

MDcryst Allomorph

33P Distribution of Phosphorylated MD

Singly Doubly Triply

%

A type 68.7 28.3 3.0
B type 59.0 36.2 4.8

Hejazi et al.
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by heat treatment. The four prelabeled maltodextrin
preparations were then incubated with AtSEX4 and, at
intervals, the content of [33P]orthophosphate was de-
termined. Thus, all four (phospho)maltodextrins are
phosphorylated both at the C6 and the C3 position but
only those at C3 contain 33P.

AtSEX4 hydrolyzed phosphate esters at the C3
position in all four (phospho)maltodextrin samples
(Fig. 3). However, with both insoluble maltodextrins
(derived from either the A- or the B-type allomorph)
orthophosphate formation was fast during the first 10
min of incubation and, subsequently, the rate of hy-
drolysis ceased. By contrast, hydrolysis of the C3 esters
from the solubilized (phospho)glucans proceeded
with time and after 60 min incubation the amount of
orthophosphate released was approximately 2-fold
higher than that from the insoluble (phospho)glucans.
Thus, the mode of the AtSEX4 action on C3 esters
closely resembles the hydrolysis of C6 phosphates
(Fig. 1).

Similar results were obtained when native starch
granules prelabeled in either the C6 or the C3 position
were incubated with AtSEX4 (Table V). Hydrolysis of
the C6 phosphate ester appears to be faster as com-
pared to that of the C3 counterpart. This difference
may, however, be not relevant as in the prephosphory-
lated native starch granules C3 esters occurred less
frequently than C6 phosphates (Table V). Furthermore,
AtSEX4 is likely to act simultaneously on both the
labeled C3 and the unlabeled C6 esters but, if so,
hydrolysis of the latter remains unnoticed.

Table IV. Labeling of the singly, doubly, and triply phosphorylated
glucans remaining in the insoluble MD after the action of
recombinant AtSEX4

Following 30 or 60 min of incubation with AtSEX4, the residual
insoluble phosphoglucans were isolated. The 33P content of each of
the three phosphoglucan species is given as percentage of the initial
33P labeling of the respective species (100%).

MDcryst Allomorph

33P Labeling of Phosphorylated MD

after SEX4 Incubation

Singly Doubly Triply

%

30 min incubation with SEX4
A type 57.3 18.5 10.8
B type 46.1 15.9 9.4

60 min incubation with SEX4
A type 49.1 13.6 6.8
B type 41.3 13.8 6.2

Figure 2. Nonphosphorylated sol-
ubilized maltodextrins inhibit the
phosphatase activity of AtSEX4.
B-type MDcryst was prephosphory-
lated (and prelabeled) for 60 min
using StGWD. Equal amounts of
AtSEX4 were preincubated with
varying amounts of nonphosphory-
lated B-MDcryst (A), nonphosphor-
ylated B-MDsol (B), maltotriose
(C), or maltoheptaose (D). Subse-
quently, equal amounts of the pre-
phosphorylated insolubleMDwere
added and the orthophosphate re-
leased after 5 min was determined
as in Figure 1. n = 3; 6SD.

SEX4 Hydrolyzes Both C6- and C3-Phosphate Esters
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AtSEX4 Does Not Hydrolyze the Catalytically Essential
Phosphohistidine Residue of StGWD and Very Poorly

Acts on ATP

For a more detailed analysis of the dephosphoryla-
tion ofMDwe intended to study a simultaneous action
of both AtSEX4 and StGWD. This experiment is,
however, only meaningful if two prerequisites are
given: AtSEX4 should neither dephosphorylate the
essential intermediary state of GWD, i.e. GWD-P, nor
should it hydrolyze ATP.

Based on sequence analysis, SEX4 is predicted to be
a DSP acting on both proteinaceous and nonproteina-
ceous substrates but so far any potential protein target
is unknown. Therefore, we tested whether or not
AtSEX4 is capable of hydrolyzing the catalytically
active state of StGWD (designated as GWD-P). Al-
though phosphohistidine residues do not belong to the
predicted targets of any known DSPs (see above), this
possibility needed to be disproven as otherwise a short
yet nonproductive reaction sequence [b-33P]ATP /
GWD-33P/ 33Pi could occur that bypasses any glucan
phosphorylation.

