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Abstract 

The gene coding for a new class of proteins rich in glycine and proline (GPRP) was cloned in Arabidopsis 
thaliana. In the protein sequence, five amino acids - glycine, proline, alanine, tyrosine and histidine - 
account for 79.4~o of the total composition. The protein has two different glycine-rich domains inter- 
rupted by a hydrophobic segment having a high probability of helix formation. The protein synthesized 
in vitro interacts with microsomes possibly through the hydrophobic domain. The gene in Arabidopsis has 
two introns, one in the coding region and the other one in the 5' non-coding region. The later one is 
778 bp long. Homologous sequences are found in carrot, tomato and tobacco. GPRP mRNA is found 
in the different organs of the plant analyzed except in mature seeds and anthers, and mostly in epider- 
mal and vascular tissues. Possible hypotheses about the function of GPRP are discussed. 

Introduction 

A growing number of proline- and glycine-rich 
proteins has been described in plants (for a re- 
view, see reference [16]). They are formed by 
highly repetitive sequences and they are mainly 
located in the cell wall where they are considered 

to be important structural components. This is 
the case for extensins or hydroxyproline-rich gly- 
coproteins (HRGP) and glycine-rich proteins 
(GRP). Other classes of such proteins contain 
repetitive proline-rich segments in most of their 
sequences like the auxin-induced proline-rich 
proteins (PRP) from soybean [ 14] or they contain 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number X84315. 
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proline-rich stretches only in part of their 
sequence like hybrid PRPs [15]. Genes coding 
for proteins having proline- or glycine-rich do- 
mains have been shown to have a preferential 
expression in the embryo [ 15] or the stylar tissue 
[4 ] or induced during nodule formation in legumes 
[8]. 

Proline and glycine-rich domains have in gen- 
eral been supposed to have a structural function 
and this is probably the case for cell wall proteins 
such as HRGP, PRP and GRP. However, it has 
recently been proposed that in at least a number 
of cases they may have a very different function. 
The glycine-rich domains in RNA-binding pro- 
teins described in plants [ 10] seem to take part 
in the binding process. A proline-rich domain in 
gamma-zein has been shown to be essential for 
the protein targeting [ 9]. It has recently been pro- 
posed that proline-rich segments take part in 
protein-protein recognition in important cellular 
processes [24]. 

In particular, it has been shown that the SH3 
domains, described in a number of signal trans- 
duction or cytoskeletal proteins, interact with 
other proteins through proline-rich segments [ 24]. 
In some cases, proteins presenting repeated se- 
quences rich in proline or glycine identified in 
animals have also transmembrane domains and a 
cytosolic domain rich in these two amino acids. 
This is the case for proteins such as rhodopsin 
[23], synexin [7] and synaptophysin [35]. Other 
proteins having N-terminal domains containing 
proline or glycine stretches and a transmembrane 
domain include VAMPs or synaptobrevins [1, 
38], proteins that take part in the process of 
vesicle fusion in transport phenomena [34]. 

The systematic Arabidopsis thaliana cDNA se- 
quencing project [13] led to the identification of 
some cDNAs encoding proteins with repeated 
sequences rich in proline and glycine. One of these 
cDNAs (clone p9, EMBL accession number 
Z17584; Est:Atts0158) was identified in a devel- 
oping silique cDNA library. The putative protein 
presents a large domain rich in glycine, proline 
and tyrosine which constitute 27.1 ~o, 18.0~o and 
11.2 ~/o, respectively, of total protein composition. 
By comparison of sequences to EMBL database, 

the nucleotide and protein sequences do not 
present significative homology with known GRP 
or HRGP proteins. Only the repeated domain 
shows similarity to the repeated region of mam- 
mal transmembrane proteins. 

In this paper, we present the characterization 
of this cDNA and the corresponding gene which 
encodes a novel class of proteins rich in glycine 
and proline in plants. Analysis by in vitro tran- 
scription and translation shows that the corre- 
sponding protein is able to interact with mem- 
branes. The expression of the cDNA was studied 
in different organs ofArabidopsis thaliana. Analy- 
sis by Southern blotting show that this protein is 
encoded by one or two genes and that it is con- 
served in different dicotyledonous species. 

Materials and methods 

Plant material and culture 

Arabidopsis thaliana ecotype Columbia plants 
were grown to maturity under a continuous fluo- 
rescent illumination at 22 °C, on a mixture of 
vermiculite, perlite and sphagnum (1:1:1) and ir- 
rigated with mineral nutrients [ 12]. 

