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Abstract Two isoforms of ADPglucose pyrophosphatase/phos-
phodiesterase (AGPPase) have been characterized using barley
leaves (Hordeum vulgare L.). Whilst one of the isoforms,
designated as soluble AGPPasel (SAGPPasel), is soluble in
low ionic strength buffers, the other, SAGPPase2, is extractable
using cell wall hydrolytic enzymes or high salt concentration
solutions, thus indicating that it is adventitiously bound to the
cell wall. Both AGPPase isoforms are highly resistant to SDS,
this characteristic being utilized to purify them to homogeneity
after zymographic detection of AGPPase activity in SDS-
containing gels. N-terminal and internal amino acid sequencing
analyses revealed that both SAGPPasel and SAGPPase2 are
distinct oligomers of the previously designated HvGLP1, which
is a member of the ubiquitously distributed group of proteins
of unknown function designated as germin-like proteins
(GLPs). © 2001 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

A widely distributed pyrophosphatase/phosphodiesterase
activity has recently been found in plants that catalyzes the
hydrolytic breakdown of several NDP-monosaccharides [1].
Among numerous substrates of physiological relevance tested,
ADPG, the universal precursor for starch biosynthesis, was
shown to act as the preferred substrate and therefore the
enzyme was designated as AGPPase.

Experiments carried out to characterize different AGPPase
isoforms have demonstrated the occurrence of both soluble
and starch granule-bound, as well as intra- and extra-plasti-
dial enzymes [1,2]. These observations have led us to the pro-
posal that, essentially identical to the mechanisms proposed to
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control levels of nucleotide-sugars linked to glycoprotein and
glycolipid biosynthesis in mammalian tissues [3—5], nucleotide-
sugar hydrolytic enzymes may play a crucial role in control-
ling metabolic flow towards starch, cell wall polysaccharides,
glycoproteins and glycolipids in plants [2]. According to this
hypothesis, the extent to which these molecules accumulate in
the plant cell will be inversely correlated to the activities of
nucleotide-sugar hydrolases.

Among the different AGPPase isoforms found, a soluble
isoform has been partially purified and characterized using
barley leaves [1]. Subsequent investigations, which are re-
ported in this communication, were conducted to further clar-
ify the nature of this enzyme, and have shown that it belongs
to a group of proteins of yet to be identified enzymatic prop-
erties, the GLPs.

2. Materials and methods

2.1. Plant material

Barley plants (Hordeum vulgare cv. Scarlett) were grown in green-
house. For purification of AGPPase, 1.1 kg of 45 days old leaves were
used.

2.2. Extraction and purification of AGPPase

Unless otherwise indicated, all steps were carried out at 4°C. For
small-scale extractions, barley leaves were homogenized with 3-fold of
extraction buffer (50 mM MES, pH 6.0/l mM EDTA/2 mM DTT) in
a Waring blender. When indicated, either 0.5 M NaCl or cell wall
hydrolytic enzymes [6] were included in the homogenate. After 30 min
at 25°C, the homogenate was filtered through four layers of Miracloth
and centrifuged at 100000 X g for 30 min. The supernatant was then
used for subsequent analyses.

Purification of AGPPase was performed as described elsewhere ([1];
cf. Table 2), except that 0.5 M NaCl was included in the elution buffer
of the gel filtration step, and a further zymographic purification step
was carried out. The partially purified enzyme preparation obtained
after the gel filtration step was loaded without heat denaturation onto
an SDS 4-12% NuPAGE Bis-Tris gel (Novex). After electrophoresis,
the gel was incubated for 15 min in 5 mM bis-PNPP and 50 mM
sodium acetate buffer, pH 5.0 until a yellow band appeared, which
indicated the position where the AGPPase-mediated hydrolytic break-
down of bis-PNPP took place. The band was then cut and AGPPase
eluted at 4°C in 10 mM Tris—HCI, pH 7.5, 10 mM B-mercaptoethanol
and 0.2 M NaCl. The eluted protein was desalted by ultrafiltration on
Centricon YM-10 (Amicon, Bedford, MA, USA) for subsequent anal-
yses.

The native molecular mass of AGPPase was determined by gel
filtration on a Superdex 200 column (Pharmacia LKB) using a Bio-
Rad kit of protein standards. Protein content was measured by the
Bradford method using the Bio-Rad prepared reagent.
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2.3. Sequencing of AGPPase

Purified SAGPPasel and SAGPPase2 were electrophoretically sep-
arated in a 12% SDS-PAGE according to Laemmli [7] and blotted
onto polyvinylidene difluoride membrane (Immobilon P; Millipore
Corp.). The protein bands corresponding to both isoforms of AGP-
Pase were excised and used for N-terminal and internal peptide se-
quences using an Applied Biosystems model 473A amino acid se-
quencer.