The stability of GWD-P in the presence of SEX4 was
tested using two approaches (procedures A and B, see

“Materials and Methods”). In both procedures, recom-
binant StGWD was prephosphorylated for 3 min with
[b-33P]ATP in the absence of any a-glucan.

In procedure A, incubation of StGWD was con-
tinued in the presence of [b-33P]ATP and either
the absence or presence of AtSEX4. At intervals, the
alkaline-stable 33P content of StGWD was determined.
In both reaction mixtures the 33P content of the
dikinase remained constant for 10 min and, subse-
quently, decreased but the recombinant AtSEX4 did
not affect this process (Fig. 4). When in the prephos-
phorylation mixture a higher concentration of ATP
was used (10 mM instead of 5 mM), the period of the
maximal 33P content of GWD was extended to 20 min
but, subsequently, the labeling decreased strongly
without any noticeable enhancing effect of AtSEX4
(data not shown). In procedure B, a pulse-chase ex-
periment was performed. Following 3 min incubation,
a large excess of unlabeled ATP (500 mM) was added
and incubation of StGWD was continued. Under these
conditions, the 33P content of StGWD immediately
declined. Again, the presence of AtSEX4 did not
enhance the loss of the label in StGWD-P.

Thus, in the absence of any a-glucan, the recombi-
nant StGWD mediates a transfer of a phosphate group

Figure 3. AtSEX4 dephosphorylates glucosyl 3-P residues of both the prelabeled A- and B-type allomorphs. Both types were
subjected to a two-step procedure. First, both allomorphs were prephosphorylated (but unlabeled) in C6 using StGWD and
unlabeled ATP (60 min incubation). Second, both water-insoluble MD were phosphorylated (and labeled) using recombinant
AtPWD and [b-33P]ATP. Subsequently, a part of the prelabeled insoluble MD solubilized by heating, whereas the other part
remained untreated. All four (phospho)glucans, solubilized (white symbols) and insoluble (black symbols) of A-type (A) or B-type
allomorph (B), were incubated with 100 ng AtSEX4. At intervals, aliquots of each reaction mixture were withdrawn and
processed as in Figure 1 (n = 3; 6SD).

Table V. AtSEX4-mediated hydrolysis of C6 and C3 phosphate esters at native starch granules

Native sex1-3 starch granules were prelabeled with 33P at either C6 or C3 positions and were then
incubated with AtSEX4 (see “Materials and Methods”). The released radioactive label was quantified by
scintillation counting. Phosphatase activity is given as specific enzyme activity (nmol P mg21 SEX4 min21)
or as the relative rate of 33P release in the reaction mixture; the total 33P content of the starch added to the
reaction mixture is taken as 100% (% P min21). Mean values 6SE are given (n = 3).

Position of
33P-Labeled Phosphate

Phosphate

Content

Phosphatase

Activity

pmol P mg21 starch nmol P mg21 SEX4 min21 % P min21

C6 90.169 3.675 6 0.037 0.509 6 0.005
C3 32.615 0.643 6 0.012 0.247 6 0.005

Hejazi et al.
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from ATP to the conserved His residue and from there
to a so-far-unknown endogenous acceptor. Subse-
quently, the dephosphorylated His residue of StGWD
returns into the phosphorylated state. If either the
concentration or the specific radioactivity of the [b-33P]
ATP is significantly decreased, the 33P label of StGWD
disappears but AtSEX4 does not enhance this process.
AtSEX4 acts very poorly on ATP. [b-33P]ATP was

also incubated with AtSEX4 in the absence of StGWD
and the release of orthophosphate was determined.
In this particular experiment, 75% and 25% of the
[33P]ATP contained the radioactivity in the b- and
g-position, respectively. For comparison, a commer-
cially available phosphatase, the Antarctic phospha-
tase was included. The activity of both phosphatases
was balanced using the p-nitrophenyl phosphate as-
say. The Antarctic phosphatase hydrolyzed ATP
efficiently, whereas almost no [33P]orthophosphate
release was observed during 60 min incubation with
AtSEX4 (Table VI). Thus, the entire catalytic activity of
StGWD is unaffected by AtSEX4 and, therefore, the
analysis of the simultaneous action of both enzymes
is meaningful.

