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Abstract 

A full-length cDNA clone, named PG1, abundantly expressed in late stages of pollen development, has 
been isolated from a cDNA library using a differential screening method with cDNA probes represent- 
ative of microspores at early or late developmental stages. The encoded 410 amino acid polypeptide has 
significant homology with various polygalacturonases (PG) described elsewhere. Two polypeptides, of 
49 and 53 kDa respectively, have been identified in the active PG fraction, isolated from mature pol- 
len by immuno-cross-reaction with tomato PG antibodies. According to their N-terminal sequence, they 
can be identified as being mature peptides encoded by the PG1 cDNA clone. We propose that these 
two proteins derive from a unique precursor through several post-translational events, including the 
excision of a 22 amino-terminal signal peptide and glycosylation. PG-encoding genes form a small 
genomic family. Sequence analysis of three PG cDNA clones shows that they are closely related. The 
divergence of nucleotides between these three cDNA clones is 1 ~o. They encode the same product. 

Introduction 

Polygalacturonase (PG) is one of the enzymes 
associated with cell wall degradation. It occurs in 
several biological processes such as the phyto- 
pathogenic virulence of Pseudomonas solanacea- 
rum [10, 20] and tomato fruit ripening [2, 6, 9, 
12]. The enzyme has also been detected in pollen 
of grasses, where it has been identified by its ac- 
tivity [ 19]. Pollen PG is presumed to have a role 
in the growth of pollen tubes in the pistil. 

Several studies have shown that PG is excreted 
from cells by mechanisms of cellular transport 
which remain unclear. The export of PG in P. so- 
lanacearum involves the cleavage of a typical 21 
residue amino-terminal signal sequence and re- 
quires sequences from the mature PG protein for 
its export across the outer membrane [10]. In 
tomato fruit, two isozymes are present in the cell 
wall [8]. They derive from a single translational 
product which undergoes a number of processing 
events [7, 17]. These include the removal of a 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers X57575, X57627, X57628, X57743. 
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signal sequence, and several post-translational 
modifications including glycosylation. These 
isozymes differ in size due to their differing ex- 
tents of glycosylation. 

Unlike tomato PGs, which randomly cut inside 
polygalacturonate chains (endo-PG) [18], PG in 
pollen of grasses is an exoenzyme that cleaves 
monomers in a stepwise fashion from the end of 
the substrate chains [19]. Physiological implica- 
tions of this difference are still unclear. 

A partial pollen cDNA has recently been iso- 
lated in Oenothera encoding a polypeptide homol- 
ogous to tomato PG [4]. Information on the final 
product(s) is needed in order to further analyse 
the maturation process of pollen PG. We present 
here results concerning the characterization of a 
pollen-specific cDNA clone encoding a PG pre- 
cursor in maize. Two mature glycosylated prod- 
ucts have been identified, probably arising from 
post-translational modification of a single precur- 
sor. 

Materials and methods 

Plant culture and microspore isolation 

Maize plants (MO 17 inbred line) were grown in 
a culture room and pure microspores at different 
stages of development were isolated as described 
by Mandaron etal. [15]. Stages V1 and V2 cor- 
respond to early and late vacuolated microspores, 
respectively. Mitoses I and II take place and mi- 
crospores start to accumulate starch. Stage S1 
corresponds to the beginning of starch synthesis 
and the decrease in size of the vacuole in the 
tricellular pollen grain. Stage $2 corresponds to 
microspores in which starch is accumulated. At 
the mature stage (M) the pollen grain is full of 
starch and can be released from the anther. 

solubilized in extraction buffer and total RNAs 
were prepared according to Westhoff et al. [24]. 
Poly(A) + RNAs were isolated using oligo-dT cel- 
lulose (type 7, Pharmacia). 

Two cDNA libraries were constructed from 
2/~g of poly(A) + RNA using the cDNA Synthe- 
sis Plus kit (Amersham) and the 2gtl0 Cloning 
System (Amersham). The first library (S 1 cDNA 
library) was made using RNA extracted from mi- 
crospores at stage S1. The second library (M 
cDNA library) was made using RNA extracted 
from mature pollen grains. 