2.4. Enzyme assays

Measurements of AGPPase activities were performed as described
by Rodriguez-Lopez et al. [1]. Measurements of oxalate oxidase and
superoxide dismutase activities were performed as described by Valle-
lian-Bindschedler [8] and Yamahara et al. [9], respectively. The unit is
defined as the amount of enzyme which catalyzes the production of
1 umol of product per min.

2.5. Reagents

Pectolyase Y-23 was purchased from Seishin Co. Cellulase Onozuka
R-10 and Macerozyme R-10 were from Yakult Pharmaceutical Ind.
Co. Ltd. Other enzymes and chemical reagents were purchased from
Sigma. Glycoprotein staining was performed employing a periodic
acid-Schiff reagent kit from Sigma.

3. Results and discussion

3.1. Presence of different soluble AGPPase isoforms in
barley leaves

Experiments carried out to identify possible different AGP-
Pase isoforms revealed that, essentially similar to the case of
the suspension-cultured cells of sycamore (Acer pseudoplata-
nus L.) [2], there occur both soluble and particulate AGPPase
activities in barley leaves (not shown). Although the majority
of the AGPPase is shown to be tightly bound to the starch
granules (Zandueta-Criado et al., manuscript in preparation)
results presented in this work deal with the characterization of
enzyme(s) responsible for the soluble activity.

Experiments conducted to optimize the conditions of ex-
tracting soluble AGPPase described previously [1] revealed
that the efficiency was enhanced when 0.5 M NaCl was added
to the extraction buffer. Preparations obtained using buffers
with or without 0.5 M NaCl were separately subjected to gel
filtration chromatography. As presented in Fig. 1, a single ca.
45-65 kDa AGPPase isoform (designated as SAGPPasel) was
identified in samples obtained using low ionic strength extrac-
tion buffer, whereas two additional ca. 250 kDa and ca. 600
kDa isoforms (designated as SAGPPase2 and SAGPPase3,
respectively) were obtained when 0.5 M NaCl was included
in the extraction buffer. These results indicate that both
SAGPPase2 and SAGPPase3 are adventitiously bound to par-
ticulate constituent(s) of the plant cell. Assuming that they are
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Fig. 1. Partial purification of different isoforms of AGPPase using
gel filtration chromatography. Barley leaves were homogenized as
described in Section 2, filtered through Miracloth and subjected to
100000 X g for 30 min prior to gel filtration (#). In (O) and (2),
0.5 M NaCl and cell wall hydrolytic enzymes were supplemented to
the homogenate, prior to 100000 X g centrifugation.

bound to the cell wall, solubilization was attempted using cell
wall hydrolyzing enzymes. As shown in Fig. 1, only SAGP-
Pase2 was found to be solubilized after treatment with Cellu-
lase, Macerozyme and Pectolyase. The overall results thus
strongly indicate that SAGPPase2 is ionically bound to the
cell wall.

3.2. Purification of SAGPPasel and SAGPPase2

Unlike SAGPPase3, both SAGPPasel and SAGPPase2 are
able to bind to concanavalin A-Sepharose beads (not shown)
and are resistant to high temperature treatments, indicating
that the latter AGPPase isoforms are glycosylated.

Since glycoproteins are known to bind poorly to SDS [10],
we tested the ADPG and bis-PNPP hydrolytic activities of
both SAGPPasel and SAGPPase2 in the presence of 2%
SDS. Remarkably, and essentially identical to other enzymes
which were refractory to SDS [11,12], both SAGPPasel and
SAGPPase2 are highly resistant to SDS (see below). By taking
advantage of this particular characteristic, partially purified
SAGPPasel and SAGPPase2 (gel filtration step, Table 1)
were run on SDS-NuPAGE without prior heat denaturation.
Gels were subsequently dipped into a bis-PNPP-containing
solution, and AGPPase activities were revealed as yellow
bands in the gel (Fig. 2a). The eluted bands were then sub-
jected to a further step of SDS-NuPAGE separation in which