AtSEX4 Counteracts the GWD-Mediated Solubilization
of Insoluble (Phospho)glucans

The B-type allomorph of crystalline maltodextrins
was prephosphorylated (and prelabeled) for either 5
or 60 min with StGWD and [b-33P]ATP. Following
termination of the phosphorylation and washing, un-
labeled ATP was added to the suspension of the
insoluble (phospho)glucans and the resulting mix-

tures were incubated with either StGWD or AtSEX4
or with both the dikinase and the phosphatase. At
intervals, aliquots of the reaction mixtures were centri-
fuged and the supernatants were analyzed for the
contents of [33P]orthophosphate, 33P-phosphoglucans,
and total glucosyl residues (Table VII). As a control,
the recombinant enzymes were inactivated by heating,
were then incubated with the insoluble glucans, and
the resulting incubation mixtures were processed as
described. The supernantants from the control mix-
tures contained very little orthophosphate, phospho-
glucans, and total glucosyl residues. The values
obtained for the controls were subtracted from the
data obtained with the functional enzymes. Due to the
StGWD-mediated phosphorylation, both phosphoglu-
cans and nonphosphorylated glucans are solubilized
during 60 min incubation. In the presence of AtSEX4
[33P]orthophosphate was liberated but no release of
nonphosphorylated nor of phosphorylated glucans
could be detected. In the presence of both StGWD
and AtSEX4, more [33P]orthophosphate was released
but the solubilization of nonphosphorylated glucans
was (at most) 1% of that observed if AtSEX4 was
omitted. Essentially the same results were obtained
when the amount of the recombinant StGWD was
increased up to 30-fold but the level of AtSEX4
remained unchanged (data not shown).

DISCUSSION

In many plant systems, starch turnover includes the
phosphorylation of relatively few amylopectin-related
glucosyl residues at the C6 and C3 position. Leaf cells
usually do not accumulate phosphorylated oligoglu-
cans (Kötting et al., 2009) and, therefore, the normal
starch turnover is likely to include reactions, allowing
starch-derived phosphoglucosyl residues to be quan-
titatively introduced into the central carbon metabo-
lism. As a-glucan-hydrolyzing enzymes, such as

Figure 4. AtSEX4 does not hydrolyze the StGWD-P. A total of 100 mg
of recombinant StGWD was incubated for 3 min with 5 mM ATP and
15 mCi [b-33P]ATP in the absence of a-glucan (see “Materials and
Methods”). Following prephosphorylation, aliquots were further incu-
bated with either 15 mg of recombinant AtSEX4 or, as a control, in the
absence of the phosphatase (Buffer; see insert). For pulse-chase exper-
iments, two aliquots were mixed with 0.5 MM unlabeled ATP in the
presence (sex4 + 0.5 mM ATP; see insert) or absence (0.5 mM ATP; see
insert) of 15 mg of recombinant AtSEX4. At intervals, aliquots (10 mL
each) were mixed with equal volume of 0.2 N NaOH and 2 mL each of
the samples were spotted onto nitrocellulose. The membrane was
washed and the radioactivity was quantified by phosphor imaging. n =
3; 6SD.

Table VI. Orthophosphate release from ATP by AtSEX4 and
Antarctic phosphatase

Both phosphatases were balanced to equal enzyme activity using
p-nitrophenyl phosphate as substrate. [33P]Orthophosphate, as deter-
mined by TLC and phosphor imaging, is given as percentage of the
total 33P content of the reaction mixture (n = 3; 6SD). n.d., Below the
limit of detection.

Time

33P-Orthophosphate Released

SEX4 Antarctic Phosphatase

min %

1 n.d. 15 6 2
2 n.d. 29 6 0.4
5 1 6 0.2 65 6 4.8

10 3 6 0.1 86 6 2.5
30 6 6 0.4 88 6 1.2
60 6 6 0.8 96 6 0.2
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b-amylases, are unable to cleave interglucose bonds in
close vicinity of phosphoglucosyl residues (Takeda
and Hizukuri, 1981), phosphate esters at both the C6
and the C3 position are expected to be hydrolyzed
before degradation of a phosphoglucan chain is com-
pleted.

In this study we have identified AtSEX4 as the
plastidial phosphatase capable of efficiently hydrolyz-
ing both phosphate esters (Figs. 1 and 3). The substrate
specificity of AtSEX4 appears to be relatively low.
While the enzyme very poorly hydrolyzes ATP (Table
VI) and does not noticeably act on GWD-P (Fig. 4), it
hydrolyzes singly, doubly, and triply phosphorylated
a-glucans (Table IV). Likewise, AtSEX4 dephosphory-
lates both soluble and insoluble phosphoglucans (Figs.
1 and 3). In the latter case, insoluble phosphoglucans
derived from either the A- or the B-type allomorph are
utilized as substrate with similar kinetic constants
(Table I). However, the actual substrate of AtSEX4 is
unlikely to be the highly ordered crystalline A- or
B-type allomorph, but rather the structurally altered
(phospho)maltodextrins at the surface of the particles.