Mature tissues as rosette leaves, roots and 
stems, immature siliques, pollinated or unpolli- 
nated flowers were collected on 2-month-old 
plants. Seeds were collected on 3-month-old 
plants. Wounding of plants was performed by 
cutting rosette leaves of 5-week-old plants into a 
humidified chamber that was then covered and 
incubated at room temperature (method de- 
scribed by Niyogi and Fink [22]). 

Library screening 

The initial cDNA clone (clone p9) was obtained 
from an immature silique library (obtained by Dr 
Jerome Giraudat, CNRS, Gif-sur-Ivette) and 
identified from the systematic sequencing pro- 
gramme [13]. The insert was completely se- 
quenced and it appears in the EMBL database 
under the accession number Z 17584. This cDNA 



was subcloned in pB S in EcoRI site and named 
p9. The insert was separated from the pBS vec- 
tor by EcoRI digestion and fractionated on aga- 
rose gel run. Recovery and elution of the 790 bp 
fragment was made by the electro-separation 
technique (Biotrap; Schleicher and Schuell). 

For the cloning of the genomic sequence, an 
Arabidopsis thaliana Columbia genomic library in 
the vector EMBL3 was purchased from Clon- 
tech. The library was plated on LE392 host cells 
in LB top agarose with 0 .2~ maltose, and incu- 
bated overnight at 37 °C. Plaques were trans- 
ferred to nylon filters (Nytran; Schleicher and 
Schuell) in two replicas where the DNA was de- 
naturated and immobilized as described by the 
manufacturer. The filters were prehybridized 4 
hours at 42 °C to the following conditions: 40~o 
formamide, 6 × SSC, 1~o SDS, 50/~g/ml salmon 
sperm DNA. The filters were hybridized for 20 h 
in the same solution with denatured p9 cDNA 
probe, then washed twice at room temperature in 
2x  SSC, three-fold at 55 ° C i n  2x  SSC, 1~o 
SDS for 20 min each time. The positive clones 
were selected and replated until a single, well- 
isolated positive plaque could be picked and 
stocked for analysis. 

Positive clones were then analyzed by DNA 
blot. Their DNA was digested by restriction en- 
zymes of the phage multicloning region, SacI, 
XhoI and SfiI in order to separate phage arms 
from gene insert. Digested DNAs were size frac- 
tionated on agarose gel run in 1 x TAE (40 mM 
Tris acetate, 1 mM EDTA, pH 8). Gel was trans- 
ferred onto nylon membrane (Nytran; Schleicher 
and Schuell) using 0.4 M NaOH as transfer 
buffer. The DNA was bound to the membranes 
by baking at 80 °C for 2 h, prehybridized and 
hybridized with p9 cDNA probe in the same con- 
ditions as described for library screening. 

Southern analysis 

DNAs were extracted from different plant species 
using CsCl-ethidium bromide centrifugation [28 ]. 
Ten #g of Arabidopsis thaliana digested by SpeI, 
SacI and EcoRI, 10 #g of tobacco (Nicotiana 
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tabacum), and tomato (Lycopersicon esculentum) 
digested by EcoRI were fractionated on agarose 
gel electrophoresis. DNAs were transferred to 
nylon membrane (Nytran; Schleicher and 
Schuell) using 0.2 M NaOH as transfer buffer. 
Membranes baked at 80 °C for 2 h were prehy- 
bridized, hybridized with p9 cDNA probe and 
washed as described for library screening. In the 
case of homologous DNA hybridization (Arabi- 
dopsis genomic DNA), stringent washes were car- 
ded out twice at 65 °C with 0.5 x SSC, 1 ~o SDS 
for 20 min. 

DNA sequencing 

The nucleotide sequence of p9 cDNA was deter- 
mined by using the dideoxynucleotide chain ter- 
mination method [ 29]. The cDNA was sequenced 
by its two extremities with double strand DNA 
templates using reverse and universal primers 
(Amersham Multiwell system). The genomic 
clones were sequenced using ExolII nested dele- 
tions and primer walking strategies in the auto- 
mated fluorescence sequencing (ALF, Pharma- 
cia). 

