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Abstract. Germin-like proteins (GLPs) are ubiquitous
plant proteins encoded by diverse multigene families. It
is not known whether they share germin’s unusual
biochemical properties and oxalate oxidase activity.
Using specific antibodies, we have studied three GLPs
(AtGERI1, AtGER2 and AtGER3) in Arabidopsis tha-
liana (L.) Heynh. as well as in transgenic tobacco
(Nicotiana tabacum L.) plants overexpressing these
proteins. Like wheat (Triticum aestivum L.) germin,
these Arabidopsis GLPs are associated with the extra-
cellular matrix (ECM) and they also seem to exist as two
glycosylated isoforms. However, none of them is an
oxalate oxidase. Although GLPs display several con-
served features, each has its specific characteristics. Both
AtGER2 and AtGER3 are oligomeric proteins that
share germin’s resistance to pepsin and to dissociation
by heat and SDS. In contrast, AtGER1 seems to exist as
a monomer. The GLPs may interact with the ECM in a
variety of ways, since each is efficiently extracted by
different conditions. In addition, germins and GLPs all
bind Cibacron Blue, a dye often but not exclusively used
for the purification of enzymes having nucleotide cofac-
tors. In the case of AtGER2, binding to the dye is so
tight that it almost allows a one-step purification of this
protein. The variety of sequences, expression patterns
and biochemical features indicates that GLPs could be a
class of receptors localized in the ECM and involved in
physiological and developmental processes as well as
stress response.
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Introduction

Germins and germin-like proteins (GLPs) constitute a
large family of proteins ubiquitously distributed in the
plant kingdom. They are part of a superfamily of
proteins now called ‘“‘cupins” that also includes seed
storage globulins, sucrose-binding proteins as well as
microbial and animal proteins. The overall amino acid
sequence conservation of the cupins is quite low;
nevertheless, all these proteins have in common a
predicted p-barrel structure and histidine-containing
motifs that are probably involved in binding metal ions
(Braun et al. 1996; Dunwell 1998; Dunwell and Gane
1998; Shutov et al. 1998).

The phylogenic tree for germins and GLPs has five
branches (Carter et al. 1998; Neutelings et al. 1998). One
of these includes only the “true” germins: this consti-
tutes a very homogeneous group (pairwise amino acid
identities always over 95%) including proteins that have
only been found in cereals and that usually possess
oxalate oxidase activity (Dumas et al. 1993; Lane et al.
1993). Pairwise comparisons of GLPs show amino acid
identities ranging from 30 to 95% while comparisons
with germins never reveal identities higher than 60%
(Carter et al. 1998). Although the overall sequence
identity is not very high among the germins and GLPs,
they all possess an N-terminal signal sequence, and
several conserved oligopeptides and key amino acid
residues have been identified, including the putative
metal-binding motifs (Membré et al. 1997; Carter et al.
1998; Dunwell 1998; Membré and Bernier 1998).

So far, only germins have been extensively studied at
the biochemical and cellular levels. They are oligomeric
proteins associated with the extra cellular matrix (ECM)
and they resist protease degradation and dissociation by
various denaturing agents such as heat and detergents
(Lane 1991). Contrary to what their name implies, they
are not germination specific. Their expression patterns
and oxalate oxidase activity suggest functions both in
development, more precisely in cell expansion, and in
resistance to stress, especially pathogen infection (Lane
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1994; Dumas et al. 1995; Zhang et al. 1995; Hurkman
and Tanaka 1996; Zhou et al. 1998).

The timing of wheat germin expression and its up-
regulation by auxins favor the hypothesis of a role in
promoting cell expansion (Lane 1994; Berna and Bernier
1997). However, the enzymatic release of hydrogen
peroxide, which could be used in cross-linking reactions,
as well as the specific localization of its expression point
to a role in the restriction of growth (Caliskan and
Cuming 1998). This issue is still a matter of debate since
it has been proposed recently that -OH radicals, formed
by hydrogen peroxide, could well be involved in scission
of polysaccharides and, consequently, in wall loosening
and cell expansion (Fry 1998).

Expression of several wheat and barley germin and
GLP genes has been shown to be up-regulated by fungal
infection (Dumas et al. 1995; Zhang et al. 1995; Hurk-
man and Tanaka 1996; Zhou et al. 1998). Although the
definite proof of oxalate oxidase or GLP involvement in
pathogen resistance is still lacking, several observations
point to such a role. First, the importance of the
oxidative burst in pathogen resistance is now well
documented (see Wojtaszek 1997; Alvarez et al. 1998
and references therein). Second, hydrogen peroxide
accumulation has been observed in barley papillae, cell
wall appositions formed to prevent powdery mildew
penetration (Gregersen et al. 1997; Thordal-Christensen
et al. 1997). Even though the presence of oxalate oxidase
has still to be demonstrated in these papillae, GLPs have
been identified (Wei et al. 1998). Third, insolubilization
of some GLPs in barley leaf cell walls following heat-
shock could be correlated with a type of fungal
resistance not involving papilla formation (Vallélian-
Bindschedler et al. 1998a.,b). Fourth, a wheat oxalate
oxidase gene maps within a resistance QTL (Quantita-
tive Trait Locus; Faris et al. 1999). Recently, it has been
shown that the participation of germins and GLPs in
stress response is probably not restricted to fungal
invasion: transcription of the wheat germin gene is
highly stimulated by some heavy metals, especially
cadmium, and by tobacco mosaic virus infection in
transgenic tobacco plants transformed with the wheat
gene (Berna and Bernier 1999).