Presumably, one important feature defining a mol-
ecule to be a carbohydrate substrate of AtSEX4 is that
it can interact with the functional CBM of the phos-
phatase (Fig. 1). Possibly the same characteristics also
allow nonphosphorylated a-glucans to be a potential

inhibitor of AtSEX4 (Fig. 2). This effect also explains
the lower activity of AtSEX4 when acting on solubi-
lized (phospho)glucans (Figs. 1 and 3). Under these
conditions, a mixture consisting of both the actual
substrate and the inhibitor of AtSEX4 are presented.
As opposed to soluble nonphosphorylated glucans,
highly ordered MDcryst almost completely lack an
inhibitory effect and, therefore, the interaction be-
tween AtSEX4 and carbohydrates appears to be re-
stricted to the less ordered or even soluble state of
a-glucans.

The maltodextrins used in most of the experiments
of this study comprise a relatively wide range of DPs.
Furthermore, even monophosphorylated maltodex-
trins represent a rather complex mixture of molecules
varying both in size and in the intramolecular position
of the phosphate ester. Therefore, detailed kinetical
analyses of the phosphatase activity and of the inhib-
itory effects of nonphosphorylated maltodextrins are
almost impossible. Nevertheless, the significant inhi-
bition of AtSEX4 by micromolar levels of maltohep-
taose (Fig. 2) clearly indicates that in vivo the plastidial
pool of soluble maltodextrins contains potential regu-
lators of AtSEX4 that probably prevent an efficient
dephosphorylation of soluble phosphoglucans by
AtSEX4. By contrast, inhibitory effects are likely to be
minor (or even absent) if AtSEX4 acts on phosphoglu-

Table VII. Simultaneous action of AtSEX4 and StGWD on prelabeled insoluble (phospho)glucans

The B-type allomorph of MDcryst was prephosphorylated (and prelabeled) for 5 or 60 min using StGWD
and [b-33P]ATP. Subsequently, the insoluble MD were incubated for 60 min with StGWD, AtSEX4, or
StGWD plus AtSEX4. At intervals, aliquots were centrifuged and the supernatants were collected. The
content of [33P]orthophosphate, 33P-phosphoglucans, and of the total glucosyl residues was determined.
n.d., Below the limit of detection. Mean values are given (n = 3; 6SD).

Incubation

Time

Preincubation

5 min 60 min 5 min 60 min 5 min 60 min

33P-Orthophosphate

Released [pmol]

33P in Soluble

Phosphoglucans [pmol]

Glc Residues

Released [nmol]

min

StGWD 0 n.d. n.d. n.d. 0.8 n.d. 0.5
10 n.d. n.d. 0.043 9.2 n.d. 6.1
20 n.d. n.d. 0.081 18.0 n.d. 2.2
30 n.d. n.d. 0.090 26.4 0.22 44.4
40 n.d. n.d. 0.105 27.2 45.5 44.4
50 n.d. n.d. 0.189 30.4 46.6 50.0
60 n.d. n.d. 0.234 31.2 55.5 55.0

AtSEX4 0 n.d. n.d. n.d. n.d. n.d. n.d.
10 0.08 8.4 n.d. n.d. n.d. n.d.
20 0.16 13.6 n.d. n.d. n.d. n.d.
30 0.20 17.6 n.d. n.d. n.d. n.d.
40 0.22 18.4 n.d. n.d. n.d. n.d.
50 0.22 19.2 n.d n.d n.d n.d
60 0.23 19.2 n.d. n.d. n.d. n.d.