Northern blot analysis 

Total RNAs were extracted from different tissues 
by previously described methods [ 11 ]. Ten ktg of 
total RNA was denatured and fractionated on 
denaturing gel as described by Meinkoth and 
Wahl [ 21 ]. The corresponding gel was transferred 
to nylon membrane (Nytran; Schleicher and 
Schuell) using 20 x SSC as transfer buffer. The 
filter baked at 80 °C, prehybridized for 4 h at 
42 °C with the following solution: 40~o forma- 
mide, 6x  SSC, 1~o SDS, 2x  Denhardt's solu- 
tion, 50 #g/ml of salmon sperm DNA. The filter 
was hybridized in the same solution with dena- 
tured p9 cDNA probe for 20 h, then washed twice 
with 2 x SSC at room temperature for 10 min, 
twice at 65 °Cwith 1 x SSC, 1~o SDS for20 min. 



628 

In situ hybridization 

Tissues were fixed in 3:1 ethanol/acetic acid for 
1 h at room temperature. Once the fixative had 
been removed, the samples could be stored in 
70~o ethanol at 4 °C. Treatment of tissues prior 
to hybridization was performed as previously de- 
scribed [20]. Probes, hybridization, washes and 
detection of the transcripts were carried out ac- 
cording to the suppliers' protocols (RNA colour 
kit for non-radioactive in situ hybridization; 
Amersham). Both sense and antisense transcripts 
were synthesized starting with 1/zg of linearized 
DNA template. The labelling reaction was 
checked on a 1.5~o agarose gel. 

An overnight incubation with the detection re- 
agent was required to get the strongest signals. 
Samples were then dehydrated, incubated in xy- 
lene for 5 min and mounted in Permount. 
Digoxygenin-labelled hybrids were viewed using 
bright-field microscopy and photographs were 
taken using Ektachrome 160 films. 

lets by centrifugation. The pellets were resus- 
pended in 15/~1 of loading buffer for polyacryla- 
mide gel electrophoresis [19]. Proteins of the 
supernatants were precipitated in 20 ~o trichloro- 
acetic acid, washed twice with iced acetone 
( - 2 0  °C) and resuspended in 15/~1 of loading 
buffer. Sucrose cushions were carried out in order 
to purify microsomes. The translational products 
were diluted until 1 ml with the corresponding 
buffer and loaded on 1 ml 50 ~o sucrose cushions 
(in TEA or carbonate buffer). Centrifugation 
was carried out in a Beckman SW60 rotor at 
45 000 rpm, during 45 rain at 4 ° C. Pellets were 
directly resuspended in 15 #1 of electrophoresis 
loading buffer. Interfaces and supernatants were 
collected and precipitated in 20 ~o trichloroacetic 
acid, washed twice with iced acetone and resus- 
pended in 15/~1 of loading buffer. The microso- 
mal fractions were recovered from the interface. 
The in vitro translation products were analyzed 
on polyacrylamide gel electrophoresis as de- 
scribed by Laemmli [19]. 

In vitro protein analysis 

The p9 DNA was digested by KpnI in order to 
transcribe GPRP sense RNA. The in vitro tran- 
scription of the cDNA was carried out following 
standard procedures [28]. 

Cell-free protein synthesis was carried out using 
an RNase-treated rabbit reticulocyte lysate (Rab- 
bit Reticulocyte Lysate amino acid-depleted; 
Amersham). To 7/~1 oflysate was added 0.8 #1 of 
35S methionine (1000 Ci/mmol, Amersham), 1 #1 
of amino acids minus methionine, 0.3 #1 of 2 M 
potassium acetate, 0.5 #1 of p9 RNA (200 ng). In 
order to analyze the relation of proteins to mem- 
branes, to this solution 0.8/A of microsomes (ca- 
nine microsomes, Promega) were added. The 
translation solution was incubated to 30 °C for 
1 h. When indicated, the translational products 
were diluted in 40 #1 of triethanolamine 50 mM 
pH 7.5, potassium acetate 150 mM, magnesium 
diacetate 2.5 mM (TEA buffer) or sodium car- 
bonate buffer (100 mM sodium carbonate 
pH 11.5). Supernatants were separated from pel- 