Table 1
Purification of SAGPPasel and SAGPPase2 from Barley leaves
Total volume Total protein Total activity Specific activity Purification
(ml) (mg) (mU) (mU/mg protein) (fold)
Supernatant (100000 X g) 3300 10989 232980 21.2 -
Ammonium sulfate 50% 3300 2646.6 232385 87.8 4.1
pH 4.2/62°C 3300 148.5 182589 1230 58
Ammonium sulfate 50% 30 86.16 182250 2115 100
Gel filtration:
SAGPPasel 2.13 24.59 43063 1750 83
SAGPPase2 0.78 11.42 24786 2170 102
NuPAGE:
SAGPPasel 0.63 0.19 43000 226 647 10690
SAGPPase2 0.23 0.07 24 500 354085 16 700

ADPG hydrolytic activities were measured as described in [1].
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Fig. 2. Zymographic detection and Coomassie blue staining of
SAGPPasel and SAGPPase2. a: Partially purified SAGPPasel
(lanes 1 and 3) and SAGPPase2 (lanes 2 and 4) obtained after the
gel filtration step (see Table 1) were subjected to SDS-NuPAGE
separation. Each electrophoresed gel was subjected to zymographic
detection of AGPPase (lanes 1 and 2) and Coomassie staining (lanes
3 and 4). b: The proteins eluted from the yellow bands running in
a at the levels of ca. 65 kDa (SAGPPasel) and ca. 200 kDa (SAGP-
Pase2) were subjected to a further step of SDS-NuPAGE. After
electrophoresis, the gel was applied to zymographic detection of
AGPPase (lanes 1-3) and Coomassie staining (lanes 4-6). In lanes
1 and 4 (SAGPPasel) and lanes 3 and 6 (SAGPPase2), proteins
were loaded onto the gel without a previous heat denaturation step.
In lanes 2 and 5, SAGPPasel was heat denatured prior to electro-
phoretic separation.

bands of apparent ca. 65 kDa and ca. 200 kDa were detected
for the case of SAGPPasel and SAGPPase2, respectively (Fig.
2b). As presented in Table 1, we were able to purify SAGP-
Pasel and SAGPPase2 10700- and 16700-fold, the specific
activities being 225 and 355 units/mg protein, respectively.

Similar to the case of other plant proteins described in the
literature [11-13], when both SAGPPasel and SAGPPase2
were heat denatured and subjected to SDS-NuPAGE separa-
tion, doublets of ca. 22 kDa and ca. 23 kDa polypeptides were
revealed (lane 5 in Figs. 2b, 3a), the overall results thus in-
dicating that, as will be discussed later, SAGPPasel and
SAGPPase2 are oligomers made up of the same polypeptide
(see below).

3.3. Both SAGPPasel and SAGPPase2 are distinct
homooligomers of HvGLPI1, a germin-like protein

The ca. 22 kDa and ca. 23 kDa polypeptide bands of the
doublets observed after electrophoresis of the heat denatured
SAGPPasel and SAGPPase2 were subjected to peptide se-
quencing. N-terminal sequence comparisons between both
polypeptides revealed that they share 100% homology over
the 20 amino acids compared, the overall results thus strongly
indicating that SAGPPasel and SAGPPase2 are distinct
homooligomers constituted by the same polypeptide. Glyco-
protein staining analyses employing the periodic acid-Schiff
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Fig. 3. SDS-PAGE of heat denatured SAGPPasel and SAGPPase2.
a: Coomassie blue staining of the doublets corresponding to SAGP-
Pasel (lane 1) and SAGPPase2 (lane 2). b: Schiff (lane 1) and Coo-
massie blue (lane 2) staining of SAGPPasel.

reagent indicated that the doublets are ascribable to a higher
degree of glycosylation of the ca. 23 kDa polypeptide over the
ca. 22 kDa polypeptide (Fig. 3b). As presented in Fig. 3a, the
patterns of band intensities of SAGPPasel and SAGPPase2
were clearly distinguishable, suggesting that SAGPPase2 has a
higher degree of glycosylation than SAGPPasel.

Most importantly, comparisons of both N-terminal and in-
ternal sequences of SAGPPasel against sequences existing in
the EMBL data bank (Fig. 4) showed that it corresponds to
HvGLP1 [8], a member of a previously characterized group of
plant proteins designated as GLPs, which in turn belongs to a
superfamily of functionally diverse proteins existing in both
prokaryotes and eukaryotes which are now called ‘cupins’
[14,15].

GLPs are known to be water-soluble glycoproteins with a
monomer molecular mass of about 25 kDa. They share high
sequence homology with cereal germins [11] and occur in the
cell wall, cytoplasm, Golgi apparatus, vacuole and the plasma
membrane [16-18]. Both germins and GLPs form oligomers
that are highly resistant to both SDS and heat treatment, and
migrate as doublets in denaturing gels after heat treatment
[8,12,13,17,19-21]. Therefore, the overall characteristics of
both SAGPPasel and SAGPPase2 coinciding with those de-
scribed for GLPs in the literature, confirm that they are
homooligomers of HvGLP1, a GLP.