Screening for late-microsporogenesis-specific clones 

32p-labelled cDNA probes were made from 
poly(A) + RNAs of either S 1 or V1 microspores 
using a random priming kit (Boehringer, Mann- 
heim) and were used to perform a differential 
screening of the S 1 cDNA library. Hybridization 
conditions were those used by Cox et al. [5]. The 
PG4 cDNA clone was selected because of its 
strong hybridization with the S1 cDNA probe 
and lack of hybridization with the V1 cDNA 
probe. The 0.7 kb PG4 cDNA was subcloned 
into the plasmid vector pUC 18. The PG4 Sma I- 
Sca I restriction fragment (probe 1 in Fig. 1) was 
used as a probe for screening the M cDNA li- 
brary. Prehybridization was carried out for 1 h at 
65 °C in 6 x SSPE, 0.02% PVP, 0.02% Ficoll, 
0.0002% NaN 3, 0.1% SDS, 100 #g/ml denatured 
salmon sperm DNA (1 × SSPE= 0.15 M NaC1, 
10 mM NaH2PO4, 1 mM EDTA). Hybridization 
was performed for 16 h at 65 °C in 3 × SSPE, 
0.02% polivinylpyrrolidone (PVP), 0.02% Ficoll, 
0.0002% NAN3, 0.1% SDS, 100 #g/ml denatured 
salmon sperm DNA. Finally, filters were washed 
in 0.2 × SSPE, 0.1% SDS at 65 °C and exposed 
for autoradiography. 

RNA isolation and cDNA library construction 

Fresh or frozen pollen or other plant tissues were 
ground in liquid nitrogen in a Spex 6700 Freezer 
Mill (Bioblock, France). The frozen powder was 

Northern blot analysis 

Total RNA samples for microspores or other tis- 
sues were fractionated in a 1.2% agarose gel con- 
taining 5 mM methyl mercuric hydroxide [ 1 ] and 



1157 

PGI 

B ~ A N SS ScN X E B 

5' 

200 bp probe l (PG4) 

probe 2 (PC_-~I.) It 

Fig. 1. Restriction endonuclease site map and sequencing strategy for the PG1 cDNA clone. A, Apa I; B, Barn HI; E, Eco RI; 
N, Nar I; S, Sma I; Sc, Sca I; X, Xba I. The PG1 open reading frame is indicated by a black filled-in box. The PG1 5' and 3' 
non-translated regions are indicated by thin lines. Direction and extend of sequencing is given by thin arrows. The black rectangle 
indicates the position of an oligonucleotide used as a primer for sequencing. PG4 cDNA sequences used as probes for M library 
screening (probe 1: Sca I-Sma I restriction fragment of PG4 cDNA) and northern experiments (probe 2: complete PG4 cDNA) 

are indicated above the PG1 cDNA restriction map. 

transferred to GeneScreen Plus membrane (Du 
Pont-New England Nuclear) according to the 
manufacturer's instructions. Prehybridization 
was carried out at 42 °C for 30 min in 50 ~o for- 
mamide, 1 M NaCI, 1~o SDS, 100 #g/ml dena- 
tured salmon sperm DNA. Hybridization was 
carried out under the same conditions for 20 h 
using the PG4 cDNA insert as a probe (Fig. 1, 
probe 2). Final washes were for 1 h at room tem- 
perature in 0.1 × SSC (1 x SSC = 0.15 M NaC1, 
0.015 M sodium citrate). 

DNA sequencing 

Inserts from recombinant 2gtl0 phages were sub- 
cloned into M13 mpl8 and mpl9 phages using 
adequate restriction sites (Fig. 1), processed ac- 
cording to Amersham's instructions and se- 
quenced on both strands using the Sequenase 
DNA Sequencing Kit (United States Biochemi- 
cal Corporation) and the M 13 universal primer or 
the oligonucleotide represented in Fig. 1. Se- 
quence analysis was carried out using the facili- 
ties of CITI2 (Paris). 

Purification of maize pollen polygalacturonase 

Extraction, purification and enzymatic assay of 
maize polygalacturonase were carried out accord- 
ing to Pressey and Reger [ 19] except that reduc- 

ing groups were measured by the arsenomolyb- 
date method of Milner and Avigad [16]. 