Except for barley GLPs associated with resistance to
infection, GLPs have received very little attention so far,
and it is peculiar to note that almost nothing is known
about dicot GLPs even though a plant with a small
genome like Arabidopsis thaliana has at least 12 different
GLP genes (Carter et al. 1998) and that rice has at least
eight (Membré and Bernier 1998). Germin-like proteins
or GLP mRNAs can be found in almost every organ and
developmental stage. For example, the three Arabidopsis
genes that have been studied each have a distinct
expression profile (Membré et al. 1997). A few dicot
GLPs have been localized at the subcellular level and
have been found in the ECM (Domon et al. 1994;
Heintzen et al. 1994; Wojtaszek et al. 1997; Ohmiya
et al. 1998). These proteins are probably not oxalate
oxidases but, without any information on their possible
oligomeric structure and stability, this remains to be
verified.
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In order to start addressing the question of dicot
GLP function(s), more comprehensive knowledge about
their biochemical properties is needed. We have inves-
tigated the structure, cellular localization and purifica-
tion of three Arabidopsis GLPs, named AtGERI,
AtGER2 and AtGER3 in Arabidopsis as well as in
transgenic tobacco plants overexpressing these proteins.

Materials and methods

Growth of plants. Tobacco (Nicotiana tabacum L. cv. Xanthi) seeds
were kindly provided by Dr. R.N. Beachy (St. Louis, Mo., USA)
and seeds of Arabidopsis thaliana (L.) Heynh, ecotype Columbia
were obtained from Lehle seeds (Round Rock, Texas, USA). Plants
were grown in the greenhouse or propagated in vitro as previously
described (Berna and Bernier 1999).

Plasmid constructs and transgenic tobacco. All molecular biology
manipulations were performed according to standard procedures
(Sambrook et al. 1989).

The +85 (Hindlll site) to + 1127 (EcoRI site) fragment of the
intronless wheat germin gf-2.8 gene (Lane et al. 1991) that includes
the complete open reading frame (+ 105 to +776) was inserted
between the Xbal and EcoRI sites of plasmid pBI121 (Clontech) by
partial fill-in of the Hindlll and Xbal sites to express germin under
the control of the cauliflower mosaic virus (CaMV) 35S promoter.
The AtGERI and AtGER2 c¢cDNAs (Membré et al. 1997) were
cloned between the CaMV 35S promoter and the nopaline synthase
(NOS) transcriptional terminator of plasmid pBI121 (Clontech) in
place of the f-glucursonidase (GUS) reporter gene.

The AtGER3 protein-coding region was amplified by polymer-
ase chain reaction (PCR) from the original cDNA clone (GenBank
Y12673) with primers covering the translation start comprising an
engineered Ncol site and the translation stop followed by an
engineered BamHI site, respectively. The gel-purified 650-bp
amplification product was inserted into the vector pRT104 (Topfer
et al. 1987) between the CaMV 35S RNA promoter with the
duplicated enhancer fused to the tobacco mosaic virus omega
element (Gallie et al. 1987) and the CaMV polyadenylation signal.
The entire expression casette was isolated by Sphl digest and
inserted into Smal-cut pBinl19 (Bevan 1984) after removing the 3’
overhangs with T4 DNA polymerase.

The constructs were introduced into Agrobacterium tumefaciens
LBA4404 by either triparental mating or freeze-thaw transforma-
tion. Tobacco plants were infected by Agrobacterium tumefaciens
and transgenic plants were regenerated as previously described
(Berna and Bernier 1997). Transgenic plants harboring the highest
transgene expression levels were selected following northern blot
analysis.

Cell fractionation. Tissues were ground with a pestle in cold wheat-
germ (WG) buffer (20 mM Hepes, pH 7.5; 100 mM K-acetate;
3 mM Mg-acetate; | mM DTT) at a ratio of one ml of buffer per g
of tissue. The homogenate was filtered on a nylon mesh to get a
crude cell wall fraction (see below). The filtrate was centrifuged at
16 000g for 10 min: the supernatant constituted the soluble fraction
(SOL) and the pellet was resuspended in a volume of WG buffer
equal to the starting volume to make up fraction P16.

The crude cell wall fraction was washed three or four times with
WG buffer containing 1% Triton X-100. Cell walls were then either
resuspended in 10 mM Tris-HCI (pH 8) or washed in this buffer
containing either 5.5 M urea, 1% SDS, 1 M NaCl, 1 M CaCl, or
1 M p-mercaptoethanol in order to extract GLPs. After centrifu-
gation, the pellet was boiled in 1% SDS to recover residual proteins
and both fractions were analyzed by western blot.

To obtain the fraction containing the intercellular washing fluid
(IWF), leaves were vacuum-infiltrated with 10 mM Tris (pH 7.5),
1 mM CacCls,.