3.4. Both SAGPPasel and SAGPPase2 are nucleotide-sugar
pyrophosphataseslphosphodiesterases but not oxalate
oxidases or superoxide dismutases

Unlike cereal germins which bear oxalate oxidase activities,
no enzyme activity has yet been assigned to any GLPs, with
the single exception of BuGLP, a moss GLP which is a man-
ganese superoxide dismutase [9]. Both the oxalate oxidase and
superoxide dismutase reactions supply H,O, which is suppos-
edly required for cross-linking reactions of cell wall polysac-

23 134 205
HvGLP LTQDFCVADLSCSDTPAGYP KTLYK KSVLGGSG
SAGPPase 1 (22kD) | LTQDFCVADLSCSDTPAGYP KTLYK KSVLGGSG
SAGPPase 1 (23kD) | LTQDFCVADLSCSDTPAGYP
SAGPPase 2 (23kD) | LTQDFCVADLSCSDTPAGYP
N-terminal Inner fragment  C-terminal

Fig. 4. Alignment of the amino acid sequences of the ca. 22 kDa
and ca. 23 kDa polypeptides of SAGPPasel, SAGPPase2 and
HvGLP1 (EMBL accession number Y 15962, [8]).
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Table 2

Substrate specificity of SAGPPase2

Substrates Ky, (mM) Viax (Yo with respect to ADPG)
ADPG 0.8 100

CDPglucose 1.4 88

UDPG 1.9 106

ADPribose 0.5 80

Bis-PNPP 1.2 68

charides or for the induction of defense responses of plants
against both biotic and abiotic stresses [19,22-25]. We there-
fore tested whether both SAGPPasel and SAGPPase2 could
catalyze oxalate oxidase and/or superoxide dismutase reac-
tions. In conformity with the results obtained by Vallelian-
Bindschedler et al. on HvGLP1 [8], we were repeatedly unable
to detect such activities in SAGPPasel and SAGPPase2 (not
shown).

In our previous report we showed that SAGPPasel is a
pyrophosphatase/phosphodiesterase which hydrolyzes some
low molecular weight phosphodiester bond-containing com-
pounds such as nucleotide-sugars, whereas it does not hydro-
lyze PPi and nucleoside phosphomono-, di- or triesters [1].
Since both SAGPPasel and SAGPPase2 are now found to
be homooligomers of the same polypeptide, we examined
the substrate specificity and kinetic parameters of SAGP-
Pase2. As shown in Table 2, the overall characteristics of
SAGPPase2 are identical to those described previously for
SAGPPasel.

Altogether these results demonstrate that, irrespective of
their different subcellular localization, relative oligosaccharide
content, native size and polymerization degrees, both SAGP-
Pasel and SAGPPase2 catalyze the hydrolytic breakdown of
nucleotide-sugars and they are neither oxalate oxidases nor
superoxide dismutases.

3.5. Additional remarks

Although one of the physiological roles attributable to
AGPPase activities is to control the levels of ADPG linked
to starch biosynthesis [1], a possibility has been discussed that
they may also govern the intracellular levels of nucleotide-
sugars necessary for the biosynthesis of cell wall polysaccha-
rides, glycoproteins and glycolipids [2]. Remarkably, Vallelian-
Bindschedler et al. [8] and Schweizer et al. [24] have shown
that HvGLPI is a constitutive gene whose expression declined
upon fungal infection, causing the disappearance of HvGLP1
in the infected areas concomitantly with a cell wall reinforce-
ment. Therefore, based on the results presented in the present
study and in the referred literature, it can be suggested that
SAGPPasel may entail a role in controlling the extent to
which NDP-sugars can be channelled toward the synthesis
of cell wall polysaccharides taking place in the Golgi appara-
tus and in the plasma membranes [26-28].

Some nucleotide-sugar hydrolases from both bacteria and
animals, whose active sites face the external medium, play a
paramount role in the nucleotide metabolism of the cell [29—
33]. The suggested role of these ‘ectoenzymes’ is to act as a
first step in the scavenging of extracellular nucleotide-sugars
[34]. Furthermore, some extracellular nucleotide pyrophos-
phatases/phosphodiesterases have been reported in plants
which suggested physiological role is the rescuing of nucleo-
tides and Pi [35-37]. Therefore, it can be presumed that
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SAGPPase2, which is located outside the plant cell, may be
involved in the scavenging of extracellular nucleotide-sugars.
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