StGWD + AtSEX4 0 n.d. n.d. n.d. n.d. n.d. n.d
10 0.55 21.6 n.d. n.d. n.d. n.d.
20 0.75 29.6 n.d. n.d. n.d. n.d.
30 0.80 32.4 n.d. n.d. n.d. n.d.
40 0.84 34.0 n.d. n.d. 0.13 0.33
50 0.86 35.2 n.d. n.d. 0.27 0.50
60 0.86 35.2 n.d. n.d. 0.27 0.55
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cans located at the surface of native starch granules.
Thus, despite the relatively low substrate specificity,
the surface of native starch granules is likely to be the
preferred in vivo substrate of AtSEX4. If so, mecha-
nisms have to be postulated that regulate the targeting
of AtSEX4 to the surface of starch granules. Further-
more, control mechanisms are needed that prevent
any interference with the phosphorylating activity of
both GWD and PWD as they also use the interface
between the starch granule and the stromal space. In
the absence of any a-glucan, the autophosphorylated
intermediate of GWD (i.e. GWD-P) appears to be
turned over, resulting in a permanent consumption
of ATP. Therefore, targeting of GWD to the granule
surface and regulation of its autophosphorylating
activity appear to be closely linked. The mechanisms

involved are currently being investigated in our lab-
oratory.

An important result of this study is the incomplete
hydrolysis of the phosphate esters formed by the
prephosphorylation of MDcryst. This effect is robust
and observed under a wide range of experimental
conditions such as with both the A- and the B-type
allomorph (Fig. 1), the prelabeling of the C6 or C3
position (Fig. 3), varying degrees of prephosphoryla-
tion, varying AtSEX4 levels (Table II), and with the
mutated AtSEX4 proteins (Fig. 1C) as well.

Probably, the incomplete dephosphorylation of in-
soluble phosphoglucans cannot be explained exclu-
sively on the basis of kinetic properties of AtSEX4 but
rather reflect a close interaction between the phospha-
tase activity and dynamic maltodextrin structures as

Figure 5. Proposed steps for the transition of
crystallized (phospho)maltodextrins to solution
as affected by the two starch-related dikinases
and SEX4. The phase transition is initiated with
the GWD-mediated phosphorylation of highly
ordered insoluble a-glucans (I). In starches from
somemutant lines, PWD can functionally replace
GWD. Phosphorylation results in a less-ordered
yet insoluble state (II). By further phosphorylation
reactions state (III) is reached that immediately
allows solubilization of both nonphosphorylated
and phosphorylated glucans. State (III) can also
function as substrate of SEX4. If so, partial de-
phosphorylation results in a structural reor-
ganization preventing the solubilization of
nonphosphorylated glucans and limits the acces-
sibility of residual phosphate esters to SEX4.
Following solubilization (state IV) phosphoglu-
cans can be converted by SEX4 into nonphos-
phorylated chains that also inhibit the
phosphatase and GWD activity.
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affected by phosphorylation status. The structural dy-
namics appear to determine the accessibility of phos-
phate esters for AtSEX4. We propose that several steps
within the de- and reorganization of the highly ordered
maltodextrins structure can be distinguished (Fig. 5).

Phase transition is initiated by the GWD-mediated
phosphorylation of C6 positions of glucosyl residues
in close vicinity of the surface of a highly ordered
MDcryst, representing either the A- or the B-type
allomorph. In most native starches, this process takes
place at the semicrystalline regions of the granule and
appears to be specific for plants (Deschamps et al.,
2008).

In MDcryst (and in wild-type starches as well)
the GWD-mediated phosphorylation at the C6 posi-
tion leads to a partial structural change that converts
both nonphosphorylated and phosphorylated glucans
from a PWD-inaccessible state into a potential sub-
strate. This conversion is supported by the fact that
PWD, to a significant extent, utilizes nonphosphory-
lated glucans and thereby forms monophosphorylated
maltodextrins (Hejazi et al., 2009). In addition to PWD,
GWD also can act on the structurally altered glucans
and catalyzes further phosphorylations. In either case
a glucan structure is reached that allows an immediate
transition of both neutral glucans and phosphoglucans
to the soluble state. This structure defines also the
actual substrate of AtSEX4 (and of other hydrolyzing
enzymes as well; Edner et al., 2007) when acting on
insoluble (phospho)glucans. By doing so, AtSEX4
removes less than 50% of the phosphate esters intro-
duced by GWD (and PWD), which allows a partial
reorganization of the insoluble (phospho)glucans. This
reorganization has two consequences: First, the resid-
ual phosphate esters are inaccessible to the phospha-
tase and retained in the insoluble phase. Second, the
transition of nonphosphorylated glucans into solution
is almost completely impeded. It is likely that the
reorganization occurs fast as the simultaneous action
of both StGWD and AtSEX4 results in a continuous
release of [33P]orthophosphate but almost no solubili-
zation of nonphosphorylated maltodextrins (Table
VII). This effect was observed in a relatively wide
range of StGWD-to-AtSEX4 ratios. It is, however,
reasonable to assume that massively altered ratios of
the two recombinant proteins will result in different
product patterns.