Results 

Characterization of GPRP cDNA and features of 
the deduced protein sequence 

The systematic Arabidopsis thaliana cDNA se- 
quencing project led to the identification of a small 
number of cDNAs encoding proline- and/or 
glycine-rich proteins. One of these cDNAs (p9, 
accession number Z 17584; Est:Atts0158) coming 
from the developing silique library was fully se- 
quenced. It contains a 790 bp long insert and an 
open reading frame corresponding to a protein of 
177 amino acids rich in proline and glycine. This 
cDNA presents a 5'-flanking region of 40 nucle- 
otides and a 3'-untranslated region of 203 nucle- 
otides followed by a 17 nucleotide long polyA 
tract. The predicted protein (Figs. 1 and 2) has 
177 amino acids and it corresponds to a polypep- 
tide having a molecular mass of 17 829 Da and an 
isoelectric point of 10.33. It contains a large pro- 
portion of glycine (48 residues, 27.1To), proline 
(32 residues, 18.0~o), alanine (22 residues, 
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Fig. I. A. Hydrophobicity profile of GPRP. The hydropho- 
bicity of the GPRP sequence is plotted against the sequence 
according to the algorithm of Kyte and Doolittle. B. Align- 
ment of GPRP with a similar carrot protein sequence. The 
GPRP sequence is compared with a protein reported from 
carrot having a similar distribution of amino acids. The resi- 
dues forming the central hydrophobic domain are underlined 
and the repetitive segments in the N-terminal domain are 
shown with arrows. 

12.4~o), tyrosine (20 residues, 11.2~o) and histi- 
dine (19 residues, 10.7~o) residues. These five 
amino acids account for 79.4~o of the total pro- 
tein composition. Due to the composition of the 
protein it has been called GPRP (glycine- and 
proline-rich protein). 

The protein has a clear three-domain structure 
that can be seen in the hydrophobicity profile 
shown on Fig. 1A. The protein begins with a short 
hydrophilic sequence rich in aspartic acid and 
asparagine. Therefore it does not have the fea- 
tures expected for a signal peptide. This is fol- 
lowed by a repetitive glycine- and proline-rich re- 
gion, the sequence YPPAG being the most 
frequent repeat. This region forms a particular 

-329 tctcctntgcccccacagtttaatatatttcataaacacccccacgagaaattaaaaacc 
-269 gttccaaatttgaaaaaatacaacaaacaattcatgaaaatattcaatctataagcaaaa 
-209 cattggtagtgttacatgt~cgtccttc~gctgaaaatttggatagcattgttaatta 
-149 tgacaac~aagtgtagcctgtgattcatagtaaaa~taaggactaaaaataaaaatat 
-89 atcttttttggaaatcgtaccgcgtaagaaacat~ataaatacctatlaggtcttattt 

+1 
-29 ttttctcttccaatttc~ttcgacatatTTCGCGATT~TCT~Ggtaaaaaaaaactc 

32 atctttttttcttttagatc~taatttttgatcagcgattcgctcttctgatctgtgtt 
92 ctttaagcttgtcttctctcttgattcgatctgctgaaaacctagaaatttttgattttt 

152 ttgtttgttttgctccatgtgtatggggatatttacgattttaacaaaacaaaaatatga 
212 attgaggttttttatttagcgaattgg~tttaattgttcacattcgtttggctctctcg 
272 aggtgagtgataaa~atagaactttcttatgcttaggatcttaaattcgagttctttga 
332 tttacctgtcatgt~tattgattgatctcatttatatt~gtctgcttgatgtttaaag 
392 cttg~atgcaatttgattgg~ttactggagattgatct~acctaatcaatgagtg 
452 ataacattgctggttcatctgatttctcatctggt~ctgctcgatcccctgaagaaa 
512 gtttgaaactcaggcttggtttgtgcagtttgattgatttatctcattacttgactctgg 
572 t~acttgattctttgatgaaagcttgaa~taatgtttggttt~gcaatatgattggg 
632 attaactgcatttgatctctgaccaaaatcagtgattaattaoattgcttggttatctca 
692 ttacttgagtttggtgttcctgcatgatcccctgagcttgaa~tcatgcttggtttgtc 
752 caatt~gacctaaattgatgttttcttgtggtatcttttcgta~TTT~AC~ATT 