N. Membre¢ et al.: Arabidopsis germin-like proteins

Western blotting. Sequence analysis revealed that a very hydro-
philic and variable region resides on the N-terminal part of all
mature GLPs, just after conserved Box A (Membré et al. 1997),
so this region was used to design immunogenic oligopeptides
specific to each of the GLPs under study. The following peptides
coupled to KLH (keyhole limpet hemacyanin) were obtained from
Genosys Biotechnologies Inc (Cambridge, UK): ANLKRAETPA-
GYP (amino acids 35-47 of AtGERI), KDPKRVDAKDFF
(amino acids 49-60 of AtGER2) and DPKGPQSPSGYS (amino
acids 29-40 of AtGER3). Anti-wheat-germin antibody was raised
against germin overexpressed in tobacco: IWF proteins from
leaves were obtained by vacuum infiltration and germin was
further purified using Prep-Cell (Bio-Rad). All antibodies were
raised in rabbits.

Western blots were performed as described in Berna (1995) using
horseradish-alkaline phosphatase-coupled secondary antibodies.

Chromatography. Gel-filtration chromatography was performed
on Sephadex G-200 in a 10-ml column with 20 mM Tris-HCI (pH
7.5) as a buffer. The volume of the sample was 1 ml and the elution
rate was around 12 ml per hour.

Cibacron Blue (Sigma) affinity chromatography was performed
in a 2-ml column equilibrated with 20 mM Tris-HCI1 (pH 7.5),
50 mM NaCl. Elution of the proteins was realized by a stepwise
increase of NaCl concentration (100, 300, 500, 1000 mM) followed
by a final wash with 8 M urea, 2.5 M NaCl.

Assay of oxalate oxidase. The spectrophotometric oxalate oxidase
assay is based on the detection of hydrogen peroxide with
horseradish peroxidase, 4-aminoantipyrine and N,N-dimethylani-
line, and was performed essentially as described by Sugiura et al.
(1979) except that the samples were first dialyzed in 10 mM Hepes
(pH 7) in order to eliminate small molecules that interfere with
enzyme activity.

Results

We have previously described three cDNAs coding for
Arabidopsis GLPs, each one encoded by a gene having a
specific expression pattern (Membré et al. 1997). Even
though AtGERI and AtGER3 are part of the same
Arabidopsis sub-family (Carter et al. 1998; Neutelings
et al. 1998), their products show an amino acid identity
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of 64% and of only around 40% with the protein
encoded by AtGER2. Typically for GLPs, amino acid
identities with wheat germin range from 34 to 46%. In
order to facilitate biochemical analyses and as a first
approach to understanding GLP function, these three
cDNAs were expressed in transgenic tobacco plants
under the control of the CaMV 35S promoter. Even the
plants showing the highest levels of protein accumula-
tion (see below) did not display any visible phenotypic
alteration at any developmental stage. These plants were
selected for further biochemical characterization.

Biochemical properties of AtGERI, AtGER2 and At-
GER3. Since AtGERI and AtGER3 are both expressed
in Arabidopsis leaves (Membré et al. 1997) and since the
35S promoter gives rise to a high level of transcription in
this organ type, proteins recognized by the specific
antibodies were first looked for in soluble leaf protein
extracts. When the samples were denatured by boiling
before loading on the gel, a band of the expected MW
(approximately 23 kDa) was observed with all three
antibodies with Arabidopsis proteins and with proteins
from transgenic tobacco plants expressing the corre-
sponding transgene (Fig. 1). The amount of foreign
protein detected in tobacco was much higher than
endogenous protein levels in Arabidopsis, especially for
AtGER2 and AtGER3. A low level of AtGER2 in
Arabidopsis leaves was expected since mRNAs for this
protein were not detected in leaf tissue by northern blot
analysis (Membré et al. 1997). The identity of the
23-kDa proteins and the specificity of the antibodies
are confirmed by the following observations: no wild-
type tobacco protein of this size reacted with the
antibodies (Fig. 1), the reaction of a given 23-kDa
protein was abolished by the use of an excess of the
corresponding peptide and, finally, antibodies did not
cross-react with proteins from transgenic tobacco plants
expressing a non-corresponding GLP or wheat germin
(data not shown).
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Fig. 1. Detection of AtGERI1, AtGER2 and AtGER3 in Arabidopsis
and in transgenic tobacco plants with specific antibodies. Soluble
proteins (approximately 200 pg) from Arabidopsis (lane A), transgenic
tobacco (lane T) or wild-type tobacco (lane N) leaves were separated
on a composite polyacrylamide gel (8% acrylamide in the top part of
the running gel and 11% acrylamide in the bottom part), transferred

onto a nitrocellulose membrane and reacted with anti-AtGER1, anti-
AtGER?2 or anti-AtGER3 antibody. In parallel, anti-wheat germin
antibody was used to detect heterologous germin in transgenic
tobacco plants expressing wheat germin gf-2.8 gene. + sample
denatured by boiling; — sample not denatured by boiling
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In wheat, germin is present in the form of very stable
oligomers that run as a doublet on SDS-PAGE when the
protein sample is not heat-denatured before running the
gel. The two germin isoforms are named germin G and
germin G’ and only differ at their glycan moiety (Lane
et al. 1986). In transgenic tobacco plants expressing the
wheat germin gf-2.8 gene, the typical oligomeric doublet
of 80 kDa was indeed present (Fig. 1; see also Berna and
Bernier 1999) and the 26-kDa monomer was detected
when the sample was boiled (Fig. 1). If AtGERI1
oligomers exist in planta they do not share exceptional
stability of wheat germin since monomeric proteins of
23 kDa were also detected in unboiled proteins from
either Arabidopsis or tobacco plants expressing this
protein (Fig. 1). On the other hand, neither AtGER2
nor AtGER3 protein could be detected without prior
denaturation (Fig. 1). The most likely explanation is
that these two GLPs exist as oligomers in which the
epitopes recognized by our antibodies are hidden.