Protein electrophoresis 

Protein concentration was estimated by the Brad- 
ford assay [3]. One-dimensional SDS-PAGE 
was performed according to Laemmli [ 13]. Gels 
were either stained with Coomassie brillant blue 
R250, used for western blotting or detection of 
glycoproteins as indicated by Kapitany and Ze- 
browsky [ 11 ]. 

Western blot analysis 

Proteins from microspores at different stages of 
development were prepared by solubilization in 
150mM NaC1 and 10mM CaCI2 of material 
ground in liquid nitrogen. After centrifugation, 
the proteins in the supematant were precipitated 
with acetone. The pellet was resuspended in load- 
ing buffer and fractionated by SDS-PAGE ac- 
cording to Laemmli [13]. After separation, pro- 
teins were transferred electrophoretically to 
Hybond C nitrocellulose sheets (Amersham) and 
processed for immuno reaction using a standard 
procedure. Polyclonal antibodies raised against 
tomato polygalacturonase and preabsorbed with 
proteins extracted from immature-green tomato 
fruit were used [6] (a generous gift of Dr Ben- 
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nett). Immuno-reacting proteins were revealed 
using anti-rabbit sheep IgG conjugated to alka- 
line phosphatase (Promega). 

N-terminal sequence analysis 

10 #g of partially purified polygalacturonase was 
analysed by SDS-PAGE and transferred electro- 
phoretically to an Immobilon PVDF membrane 
(Millipore). The membrane was stained with 
0.2~o Coomassie brilliant blue R250 in 45~o 
methanol and 10~o acetic acid, and then exten- 
sively washed with deionized water. The bands 
that corresponded to the two main polypeptides 
cross-reacting with antibodies raised against to- 
mato polygalacturonase were cut out. Sequence 
analysis was performed by automated solid-phase 
Edman degradation [ 14]. 

Results 

Identification of  cDNA clones abundant in late stages 
of  microsporogenesis 

In order to select mRNAs primarily expressed in 
later stages of microsporogenesis a 2gtl0 cDNA 
was constructed using poly(A) + RNAs purified 
from microspores at a stage corresponding to the 
beginning of starch accumulation. This stage of 
microspore development, named S 1 [ 15 ], follows 
the two successive mitoses and occurs about 8 
days after meiosis and about 4 days before the 
formation of mature pollen. The cDNA clones 
were submitted to a differential screening using 
two radiolabelled cDNA probes prepared from 
poly(A) + RNAs isolated from either juvenile vac- 
uolated microspores (stage V) or microspores at 
the beginning of starch accumulation (stage S 1). 
A number of clones were found to hybridize se- 
lectively with the second probe. One of these, the 
PG4 cDNA clone, gave a strong hybridization 
signal and was consequently retained for further 
analysis. This clone was found to be incomplete. 
As the PG gene is expressed at its maximum in 
mature pollen (Fig. 2), screening of a M cDNA 

Fig. 2. Northern experiment. 10 #g of total RNA from leaves 
(L), vacuolated microspores (V2), microspores at the begin- 
ning of starch accumulation (S1) or from mature pollen (M) 
were fractionated by electrophoresis in denaturing conditions, 
blotted and hybridized with the 32p-labelled PG4 probe 
(Fig. 1), which is a partial sequence of the PG1 cDNA. The 
autoradiogram was exposed for 6 h at -70 °C with an am- 
plifying screen. No hybridization signal was detected either in 
V2 microspores or in leaf RNA, not even after longer expo- 
sure. The same negative result was observed with RNA pre- 

pared from roots, female organs or from coleoptiles. 

library was performed using the PG4 Srna I-Sca I 
restriction fragment as a probe (probe 1 in Fig. 1) 
in order to select full-length PG cDNA clones. 
About 1 ~o of the clones hybridized with this 
probe. Three cDNA clones, PG1, PG2 and PG3, 
were thus selected and further analysed. They are 
all strongly homologous to PG4 cDNA, as shown 
below. 