812 GAGAAAA~TGGGA~TGACAA~AT~ACAAAGACAAAGGGTTT~TATCCTC 
M G G D N D N D K D K G F H G Y P P I 8  

872 CCGCT~ATACCCACCCCCT~CTTATC~CC~C~GATACC~CAACAA~TTACC 
A G Y P P p G A Y P P A G Y P Q Q G Y P 3 8  

932CTC~C~CCC~CTTACCC~CTG~TTAT~TGCCTA~CACCTGCTC 
p p p G A Y P P A G Y P P G A Y P P A P 5 8  

992CTGG~GTTATC~CC~CCCCT~TTAT~G~ATCCTC~GCTCC~GTTAT~AG 
G G Y P P A P G Y G G Y P P A P G Y G G 7 8  

1052 GTTATCCTCC~CCT~TCAT~TGGTTACCCTCCTGCT~CTATCC~CTCAT~CT 
y p p A P G H G G Y P P A G Y P A H H S 9 8  

1112 CAGgtactgtgtttcttttgctaatggtttttttctcccat~agtttgccagttaagtg 
G 99 

1172 ttgtaatggtcactgtacaaacaagttaaaataggagaagttgtttatat~t~tttgt 
1232 gattgtctgtatgttcattgctaaaatctgagattta~atcatatttggtgttaaatgt 
1292 cactttggtttctttattcatgctgttatttatactt~ttcagGACA~CAGGA~T 

H A G G I I 0 4  

1352 TGGGGGTATGATTGCA~TGCTG~GCTGCCTAT~AGCT~CCACGTAGCTCATAGCTC 
G G M I A G A A A A Y G A H H V A H S S 1 2 4  

1412 TCACGGTCCTTA~GACATGC~CATATGGTCAC~TTTT~C~GTCA~GCTATGG 
H G P Y G H A A Y G H G F G H G H G Y G I 4 4  

1472 CTATGGTCAT~T~TGGT~GTTC~GCATG~GCACGGG~GTTC~G~ 
Y G H G H G K F K H G K H G K F K H G K 1 6 4  

1532GCAT~TTT~AGGAGGC~GTTC~G~GT~GTGATCTAGTT~TACCT~T 
H G M F G G G K F K K W K *  177 

1592 G~TCTGTC~GRCTGACC~TGTTTCAAAT~GCCCTAAA~TTATAT~GTTGACT 
1652 TT~TC~TTAGATTGCT~TTCAGTT~T~T~AAACTT~TTAGTATCAAATCTT 
1712 AT~TACTTTAAAGCTATCGTTGGCTTTAT~TGACAGATTCT~TTTC~TGTTG 
1772 ~T 

Fig. 2. Nucleotide and deduced amino acid sequences of the 
GPRP gene of Arabidopsis thaliana. The c D N A  sequence is 
shown in upper case letter and the genomic sequences not 
present in c D N A  in lower-case letters. Putative TATA boxes 
are shown in boldface letters. Numbers on the left refer to the 
nucleotide sequence. The deduced amino acid sequence is 
presented in the single-letter code below the corresponding 
nucleotide sequence. Numbers on the right refer to the amino 
acid sequence. 

domain of 86 amino acids (amino acids 15 to 100) 
and can be aligned into motifs of  a pentapeptide 
repeated 12 times punctuated by tyrosines 
(Fig. 2B). The comparison of the whole GPRP 
protein to the EMBL and PIR databases pro- 
duced an unpublished carrot sequence (accession 
numbers: EMBL, X72383 and PIR, $32123)that 
can be easily aligned to GPRP in at least part of 
the sequence (Fig. 2B). The similarity between 
these two proteins is specially significant in the 
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first half of the sequence including the first hy- 
drophobic stretch and the glycine- and proline- 
rich and the hydrophobic domains. The general 
distribution of amino acids indicates that these 
two proteins may belong to the same family of 
sequences. The comparison with the databases 
also produced a number of proteins having 
proline-rich domains with similarity to the N- 
terminal repetitive region of GPRP. All these pro- 
teins have the characteristic to be associated to 
membranes with the repeated region located in 
the cytoplasm. 

The GPRP sequence contains a central hydro- 
phobic domain and it finishes with a hydrophilic 
domain rich in glycine and histidine. The C- 
terminal domain is also repetitive, it has the XG 
sequence repeated nine times, X being either Tyr, 
Phe or His. The motive K F K H G K H G  is also 
repeated twice. 

The hydrophobic domain is 17 amino acids 
long and is flanked by histidine residues. It can be 
well observed by applying the Kyte and Doolittle 
algorithm [18] as shown in Fig. 1A. It is the only 
region of the protein that shows high probability 
of helical formation according to Chou and Fas- 
man [5]. This distribution of amino acids is also 
found in proteins associated with membranes de- 
scribed in animal systems and taking part in 
vesicle trafficking such as synaptobrevin or 
vesicle-associated membrane proteins [ 1 ]. In 
plants a protein showing a hydrophobic domain 
that could be a single transmembrane region has 
been found in wheat induced by pathogen attack 
[ 3]. This protein, PWlR 1 a, has a very short basic 
N-terminus and a C-terminal glycine-rich region 
and it was proposed that it may be an integral 
membrane protein that may increase adhesion of 
the membranes to the cell wall in the case of 
pathogen attack. 