If epitopes recognized by the antibodies are indeed
not accessible in the oligomers it should be possible to
expose them after migration of unboiled samples.
Boiling the gel for 5 min in electrophoresis buffer before
transfer did allow antigenic reaction of AtGER2 and
AtGER3 oligomers with their specific antibodies
(Fig. 2). The AtGER3 migrated as a doublet whereas
AtGER2 formed a fuzzy band that also suggested the
presence of two isoforms.

The molecular weight (MW) of AtGER2, AtGER3
and wheat germin oligomers estimated by SDS-PAGE
varied according to the percentage of acrylamide in the
gel. Discrepancies regarding germin MW estimation
have been reported previously (Zhang et al. 1995). In
our hands, wheat germin and AtGER2 ran as 80-kDa
proteins in 8% acrylamide gels whereas AtGER3 had an
estimated MW of 130 kDa. In 12% acrylamide gels,
AtGER3 had an estimated MW of 140 kDa and both
wheat germin and AtGER2 behaved as 110-kDa olig-
omers. Because of these discrepancies, it can only be
concluded that AtGER2 probably resembles wheat
germin, which has recently been shown to be a hexamer
(Woo et al. 1998), whereas AtGER3 is comprised of a
higher number of subunits.

In order to determine whether GLP oligomers share
the remarkable stability of wheat germin, soluble protein
extracts from tobacco plants overexpressing AtGER2,
AtGER3 or wheat germin were subjected to various
denaturing treatments (see Table 1) and analyzed by
western blot. Resistance was assessed by comparing
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Fig. 2. Detection of AtGER2 and AtGER3 oligomers with specific
antibodies after heat-denaturation of the proteins in the gel. Leaf
soluble proteins from tobacco plants overexpressing either AtGER2
or AtGER3 were extracted and, in the case of AtGER2, further
purified by heating at 60 °C followed by pepsin digestion. Proteins
were then loaded onto an 8% polyacrylamide gel without heat
denaturation. After migration, part of the gel was boiled for 5 min in
electrophoresis buffer prior to transfer onto nitrocellulose and
reaction with specific antibodies. Lane T, transgenic tobacco proteins;
lane N, wild-type tobacco proteins (heated at 60 °C and digested by
pepsin in the case of anti-AtGER?2 antibody reaction)

band intensities with untreated samples. Table 1 shows
that AtGER?2 oligomers resist heat, chemical denaturing
agents and pepsin degradation as well as wheat germin.
The AtGER3 oligomers also show good resistance to
denaturation and degradation but are nevertheless
dissociated by f-mercaptoethanol and urea.

Interaction of AtGERI with tobacco proteins from the
soluble fraction. Since only AtGER1 monomers could
be detected after SDS-PAGE of unboiled samples, we
reasoned that it might exist as an unstable oligomer,
unable to resist SDS and reducing conditions even at
room temperature. Soluble extracts from tobacco plants
overexpressing AtGER1 were fractionated by gel filtra-
tion on Sephadex. The AtGERI1 always eluted in the
void volume, even with Sephadex G-200, meaning that
the MW would be over 600 kDa (data not shown). To
our surprise, AtGER2, AtGER3 and wheat germin
behaved similarly although we had determined their
MW to be well below 200 kDa by SDS-PAGE (see
above). For these three proteins, omitting the void

Table 1. Resistance of wheat germin and

Arabidopsis GLP oligomers to various de-  1reatment Resistance of oligomer
naturing agents and to pepsin degradation. .
Leaf soluble protein extracts from tobacco Wheat germin AtGER2 AtGER3
plants overexpressing wheat germin or o . 4 i n
Arabidopsis AtGER2 or Arabidopsis At- 1000 C, 1 min

. 60°C,2h + + +
GER3 (see Materials and methods) were o . o
trentod os indicntod amd anated b 60 °C, 2 h, in 0.1% SDS + + +
reated as ndicared anc analyzed by Wes- g oC 2 h, in 1 M f-mercaptoethanol + + -
tern blotting with specific antibodies. The ° .
intensiti t the band d with 60 °C, 2 h, in 5.5 M urea + + -
intensities of the bands were compared wi 37°C, 3 h, 50 pg/ml pepsin at pH 2 4 4 "

those obtained from untreated samples
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volume marker Blue Dextran in the sample restored the
expected elution profile and we were able to determine
that proteins bound in fact to the Cibacron Blue dye of
Blue Dextran (see section purification of wheat germin
and Arabidopsis AtGERI, AtGER2 and AtGER3). For
AtGER1 however, the high-MW complexes were not
caused only by Blue Dextran since it still eluted in the
void volume of Sephadex G-200 even in the absence of
this marker.