AtSEX4 acts on both insoluble and solubilized
phosphoglucans but the latter enzymatic process is
less efficient due to the presence of inhibitory non-
phosphorylated maltodextrins. For SEX4-deficient
Arabidopsis mutants an accumulation of soluble phos-
phoglucans has been described (Kötting et al., 2009).
The results presented in this study do not favor the
assumption that the pool of these phosphoglucans
represents the actual in vivo substrate of SEX4.

The MDcryst used here somehow reflect structural
properties of the native starch granules as both share
the highly ordered structure of double-helix forma-
tion. However, in MDcryst, the branches (i.e. the less-

ordered regions) do not occur and, therefore, the
release of glucans and (phosphor)glucans without
debranching is possible.

As opposed to GWD and PWD, the occurrence of
proteins similar to SEX4 appears not to be restricted to
starch-metabolizing organisms. In the mammalian
system, the protein most closely related to SEX4 is
laforin, a DSP containing a functionally indispensable
CBM (CBM20). Laforin is essential for the normal
mammalian glycogen metabolism. Mutations in the
gene encoding the human laforin (EPM2A) are often
associated with a progressive neurological deteriora-
tion designated as epilepsy of the Lafora type. At the
cellular level, Lafora disease is accompanied by the
accumulation of a modified glycogen termed poly-
glucosan. It is a less-frequently branched, highly
phosphorylated, and insoluble Glc polymer that
is deposited in Lafora bodies and accumulates with
time (Minassian et al., 1998, 2000; Ganesh et al., 2006).
The formation of polyglucosan seems to reflect
a disturbed regulation of the glycogen metabolism
and is, to some extent, consistent with the absence of
a functional phosphatase acting on phosphorylated
glycogen. Furthermore, functional laforin has been
reported to partially complement a SEX4-deficient
Arabidopsis mutant (Gentry et al., 2007), suggesting
a close functional similarity between this type of plant
and mammalian DSPs. However, laforin is known to
exert phosphatase activity on various phosphopro-
teins and to undergo additional protein-protein inter-
actions such as homodimerization (Vilchez et al., 2007;
Worby et al., 2008; Puri et al., 2009; Vernia et al., 2009).
Currently, it is totally unknown whether or not the
mammalian laforin and the plant SEX4 protein share
functional similarities even in some of these (phospho)
protein-related actions.

MATERIALS AND METHODS

Chemicals and Materials

[b-33P]ATP (10 mCi mL21; 3,000 mCi mmol21) was purchased from

Hartmann Analytic (http://www.hartmann-analytic.de). Maltooligosaccha-

rides (EC 232-940-4) used for crystallization, maltotriose (EC 214-174-2) and

maltoheptaose (EC 252-119-4), were obtained from Sigma-Aldrich (http://

www.sigma-aldrich.com) and PEI-cellulose F plates from Merck (http://

www.merck-chemicals.com). The starch kit was purchased from Roche Diag-

nostics (http://www.roche-applied-science.com). A-MDcryst and B-MDcryst

were prepared and characterized as previously described (Hejazi et al., 2009).

Enzymes

Recombinant GWD from Solanum tuberosum (StGWD), PWD from Arabi-

dopsis (Arabidopsis thaliana; AtPWD), and wild-type or two mutated (N333K;

K307Q) SEX4 proteins (AtSEX4) were generated as described elsewhere (Ritte

et al., 2002; Kötting et al., 2005; Gentry et al., 2007). Antarctic phosphatase was

purchased from New England Biolabs (product no. M0289S; http://www.

neb-on-line.de).

Enzyme-Catalyzed Reactions

Except where stated, all reaction mixtures were kept for 1 h at 30�C and

were continuously agitated.
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MDcryst Prephosphorylation by StGWD

Except where stated the reaction mixture (1 mL final volume) contained

50 mg A-MDcryst or B-MDcryst, 50 mM HEPES-KOH (pH 7.4), 6 mM MgCl2, 1 mM

EDTA, 0.4mg bovine serum albumin (BSA), 25mMATP, 20mCi [b-33P]ATP, and

2.5 mg purified recombinant StGWD. Reaction was terminated by adding SDS

dissolved inwater (final concentration 2% [w/v]). The insolublemaltodextrins

were washed five times with water and were then used as substrate for

recombinant phosphatases. For 33P quantification by liquid scintillation count-

ing, aliquots of the (phospho)glucans were solubilized by heat treatment.