Cloning and sequence of the homologous gene 

An Arabidopsis thaliana genomic library was 
screened with the p9 cDNA as labelled probe and 
phages showing the strongest hybridization inten- 
sity were selected. In order to separate the gene 

insert from phage arms, the DNA phage was di- 
gested by restriction enzymes from phage multi- 
cloning region (SacI, XhoI and SfiI), and hybrid- 
ized to p9 cDNA. According to the resulting 
restriction map, two 7 and 8 kb fragments were 
subcloned in pBluescript corresponding respec- 
tively to the 5' and 3' regions up to the SacI site 
of the cDNA (Fig. 3). A 1.8 kb region containing 
the zone of homology to the cDNA was 
sequenced. The sequence has been submitted to 
the EMBL database and its has the accession 
number X84315. 

At nucleotide and protein levels, the coding 
region of the gene shows 100~o of homology to 

Fig. 3. Genomic structure of the GPRP gene in Arabidopsis 
thaliana. A. Schematic representation of GPRP gene struc- 
ture. The open boxes indicate intron regions, hatched boxes 
represent 5' and 3' non-coding regions and black boxes in- 
dicate the coding domain. Restriction sites are: H, HindlII; P, 
Pstl; S, SacI; N, NcoI. B. Southern blot analysis was carried 
out on 10/~g ofArabidopsis thaliana DNA, digested with SpeI, 
EcoRI and SacI. Tobacco and tomato DNA was digested with 
EcoRI and hybridized with the GPRP cDNA probe. 



GPRP cDNA (see Fig. 2). This region is inter- 
rupted by an intron which has a length of 221 bp. 
The intron starts with the three nucleotides GTA 
and ends by CAG which are consensus sequences 
for introns according to Brown [2] and Rogers 
[26]. In the 5' non-coding region the sequence is 
interrupted by a long intron (778 bp) also flanked 
by consensus sequences. A schematic drawing of 
the structure of the GPRP gene is shown on 
Fig. 3A. Upstream the transcriptional start point 
the sequence changes its character and it contains 
putative TATA boxes (see Fig. 2). In general the 
sequence of the gene is rich in A/T (61.6 ~o), how- 
ever the base composition is very different in the 
two exons (57~ and 52~  GC) when compared 
to the rest of the sequences. In particular the in- 
tron located in the coding region is 31 ~ rich in 
GC and the promoter region is 30~  rich in GC. 
It has been described for other plant introns that 
they tend to be rich in AT [30] while the fact that 
the protein is rich in glycine and proline (whose 
codons are G G N  and CCN respectively) may 
increase the GC content of the exons. 

Genomic organization of  the GPRP gene in Arabi- 
dopsis 

Genomic DNA from Arabidopsis was digested 
with EcoRI and SpeI which have no recognition 
site in the cDNA, and with SacI (underlined in 
Fig. 2) which has a recognition site at position 
386 in the cDNA. The DNA was electrophoresed 
on an agarose gel, transferred onto a nylon mem- 
brane and hybridized to the p9 cDNA probe 
(Fig. 3B). The size of the hybridizing fragments is 
7.2 and 5.2 kb forEcoRI and 7.8 kb for SpeI. The 
digestion pattern for SacI is a single 7 kb band, 
this could appear in contrast with the existence of 
a SacI site in the gene deduced from the sequence. 
However this band appears as a double band in 
well resolved gels (result not shown). The South- 
ern blot results indicate that GPRP is probably 
encoded by either one or two genes in Arabidopsis. 

The presence of sequences homologous to the 
GPRP gene in other plant species was analyzed 
by Southern hybridization. Genomic DNA from 
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two different dicots, tomato (Lycopersicum escu- 
lentum) and tobacco (Nicotiana tabacum), and 
were digested by EcoRI. After electrophoresis and 
transfer, the corresponding Southern blot was hy- 
bridized with Arabidopsis GPRP cDNA probe. 
All species show hybridizable bands that would 
correlate with the presence of a small number of 
genes, probably a single gene (Fig. 3B). Similar 
experiments done on DNA extracted from mono- 
cot species such as maize (Zea mays) and barley 
(Hordeum vulgare) gave no clear hybridization 
band (result not shown) that could be attributed 
to the low sequence similarity due to the large 
distance existing between the species. 