To determine whether AtGERI1 exists in the form of
such a complex in the ECM or whether the association
forms with components of the soluble fraction after
grinding, AtGER1 obtained from a cell wall fraction
washed with CaCl, (see next section) was also analyzed
by gel filtration. In this case, AtGER1 was retained on
the column and eluted in the expected fractions for a
monomeric protein whether or not it was first dialyzed
to remove calcium ions (Fig. 3A). However, the addition
of a wild-type tobacco soluble fraction to this AtGERI1
preparation resulted in the formation of a Sephadex
G-200-excluded high-MW complex (Fig. 3B). This com-
plex was unstable in the presence of calcium ions since it
was not obtained using non-dialyzed cell wall AtGERI
fraction. The complex was also dissociated by 5.5 M
urea, but not by 1 M urea (data not shown).

Subcellular localization of Arabidopsis GLPs. As a first
approach to determine the subcellular localization of the
three GLPs under study, cell fractionations were carried
out as described in Materials and methods. The AtGER1
protein was predominantly found in the cell wall
fraction of transgenic tobacco leaves as well as in
Arabidopsis leaves and siliques. Part of the protein was
also found in the SOL fraction: this represents either
intracellular protein or polypeptides that were only
loosely bound to the cell surface so that they were
washed out from the cell wall fraction even in low-ionic
strength buffer (Fig. 4). The situation was the same for
AtGER3 except that it was almost undetectable in
Arabidopsis siliques (Fig. 4). This was expected since,
based on previous northern blots, there is little or no
expression of AtGER3 during embryogenesis (Membré
et al. 1997).
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Fig. 4. Subcellular localization of AtGER1, AtGER2 and AtGER3.
Arabidopsis leaves and siliques, and transgenic tobacco leaves, were
ground and fractionated as described in Materials and methods. The
proteins were then separated on an 11% polyacrylamide gel, blotted
onto nitrocellulose and reacted with antibodies specific for each GLP.
An amount of sample corresponding to 20 mg (fresh weight) of the
initial organ was loaded in each lane to allow a direct semi-
quantitative comparison of the different fractions. Lane SOL, soluble
fraction; lane P16, 16000g pellet; lane CW, cell wall

A different picture emerged for AtGER2. Northern
blots had shown an almost exclusive expression of
AtGER?2 in developing siliques (Membré et al. 1997)
and, expectedly, antigenic reaction with Arabidopsis leaf
proteins was very weak (Fig. 4). In Arabidopsis siliques,
AtGER?2 seemed to be associated with membranes since
it predominated in the P16 fraction although it was also
detected in the SOL and cell wall fractions (Fig. 4). In
contrast, AtGER2 was dominant in the tobacco leaf
SOL fraction and not detectable in the P16 fraction
(Fig. 4). This discrepancy could be attributed to the fact
that, in tobacco, AtGER2 is being synthesized in an
organ (leaf) where it does not usually accumulate.

Except for AtGER2 in Arabidopsis siliques, GLPs
were present in cell wall and SOL fractions. Since the
SOL fraction could still contain some membrane mate-

A

SISV N 1

Fig. 3A,B. Analysis of AtGER1 by gel-
filtration chromatography. AtGER1 was
obtained by a CaCl, wash of the cell wall
fraction (see Materials and methods) and

| - =

1 2 3 4 5 6 7 8 9 10 11 12 13 14

dialyzed to remove calcium ions. It was
then applied to a Sephadex G-200 column

17 without further treatment (A) or after

15 16

preincubation with wild-type tobacco sol-
uble fraction (B). The eluted fractions were
separated on an 11% polyacrylamide gel,
blotted onto nitrocellulose and reacted
with anti-AtGERI1 antibody. Bromophe-
nol blue eluted starting at fraction 16.
The arrowheads indicate the position of
AtGER1
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Fig. 5. Extraction of wheat germin and Arabidopsis AtGERI,
AtGER2 and AtGER3 from the cell wall fraction. The cell wall
fraction of transgenic tobacco leaves overexpressing Arabidopsis GLPs
was washed with 1 M NaCl (lane Na), or 1 M CaCl, (lane Ca) or 1 M
p-mercaptoethanol (lane BME) as described in Materials and methods.
After centrifugation, proteins from the supernatant were separated on
an 11% polyacrylamide gel, blotted onto nitrocellulose and reacted
with antibodies specific for each GLP. An amount of sample
corresponding to 20 mg (fresh weight) of the initial organ was loaded
in each lane to allow a direct semi-quantitative comparison of the
different fractions

rial, an additional centrifugation, at 100000g, was
performed on leaf SOL fractions from transgenic
tobacco plants. Germin-like proteins were always found
exclusively in the supernatant, indicating that they are
not associated with membranes (data not shown).

In order to determine how GLPs are held in the cell
wall and whether all GLPs were involved in the same
kind of interactions, cell wall fractions were washed with
various salts and denaturing agents. Triton X-100 at 1%
was used to wash crude cell wall fractions (see Materials
and methods) and we verified that the use of this
detergent did not release GLPs or wheat germin. Urea
was also ineffective in removing GLPs from the wall
fraction whereas SDS extracted only part of these.
Boiling the cell wall fractions in SDS released most of
the three GLPs (data not shown).