MDcryst Prephosphorylation by AtPWD

A-MDcryst and B-MDcryst were prephosphorylated by GWD (and unlabeled

ATP) as described above except [b-33P]ATP was omitted. Following termina-

tion of the reaction and washing (see above), the prephosphorylated (but

unlabeled) insoluble MD were resuspended in a reaction mixture (as above)

but containing 2.5 mg purified recombinant AtPWD instead of StGWD.

Samples were processed as described above.

Prephosphorylation of Native Starch Granules
by StGWD

Starch was isolated from leaves of a GWD-deficient Arabidopsis mutant

(sex1-3) essentially as described elsewhere (Kötting et al., 2005). Prelabeling at

the C6 position was performed in a mixture (10 mL final volume; 2.5 h at room

temperature) containing 50 mM HEPES-KOH (pH 7.5), 200 mg native starch

granules, 1mMEDTA, 6mMMgCl2, 0.05% (w/v) Triton X-100, 10mgBSA, 1mM

dithiothreitol, 50 mM ATP plus 200 mCi [b-33P]ATP, and 100 mg recombinant

StGWD.Following the addition of SDS (as above), starchgranuleswerewashed

six timeswith amixture containing 2% (w/v) SDS and 2mMATP and then four

times with water. 33P-labeled starch granules were resuspended in water and

immediately used for the phosphatase assay or were stored at220�C until use.

Prephosphorylation of Native Starch Granules
by AtPWD

Starch granules were phosphorylated at C6 as described above except that

[b-33P]ATP was omitted and the concentration of the unlabeled ATP was

10 mM. Following termination of the reaction and washing (see above), native

starch granules were labeled by recombinant AtPWD using the same reaction

mixture as described above except that AtPWD (300 mg) replaced StGWD and

incubation was extended to 16.25 h. Fresh AtPWD (300 mg each) was added

after 45 min and after 14 h. All subsequent steps were performed as described

for the GWD-mediated starch labeling.

p-Nitrophenyl Phosphate-Based Phosphatase
Activity Assay

The assay mixture (final volume 50 mL) contained 100 mM bis-Tris-HCl (pH

6.0), 2 mM dithioerythritol (DTE), 50 mM p-nitrophenyl phosphate, and 10 to

100 ng purified recombinant phosphatase protein. At 1 min intervals, 600 mL

0.25 N NaOH was added and absorbance was measured at 410 nm.

Enzymatic Phosphomaltodextrin Dephosphorylation

STA

The assay mixture (final volume 50 mL) contained 50 mM bis-Tris-HCl (pH

6.0), 2 mg insoluble prelabeled MDcryst derived from the A- or B-type

allomorph, 2 mM DTE, and 20 mg BSA. Recombinant AtSEX4 was added

(25–100 ng; as indicated) and aliquots of the reaction mixtures were heated

(5 min at 95�C). Aliquots (2 mL each) were spotted onto a PEI-cellulose F plate.

Following chromatography, the 33P content of the labeled compounds was

quantified using a phosphor imager.

LTA

The assay mixture was as described for STA, except that the prephos-

phorylated maltodextrins were applied both in the insoluble and in the heat-

solubilized state. Dephosphorylation was initiated as indicated. At intervals,

aliquots were processed as described above.

Enzymatic Dephosphorylation of Soluble or Insoluble

(Phospho)maltodextrins in the Presence of
Nonphosphorylated Glucans

In a final volume of 50 mL, varying amounts of nonphosphorylated

a-glucans (as indicated) were preincubated with 25 ng of recombinant

AtSEX4, 100 mM bis-Tris-HCl (pH 6.0), 2 mM DTE, 20 mg BSA for 10 min. To

start the reaction, 0.5 mg of 33P-labeled B-MDcryst was added. At intervals,

aliquots of the reaction mixtures were processed as described above.