Expression in Arabidopsis tissues and organs and 
response to wounding 

The accumulation of mRNA corresponding to 
the GPRP gene in some Arabidopsis tissues as 
adult roots, rosette leaves, stems, immature siliq- 
ues, pollinated and unpollinated flowers, mature 
seeds was analyzed by RNA blot hybridization 
(Fig. 4). The mRNA band hybridizing to GPRP 
cDNA is ca. 900 bp long. The accumulation of 
this mRNA is ubiquitous in all tested tissues ex- 
cept in mature seeds (Fig. 4). The highest mRNA 
accumulation is found in stems. The result is con- 

Fig. 4. Detection ofArabidopsis thaliana G PRP m R N A  in dif- 
ferent tissues. Ten #g of total RNAs extracted from tissues 
were separated on an agarose gel and transferred to mem- 
brane. The labelled G PRP  cDNA probe was hybridized to the 
corresponding northern blot. 
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firmed by in situ hybridization (Fig. 5). In Arabi- 
dopsis stems the GPRP mRNA is accumulated in 
the vascular tissues and the epidermis. In the 
young flower the GPRP is highly accumulated in 
epidermal tissues of the siliques but not in the 
mature anthers (Fig. 5). 

Some genes encoding proteins rich in proline, 
such as maize HRGP [36], bean PvPRP1 [31] 
and bean Hyp [6] and rich in glycine such as 
tomato GRP [32] are induced by wounding 
15 min to 2 h after the treatment. This induction 
was analyzed on GPRP gene expression. In other 
cases GRP mRNA appear to have its level re- 
duced by wounding [17]. After 4 h of wounding, 
the level of GPRP mRNA is similar to the un- 

Fig. 5. In situ hybridization of two Arabidopsis thaliana organs 
using the GPRP probe. A. Localization of GPRP mRNA in 
the stem showing accumulation primarily in the vascular 
bundles and the epidermis. B. Localization of GPRP mRNA 
in the flower showing accumulation in the female parts of the 
flower and in epidermal tissues. 

wounded plants (Fig. 4) and therefore GPRP dif- 
fers from the behaviour of the typical GRPs de- 
scribed in plants. 

The GPRP protein interacts with membranes in vitro 

The high similarity of the repetitive motif of GPRP 
protein (rich in proline, glycine and tyrosine) with 
regions of membrane-associated proteins led us 
to analyze an eventual interaction of GPRP pro- 
tein with membranes. In addition, the hydropho- 
bicity graph according to Kite and Doolittle 
(Fig. 1A) shows three domains: the N-terminal 
domain, 86 amino acids long, which corresponds 
to the repeated region rich in proline and glycine, 
and the C-terminal domain, 60 amino acids long, 
are both hydrophilic regions while the central 
domain of only 17 amino acids is highly hydro- 
phobic. This is a feature shared by proteins in- 
teracting with membranes either forming trans- 
membrane domains or being anchored to the 
membrane. 

In order to characterize a possible interaction 
of GPRP with membranes, the GPRP cDNA 
was transcribed and translated in vitro in the pres- 
ence and in the absence of canine microsomal 
membranes (Fig. 6). The fi-lactamase protein was 
chosen as a control because this protein is trans- 
located and processed but not associated with the 
membrane. 

The translational product of fl-lactamase 
mRNA solubilized in TEA buffer (pH 7.5) is 
found in the supernatant to a molecular mass 
of 35 kDa. As expected, the in vitro translated 
fl-lactamase in the presence of microsomes was 
found as a 29 kDa polypeptide in the pellet after 
ultracentrifugation (Fig. 6A). In contrast, the 
translational products of GPRP mRNA diluted 
in TEA buffer were found in the pellet in the 
presence or in the absence of microsomes show- 
ing that these proteins are insoluble in this range 
ofpH.  The GPRP proteins are in fact solubilized 
in a sodium carbonate buffer at pH 11.5 (Fig. 6A). 
The apparent molecular weight of GPRP proteins 
is 22 kDa, which is somewhat different from the 
one deduced from the complete sequence 