The PG cDNA clones correspond to mRNAs abun- 
dantly synthesized in pollen after microspore mitosis 

The expression pattern of the PG mRNAs was 
analysed during maize microsporogenesis using 
total RNAs isolated from microspores at several 
stages of development and using PG4 cDNA as 
a probe (Fig. 1, probe 2). Significant levels of the 
1600 bp PG mRNAs were found in microspores 
at the beginning of starch accumulation (stage S 1, 



Fig. 2). One band only was detected by the north- 
ern blotting technique. The mature pollen con- 
tained the largest amount of mRNAs, showing 
that these mRNAs accumulate during a short pe- 
riod of time, in the late stages of pollen formation. 
No hybridization signal between PG4 cDNA and 
RNAs extracted from microspores at early stages 
of development (i.e. before the two successive 
mitoses) could be observed, not even after pro- 
longed exposure of autoradiograms. The PG4 
cDNA probe was hybridized to RNAs of differ- 
ent maize organs to determine the developmental 
expression of the PG genes. No hybridization 
signal was detected either in leaves of different 
ages (Fig. 2), in roots, in female organs, or in 
coleoptiles (not shown). 

The polypeptide encoded by the PG1 cDNA is ho- 
mologous to tomato and Oenothera polygalactur- 
onases 

Sequence analysis of the PG1 cDNA clone shows 
the presence of an open reading frame potentially 
coding for a 410 amino acid protein (Fig. 3). The 
first ATG codon must be the translation start 
codon since no other in-frame ATG codon was 
found in the upstream sequence of several of the 
genes corresponding to the PG cDNAs (in prep- 
aration). The stop codon is found at an identical 
position in the three other cDNAs sequenced 
(Fig. 3). Consequently, the ORF starting at posi- 
tion 8 and ending at position 1240 in the PG1 
cDNA represents the full polypeptide encoded by 
this cDNA. The polypeptide has a calculated 
mass of 43 457 Da and a calculated pI of 7.2. It 
has a high (27~o) serine, threonine and glycine 
content. The amino acid sequence shares 34~o 
identical amino acids with the tomato PG which 
plays a major role in the ripening of the fruit [22], 
and 44~o identical amino acids with the partial 
sequence of the Oenothera pollen PG [4]. 

The comparison of the three amino acid se- 
quences clearly shows the presence of highly con- 
served domains (Fig. 4). Some of these domains 
are also conserved in the PG of the prokaryote 
P. solanacearum (conserved amino acids are in- 
dicated by an asterisk in Fig. 4). The region com- 

1159 

prising the residues 252 to 264 is particularly con- 
served and might be involved in the catalytic 
activity of the enzyme. The maize polypeptide is 
particularly enriched in methionine residues (12 
versus 4) relative to the pollen PG of Oenothera. 

Identification of pollen polygalacturonase encoded 
by the PG1 cDNA clone 

A fraction containing PG activity has been puri- 
fied from mature pollen as indicated in Materials 
and methods. Results of SDS-PAGE separation 
of the polypeptides contained in the purified frac- 
tion are shown in Fig. 5, lane 2. Three major poly- 
peptides (of 56, 53 and 49 kDa) are observed. 
Immunoblot analysis using the tomato PG anti- 
bodies reveals a strong immuno reaction with the 
53 and 49kDa  polypeptides (Fig. 5, lane 3). 
These two polypeptides have an identical N- 
terminal sequence which corresponds exactly to 
part of the amino acid sequence deduced from the 
PG1 cDNA, overlined in Fig. 3. The fact that the 
N-terminal sequences are identical strongly sug- 
gests that both polypeptides derive from a unique 
precursor. This is consistent with the northern 
experiment described above, in which all mRNAs 
detected were of a single size (Fig. 2). The two 
immuno-reacting polypeptides were also detected 
in microspores before pollen maturity, at stage 
$2, during which starch is accumulated. No im- 
munological reaction was detected at earlier 
stages (Fig. 6). Thus, the accumulation pattern of 
polypeptides cross-reacting with PG antibodies 
follows the accumulation pattern of PG mRNAs 
(Fig. 2). 