Germin and GLPs could also be extracted with NaCl
and CaCl,. Calcium chloride was much more effective
for extracting AtGER1 whereas NaCl was more effective
for extracting AtGER2 and AtGER3 (Fig. 5). The
AtGER3 was the only protein that could be extracted
with f-mercaptoethanol (Fig. 5); this could be related to
the fact that AtGER3 oligomers, unlike the others, are
dissociated by this denaturing agent (see previous
section).

Wheat germin has previously been shown to be only
loosely associated with the ECM since a simple wash
sufficed to obtain it from cultured embryos (Lane et al.
1986). Germin and maybe GLPs could thus be expected
to be found in the IWF following vacuum infiltration
with a low-ionic-strength buffer. Wheat germin and
Arabidopsis AtGER3 each represented by far the most
abundant IWF protein in transgenic tobacco plants
(Fig. 6, IWF and IWF-den) when leaves were vacuum-
infiltrated with 1 mM CaCl,. Furthermore, a simple
treatment with pepsin digested most of the other
proteins (Fig. 6, IWF-pep). In contrast, appreciable
amounts of AtGER1 or AtGER2 were not obtained by
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IWF IWF-pep IWF-den
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Fig. 6. Analysis of IWF proteins of transgenic tobacco plants. Leaves
from wild-type tobacco (lane N) or transgenic tobacco plants
expressing wheat germin (lane G) or Arabidopsis AtGER3 (lane 3)
were vacuum-infiltrated as described in Materials and methods.
Proteins from the IWF were then separated by SDS-PAGE without
further treatment (/WF) or after pepsin digestion (IWF-pep). Heat-
denatured proteins were also analyzed by SDS-PAGE (IWF-den).
Proteins were stained with Coomassie Brilliant Blue. An amount of
sample corresponding to 20 mg (fresh weight) of leaf tissue was
loaded in each lane. Arrowheads indicate the position of the
heterologous proteins

vacuum infiltration, even by increasing the CaCl,
concentration up to 200 mM (data not shown).

Purification of wheat germin and Arabidopsis AtGERI,
AtGER?2 and AtGER3. In order to further characterize
the biochemical properties and biological functions of
germin and GLPs, purified proteins will be needed.
Germins and GLPs are usually not abundant and an
overexpression system would greatly facilitate purifica-
tion. Attempts to express germin or GLPs in E. coli have
either been unsuccessful or have failed to yield oligo-
meric proteins (Heintzen et al. 1994). Since all these
proteins are probably glycosylated, a procaryotic ex-
pression system is not convenient. Yeast does not appear
to be well suited either since, even though it can
synthesize wheat germin, only monomers are produced
(our unpublished observations).

We have shown that high amounts of germin and
GLPs can be produced in transgenic tobacco lines and
that the properties of these proteins are conserved in this
host. Thus, by taking advantage of this plant heterol-
ogous system and of the characteristics of the GLPs it
should be possible to devise simple purification schemes
based on two or three easy steps for most of these
proteins.

For wheat germin and Arabidopsis AtGER3, a
purification strategy can take advantage of the fact that
the IWF is already highly enriched in these proteins and
that they resist pepsin degradation under controlled
conditions (see Fig. 6). Since normal tobacco IWF
proteins do not display the same pepsin resistance, this
two-step procedure yields a polypeptide that is almost
pure (Fig. 6, IWF-pep). Using this procedure, about
30 pg of AtGER3 was recovered per gram of leaf tissue
whereas the yield for wheat germin was around 10 pg
per gram.

Alternatively, wheat germin and Arabidopsis At-
GER3 can be purified from transgenic tobacco SOL
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fraction since they are both readily observed in it
(Fig. 7A, SOL). Digestion with pepsin (Fig. 7A, SOL-
pep) or incubation at 60 °C (Fig. 7A, SOL-60) is
sufficient to remove the majority of the tobacco proteins
and a combination of these two simple treatments yields
protein fractions highly enriched in the foreign protein
(Fig. 7A, SOL-pep60). The same observations were
made for germin and AtGER3 monomers when the
protein samples were heat-denatured before SDS-PAGE
(Fig. 7B).

Arabidopsis AtGER2 was most efficiently purified
from a soluble fraction heated at 60 °C. The proteins left
in solution were affinity-purified on a Cibacron Blue-
Sepharose column (see Materials and methods). The
AtGER?2 protein possesses an extremely high affinity for
this dye: a combination of 8 M urea and 2.5 M NaCl
was required to elute the protein whereas other GLPs
were washed away by 500 mM NaCl. Since very few
proteins have such a strong affinity for Cibacron Blue,
an almost pure preparation was obtained from this
simple purification scheme, with only one or two major

SOL  SOL-pep SOL-60 SOL-pep60

NG 3 NG3I NGJ3ING G

B SOL-pep SOL-pep60
N G 3 NG 3

Fig. 7A—-C. Partial purification of germin and GLPs from transgenic
tobacco plants. Soluble proteins (SOL) were obtained from wild-type
tobacco (lane N) or transgenic tobacco plants expressing wheat germin
(lane G) or Arabidopsis AtGER3 (lane 3) as described in Materials and
methods. They were then separated by SDS-PAGE on an 11%
polyacrylamide gel after pepsin digestion (SOL-pep) or heating at
60 °C (SOL-60) or both (SOL-pep60) and stained with Coomassie
Brilliant Blue. An amount of sample corresponding to 20 mg (fresh
weight) of leaf tissue was loaded in each lane. A Samples not heat-
denatured before migration. B Samples denatured by boiling before
migration. C Silver-stained soluble proteins from transgenic tobacco
plants expressing AtGER2 after heating at 60 °C (lane S) and after
further purification by affinity chromatography on Cibacron Blue
(lane 2). The arrowheads indicate the position of the heterologous
proteins
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Table 2. Determination of oxalate oxidase activity for wheat ger-
min and Arabidopsis GLPs overexpressed in transgenic tobaccos.
Various amounts of soluble extracts from transgenic tobacco leaves
were assayed for oxalate oxidase activity by a spectrophotometric
method as described in Materials and methods. All assays were
performed at pH 4. nd, not detectable