Simultaneous Action of StGWD and AtSEX4

B-MDcryst was prelabeled using StGWD and [b-33P]ATP for 5 or 60 min as

described above. Subsequently, 1.5 mg each of the insoluble and prelabeled

MD was incubated in a reaction mixture (50 mL) containing 50 mM HEPES-

KOH (pH 7.4), 2 mM DTE, 6 mM MgCl2, 20 mg BSA, 25 mM ATP (unlabeled),

and either 0.25 mg StGWD or 0.1 mg AtSEX4 or 0.25 mg StGWD plus 0.1 mg

AtSEX4. As a control, heat-inactivated StGWD and/or AtSEX4 were added.

At intervals, reaction mixtures were centrifuged (1 min at 10,000g, room

temperature). The pellet was washed twice with water (100 mL each) and

resuspended in 50 mLwater. The supernatants were combined. Aliquots of the

combined supernatants and the resuspended pellets were heated for 5 min at

95�C and the 33P content was determined by TLC and phosphor imaging. For

quantification of the soluble a-glucans, 20 mL of the combined supernatant

fractions were hydrolyzed in 0.7 N HCl (2 h at 95�C). Following neutralization

with 0.7 N NaOH, Glc was quantified using the starch kit.

Enzymatic Starch Dephosphorylation

The assay volume (50 mL) contained native starch granules (200 mg each)

prelabeled at either the C6 or the C3 position (see above), 100 mM sodium

acetate, 50 mM bis-Tris, 50 mM Tris-HCl (pH 6.0), 0.025% (v/v) Triton X-100,

50 mg BSA, and 2 mM dithiothreitol. Reaction was initiated by adding 25 ng

AtSEX4. After 5 min incubation at room temperature 20 mL 10% (w/v) SDS

was added and the starch granules were pelleted by centrifugation. Radio-

activity in the supernatant (20 mL each) was determined by liquid scintillation

counting.

Enzymatic ATP Hydrolysis

In a final volume of 50 mL, recombinant SEX4 protein (0.1 mg) or Antarctic

phosphatase (50 mU) was incubated with 25 mM ATP (including 2 mCi [b-33P]

ATP) in 50 mM bis-Tris, pH (6.0). At intervals, aliquots were heated for 5 min at

95�C. Subsequently, 2 mL of each heat-treated mixture was spotted onto the

TLC plates, chromatographed, and radioactivity was quantified by phosphor

imaging.

Autophosphorylation and Stability of the

Autophosphorylated StGWD

In a final volume of 1 mL, StGWD (100 mg) was incubated for 3 min in a

mixture containing 50 mM HEPES-KOH (pH 7.4), 6 mM MgCl2, 1 mM EDTA,

2 mM DTE, 5 mM ATP including 15 mCi [b-33P]ATP. Following autophosphor-

ylation, the 33P content of StGWD was followed by either of two procedures.

Procedure A: Aliquots (150 mL each) of the prephosphorylation mixture were

further incubated either in the presence of 15 mg recombinant AtSEX4 or, as a

control, in the absence of the recombinant phosphatase. At intervals, 10 mL

each of the reactionmixtures weremixed with an equal volume of 0.2 N NaOH

and 4 3 2 mL each of the samples were spotted onto nitrocellulose. The

membrane was washed twice (10 min each; room temperature) with 1 mM

unlabeled ATP dissolved in 10 mM Tris-HCl (pH 8.2), and then five times

(10 min each) with the same buffer lacking ATP. Finally, radioactivity was

quantified by phosphor imaging. Procedure B (pulse chase): Following 3 min

prephosphorylation, two aliquots (150 mL each) were mixed with 0.5 mM

unlabeled ATP in the presence of 15 mg AtSEX4 or, alternatively, in the absence

of the phosphatase. Incubation, sampling, and sample processing were

performed as outlined for procedure A.
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Analytical Techniques

The total glucosyl content of (phospho)glucans was quantified enzymat-

ically (Hejazi et al., 2008). TLC and the quantification of the 33P content were

performed as described elsewhere (Hejazi et al., 2008). Phosphomaltodextrins

and nonphosphorylated maltodextrins were separated by high-performance

anion exchange chromatography coupled to pulsed amperometric detection.

The 33P content of the singly, doubly, and triply phosphorylated glucans was

determined by liquid scintillation counting.

Protein Quantification

Buffer-soluble proteins were quantified using the microversion of the Bio-

Rad protein assay kit (Bradford, 1976) with BSA serving as standard.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Effect of neutral maltodextrins on the activity of

AtSEX4.
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