The N-terminal sequence of the two polypep- 
tides strongly suggests that the PG-1 cDNA en- 
coded protein is post-translationally cleaved re- 
leasing a 22 amino acid residue peptide and a 
mature product of 41 kDa. This hypothesis is 
strongly supported by the fact that the 22 N- 
terminal residues deduced from the P G 1 0 R F  
have strong hydrophobic properties (not shown), 
which are characteristic of signal peptides for en- 
doplasmic reticulum targeting [23]. 

A positive Schiffreaction was observed for both 
the 53 kDa and the 49 kDa polypeptides (Fig. 7), 
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Fig. 3. Nucleotide sequence (lane 1) and deduced amino acids of PG1 cDNA clone. The N-terminal amino acid sequence of the 
53 kDa and 49 kDa polypeptides (Fig. 5) are shown by continuous and dashed lines respectively. The putative signal peptide 
excision site is indicated with a vertical arrow. The four putative glycosylation amino acid motives are overlined. Comparison of 
the nucleotide sequence of 3 PG eDNA clones: PG1 (lane 1); PG2 (lane 2); PG3 (lane 3). Only different nucleotides of PG2, and 
PG3 towards PG1 are represented. The lower-case sequence represents the non-translated regions. Two putative polyadenylation 
sites are underlined. PG4 cDNA is completely identical to the PG1 eDNA; it begins at the first arrowhead and ends at the second 

one, where it is continued by a polyA(13) tail. 

showing that they are probably glycosylated. Four 
putative glycosylation sites are overlined in Fig. 3. 
Glycosylation may explain the discrepancy be- 
tween the molecular weight of PG as calculated 
from the cDNA and the apparent molecular 
weights found after SDS-PAGE. Similar results 
were obtained for the PG from tomato fruit [7]. 

Characterization of a PG eDNA clone family 

PG4 cDNA (710 bp long, overlapping PG1 from 
base 697) contains only part of the open reading 
frame. It is identical to PG1 at the level of se- 
quence, but is shorter in its 3' non-coding region. 
The PG4 sequence is terminated by a poly(A) tail 
just after the first polyadenylation site shown in 
Fig. 3. Sequence analysis of the three eDNA 
clones PG1, PG2 and PG3 showed that they be- 
long to a closely related family of genes (Fig. 3). 
Comparison of the PG1 and PG2 clones showed 
seven silent mutations at positions 13, 250, 385, 
439, 676, 703 and 790 in the PG1 nucleotide se- 
quence, and one mutation at position 1053 result- 
ing in an amino acid substitution of a valine (359) 

for the equivalent alanine. Six bases are changed 
in the 3' non-coding region, and one insertion of 
4 bases is observed. The PG3 eDNA clone 
(1555 bp overlapping PG1 from base 19) contain 
a partial coding sequence and diverge from the 
PG1 sequence in the 3' non-coding region only 
(Fig. 3, lane 3). The PG1, PG2 and PG3 se- 
quences contain two identical putative polyade- 
nylation signals underlined in Fig. 3. 

We conclude that the PG1, PG2 and PG3 
cDNAs correspond to a closely related family of 
genes. 

Discussion 

The results presented have allowed us to charac- 
terize polygalacturonase in maize pollen, which is 
the product of at least one eDNA clone contain- 
ing the full coding sequence. Several points con- 
cerning this finding will be discussed. 

Several of the findings described here are in 
agreement with those recently obtained for in- 
complete PG clones characterized in Oenothera 
organensis [4]. 
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Fig. 4. Alignment of predicted amino acid sequences deduced from maize pollen PG 1 cDNA clone (lane 1), Oenothera organensis 
pollen partially overlapping P26 and P22 cDNA clones [4] (lane 2) and tomato fruit PG-2A cDNA [21] (lane 3). Identical amino 
acids between these sequences are boxed. The comparison has been extended to Pseudomonas solanacearum PG [ 10] (lane 4); 

amino acids identical to the maize PG1 sequence are indicated with an asterisk. 

- The polypeptide encoded by the PG clones is 
homologous to tomato fruit polygalacturonase. 