Protein Relative amount Time ADOss5
(ul of extract)

Wheat germin 0.1 30 min 0.8
AtGERI1 0.1; 1; 10 or 50 upto 16 h nd
AtGER2 0.1; 1; 10 or 50 upto 16 h nd
AtGER3 0.1; 1; 10 or 50 upto 16 h nd

bands being visible on a silver-stained polyacrylamide
gel (Fig. 7C). When two strong bands were obtained, as
shown on Fig. 7C, only the top one reacted with the
anti-AtGER2 antibody (not shown). The yield was
around 0.1 pg of AtGER2 per gram of leaf tissue.

Do Arabidopsis GLPs have oxalate oxidase activi-
ty? Wheat germin is a remarkably stable oxalate oxidase
that can be assayed on nitrocellulose after SDS-PAGE
electrophoresis and electroblotting (Dumas et al. 1993;
Lane et al. 1993). Using this assay, no oxalate oxidase
activity was obtained with wild-type Arabidopsis and
tobacco plants as well as with transgenic tobacco plants
overexpressing AtGER1, AtGER2 or AtGER3, even
when using high amounts of protein and long reaction
times. In contrast, the same assay allowed easy detection
of oxalate oxidase activity in wheat and transgenic
tobacco plants transformed with the wheat gf-2.8 gene
(Berna and Bernier, 1997).

Since not all GLPs share wheat germin’s structure
and stability, the use of an assay relying on SDS stability
is questionable. Accordingly, we optimized a spectro-
photometric oxalate oxidase assay (see Materials and
methods) and repeated the assays for transgenic tobacco
plants. Even though the amounts of heterologous
protein differ for each one, we have shown that
AtGERI1, AtGER2 and AtGER3 accumulated in these
lines. The results summarized in Table 2 clearly illustrate
that the three Arabidopsis GLPs under study do not
exhibit oxalate oxidase activity. Identical results to those
shown in Table 2 were obtained for AtGER1, AtGER2
and AtGER3 at pH 6 and pH 8.

Discussion

Germins are remarkably stable oligomeric glycoproteins
of the apoplast that have oxalate oxidase activity (Lane
1994). Although some GLPs have been localized to the
extracellular space (Domon et al. 1994; Heintzen et al.
1994; Wojtaszek et al. 1997; Ohmiya et al. 1998; Vallé-
lian-Bindschedler et al. 1998b), only three of those have
also been studied at the structural level and shown to be
oligomers: a barley GLP (Vallélian-Bindschedler et al.
1998b) and two very closely related peach auxin-binding
proteins (ABP19 and ABP20; Ohmiya et al. 1998). The
question of resistance was only addressed for the barley
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GLP which, like wheat germin, was shown to be a heat-
stable, SDS-resistant oligomer (Vallélian-Bindschedler
et al. 1998b; Wei etal. 1998). A pea rhicadhesin
receptor, the only GLP that has been purified so far
and one which has yet to be cloned, was shown to exist
as a monomer (Swart et al. 1994).

Taken together, the current information on GLPs
allows us to start making generalizations about this
family of proteins. It is now quite obvious that all GLPs
are somehow associated with the ECM. Except for
AtGERI1 and the pea rhicadhesin receptor (Swart et al.
1994), the other GLPs that have been studied were
found to exist as oligomers and these oligomers showed
high resistance to dissociation and to protease degrada-
tion. The case of AtGERI is interesting since it could
never be seen as an oligomer in the cell wall fraction but
nevertheless had the capacity to form a very stable high-
MW complex with components from the soluble frac-
tion.

Wheat germin is N-glycosylated and it was shown
that the product of the single wheat germin gf-2.8 gene
can give rise to the two isoforms that show only a slight
difference in the glycan moiety (Lane et al. 1986; Berna
and Bernier 1997). These two isoforms (G and G’) run as
a doublet on SDS gels. The same phenomenon was
observed with a barley GLP although, in this case, it
remains to be formally proven that both bands repre-
sented products from the same gene (Vallélian-Bind-
schedler et al. 1998a,b). Similarly, all GLPs possess at
least one putative N-glycosylation site but the presence
of a glycan moiety has been formally demonstrated only
for pine GLP (Domon et al. 1994) and for the pea
rhicadhesin receptor (Swart et al. 1994). By expressing
single cDNAs in a transgenic host, we have been able to
show that AtGERI, AtGER2 and AtGER3 coding
elements each produce two proteins with slightly differ-
ent mobilities although electrophoresis conditions have
to be carefully adjusted in order to evidence this. Thus, it
is likely that all GLPs are glycosylated and that, like
wheat germin, the glycan moiety can exist under two
sligthly different forms. The exact nature of the glycans
remains to be determined as well as the reason for
having two isoforms.