- The mRNAs and the protein are abundant in 
pollen. The products are detected after pollen mi- 
tosis and the maximum accumulation is found in 
mature pollen. 

- I n  both plants, evidence has been found in- 
dicating the presence of a small gene family en- 
coding polygalacturonase. Sequencing of the 
three isolated cDNA clones PG 1, PG2 and PG3 
has shown that the divergence is very limited 
(about 1~o) within this family. This result sug- 
gests that the selection pressure for the conser- 
vation of the PG genes is very high within one 
species or that duplications within the PG gene 
family have occurred recently. 

PGs involved in tomato fruit ripening are 
known to be endoenzymes [ 18]. But all PGs so 
far isolated from pollen have been characterized 
as exoenzymes [ 19]. Evidence of a PG gene fam- 
ily expressed in Oenothera and maize pollen con- 
trasts with the presence of only one tomato PG 
gene which is expressed during fruit ripening [2]. 
From this observation, it emerges that exoPGs 
would be the products of a gene family, whereas 
endoPGs would be encoded by a single gene. The 
large divergence in homology between genes cod- 
ing for endo- and exoPGs could explain the fact 
that one band only is observed in the tomato 
genomic Southern experiment with an endoPG 
nucleic probe [6]. 

The sequence of the PG 1 cDNA clone reported 
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Fig. 5. Identification of polygalacturonase purified from pol- 
len. 5/~g of protein of a fraction purified as described in Ma- 
terials and methods was separated by SDS-(12%)PAGE, 
stained with Coomassie brillant blue (lane 2), or used for im- 
munodetection with anti-tomato fruit PG antibodies (lane 3). 
Molecular masses of markers (lane 1) and of major bands of 

the purified fraction are given in kDa. 
Fig. 7. Detection ofglycoproteins after SDS-(12%)PAGE by 
Schiff staining. A. Coomassie brillant blue staining of purified 
pollen PG (3/lg, lane 1), bovine serum albumin (3 #g, lane 2), 
C1 complement inhibitor (2 #g, lane 3). B. Schiff staining of 
purified pollen PG (25/~g, lane 1), bovine serum albumin 
(15/~g, lane2, negative control), C1 complement inhibitor 
(15/lg, lane 3, positive control). Polypeptides 49 and 53 kDa 
cross-reacting with anti-tomato fruit PG antibodies are indi- 

cated (see Fig. 5). 

Fig. 6. Immunodetection of polygalacturonase during micro- 
spore development. Total proteins (30 #g) from microspores 
were fractionated by SDS-(12%)PAGE and blotted on ni- 
trocellulose for immunodetection using immunopurified anti- 
tomato fruit polygalacturonase antibodies. Developmental 
stages are: mature pollen (M), late starch accumulation ($2), 
early starch accumulation (S 1), late vacuolated microspores 
(V2) and early vacuolated microspores (V1). Triangles indi- 
cate polypeptides cross-reacting with the antibodies. Molec- 

ular masses are given in kDa. 

here allows the characterization of the full-length 
amino acid sequence of PG. Two corresponding 
polypeptides are found in a catalytically active 
fraction prepared from mature pollen. These two 
polypeptides are glycosylated and we suggest that 
the size difference between them is due to differ- 
ences in extent of  glycosylation. The N-terminal 
sequence of each of these two polypeptides 
strongly suggests that they are the result of post- 
translational modification of native products. 
Three closely related PG c D N A  clones have been 
characterized and only one amino acid difference 
has been observed between the translational 
products of these c D N A  clones. The PG pro- 
duced during pollen maturation is therefore com- 
posed of almost identical translational products 
of  a family of  c D N A  clones. The N-terminal 22 
residue sequence which ends at a glycine residue, 
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just before the maturation site, has properties of 
a signal peptide. We suggest that this signal pep- 
tide would target the growing polypeptide into the 
lumen of the endoplasmic reticulum, and the ma- 
ture products would then be glycosylated. 

The characterization of the pollen PG cDNA 
sequence should allow detailed analysis at the 
molecular level of the maturation process of the 
enzyme. Further work is needed to determine the 
subcellular location of pollen PG and its impli- 
cation in the pollen germination process. 
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