All these similarities should not make us overlook the
differences between GLPs. As mentioned, AtGERI1
probably exists as a monomer as does the pea rhicad-
hesin receptor (Swart et al. 1994). In addition, the
precise interactions of germins and GLPs with the ECM
differ between AtGER2, AtGER3 and AtGERI. Ionic
bonds probably predominate for all. However, AtGER1
was preferentially extracted from a cell wall fraction by
divalent cations (Ca’") whereas, for AtGER2 and
AtGER3, monovalent cations (Na') were more effec-
tive. Wheat germin and AtGER3 links to the wall are
especially weak since, unlike AtGER1 and AtGER2,
they could be recovered in the IWF after vacuum
infiltration with a very low-ionic-strength buffer.

Wheat germin has always been characterized by the
unusual resistance of its oligomers to dissociation and to
degradation (Lane 1991), and the same conclusion was
reached for one barley GLP (Wei et al. 1998). Resistance
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was always assessed by the use of SDS, heat and pepsin.
By these criteria alone, AtGER2 and AtGER3 oligo-
mers displayed the same resistance as germins. However,
the use of other denaturing agents (urea, f-mercapto-
ethanol) allowed us to demonstrate differential sensitiv-
ities to dissociation, AtGER3 being less stable than
AtGER2 and wheat germin.

In barley, two GLPs have been implicated in a
pathogen-defense mechanism involving cell wall modi-
fications following a heat-shock. In non-treated plants,
these prominent proteins were easily obtained in the
IWF whereas they became insoluble following heat-
shock (Vallélian-Bindschedler et al. 1998a,b). The same
treatment was applied to our transgenic tobacco plants
expressing IWF-extractable proteins, wheat germin and
Arabidopsis AtGER3, but the heterologous proteins did
not become insoluble (data not shown). It thus seems
that insolubilization is a property shared by only a
subset of GLPs, probably those that are mainly involved
in pathogen resistance. Alternatively, this cell wall
protection mechanism might not exist in dicotyledons.

Finally, we have searched for an oxalate oxidase
activity associated with the three Arabidopsis proteins
under study. Indeed, when the first GLPs were identified
a few years ago, they were first hypothesized to
constitute dicotyledon oxalate oxidases. However, it
seems very unlikely that all GLPs exhibit this activity
since we now know that plants with small genomes such
as Arabidopsis and rice possess more than ten very
different GLPs (Carter et al. 1998; Membré¢ and Bernier
1998). In this study, we have been unable to detect
oxalate oxidase activity in plants overexpressing
AtGERI1, AtGER2 or AtGER3, even in assay condi-
tions not requiring the proteins to feature an exceptional
stability like wheat germin. This obviously does not
preclude the possibility that some of the other GLPs are
oxalate oxidases but such a GLP has yet to be evidenced.

So, what is the precise function of GLPs? Because
they are related to and share most of the properties of
oxalate oxidase and because of their affinity for Ciba-
cron Blue, which usually binds enzymes having nucle-
otide cofactors, they could be thought as a family of
extracellular matrix enzymes having a wide range of
activities or substrates. However, not all Cibacron Blue-
binding proteins are enzymes so this question is still a
matter of debate. The possibility that GLPs are cell wall
structural proteins does not seem likely since the latter,
in contrast to GLPs, are usually made of repetitive
sequences. However, this hypothesis cannot be ruled
out, especially in the case of those GLPs whose
insolubilization seems to participate in pathogen resis-
tance (Vallélian-Bindschedler et al. 1998a,b).

The most interesting possibility is that GLPs consti-
tute a class of receptors localized in the ECM. Two
observations argue in favor of this hypothesis. First,
N-terminal sequencing identified a GLP as a receptor for
the Rhizobium attachment protein rhicadhesin (Swart
et al. 1994). Second, a GLP from peach was recently
identified in a search for auxin-binding proteins (Ohm-
iya et al. 1998). Interestingly, homology can be found
between the well-conserved motif B of germins and
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GLPs, also called the “germin signature” in PROSITE,
and the putative auxin-binding site, named Box A,
found in maize ABP1 as well as in several ABPI
homologs (Ohmiya et al. 1998). Both these elements
contain two histidines (HXH), a glutamic acid residue
followed by five consecutive hydrophobic amino acids,
and are bordered by glycines. It is tempting to speculate
that conserved residues constitute the core of a ligand-
binding domain defined by the glycines and that variable
residues determine the specificity of the interaction.

A role as receptors would also explain the diversity of
GLP sequences and expression patterns: each cell type is
exposed to different neighbors and/or external factors
and has to be able to respond accordingly so a whole
battery of diverse receptors is required to fully sense its
environment. Some of these receptors would be involved
in physiological and developmental processes whereas
other would play a role in stress responses such as
pathogen infection. Even though the details of GLP
functions in the plant are still missing, accumulating
evidence such as the biochemical data presented here
point toward a dynamic and important role for this
protein family in the extracellular matrix.

We thank Drs. Francis Durst and Jean-Pierre Salaun (IBMP,
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figures. We also acknowledge the extensive correction of the style
realized by one of the reviewers.
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