Fig. 6. Character izat ion in vitro of membrane-assoc ia ted  
G P R P  protein. A. f l - lactamase or G P R P  m R N A s  were t rans-  
lated in the presence ( + ) or in the absence ( - ) of  canine 
microsomal  membranes .  Transla t ional  products  were diluted 
in T E A  buffer (TEA) or carbona te  buffer(CO~ - ), centrifuged 
and proteins in the pellet (1) and in the supernatant  (3) were 
analyzed by polyacrylamide gel electrophoresis and autorad-  
iography. B. f l- lactamase or G P R P  m R N A s  were t ransla ted 
in the presence of  microsomes,  diluted in T E A  buffer and 
loaded on a sucrose cushion.  After ultracentrifugation, pro- 
teins in pellet (1), in terphase (2) and superna tan t  (3) were 
analyzed by polyacrylamide gel electrophoresis.  A control  with 
microsomes in the absence of  R N A  ( - ) was carried out  in the 
CO3 2-  buffer experiment.  

(17.7 kDa). The high content of proline could ex- 
plain this retardation of migration, already noted 
for proline-rich proteins [27] that was attributed 
to the anomalous mobility of basic proline-rich 
regions in SDS gels. 

According to these results, centrifugation 
through a sucrose cushion was performed in order 
to purify the microsomes and to separate the in- 
soluble proteins (which are recovered in the pel- 
let) from the proteins associated with membranes 
(which sediment in the interphase). When the 
translation products were resuspended in TEA 
buffer and loaded on a sucrose cushion, 
/~-lactamase sedimented in the interphase with 
membranes (Fig. 6B). In the same way, the G P R P  
protein which normally precipitated in this buffer, 
sedimented in the interphase together with mi- 
crosomes suggesting that they are associated with 
membranes (Fig. 6B). The translation product of 
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G P R P  in the absence of microsomes and loaded 
on a sucrose cushion was recovered in the pellet 
as it was previously found in TEA buffer (result 
not shown). 

In order to identify the kind of interaction of 
G P R P  proteins with membranes, G P R P  mRNA 
was translated in the presence ofmicrosomes and 
then dissolved in sodium carbonate buffer 
(pH 11.5). This treatment allows the formation of 
membrane sheets and consequently, to the release 
from the vesicles of those proteins which are 
soluble inside the microsomes or peripherally 
bounded to membranes. In these conditions, 
transmembrane proteins sediment in the inter- 
phase. As expected, /~-lactamase was released 
from microsomes and found mainly in the super- 
natant (Fig. 6B). In general, carbonate treatment 
is not a quantitative process a small proportion of 
the//- lactamase protein (ca. 20Yo) not released 
from microsome vesicles is found in the inter- 
phase (see Fig. 6B, fl-lactamase, lane 2). How- 
ever G P R P  protein was found in the supernatant 
and in the interphase. Comparison of sucrose 
cushions in TEA or in carbonate buffer shows 
that although G P R P  is bound to membranes, the 
binding was partially removed by the sodium car- 
bonate treatment at pH 11.5. This result suggests 
that G P R P  proteins are anchored to membranes 
and that at least a percentage (around 40 ~o ac- 
cording to the distribution of the protein in the 
sucrose gradients) may be in the form of a trans- 
membrane protein. 

Discussion 

A new class of proline- and glycine-rich proteins 
from Arabidopsis thaliana is described. Its se- 
quence shows at least three well defined domains. 
After a short hydrophilic stretch, the first domain 
is repetitive and rich in glycine and proline hav- 
ing a consensus sequence YPPAG. This sequence 
is similar to a cytosolic domain found in trans- 
membrane proteins of the annexin VII family de- 
scribed in a number of animal systems ranging 
from invertebrates to man. This type of domains 
has not been reported in the already described 



634 

annexins in plants [33]. In fact, similar repeated 
motifs like those indicated in Fig. 1B are found in 
rhodopsin [23], synexin [7] and synaptophysin 
[35]. This domain shows 63~o of similarity to 
octopus rhodopsin (53 amino acids organized in 
7 repeats), 50 ~o to Dictyostelium annexin VII (100 
amino acids organized in 15 repeats) and a lower 
degree of homology to rat synaptophysin that 
contains 49 amino acids organized in 10 repeats 
having a consensus sequence YGP/QQG. The 
second domain is hydrophobic and it has the fea- 
tures of a transmembrane domain, in particular a 
highly hydrophobic core with a high probability of 
helix formation. Transmembrane domains are 
frequently flanked by amino acids of basic char- 
acter such as lysine or arginine, in this case it is 
defined by histidine residues (see Fig. 1A and B). 
The protein sequence of GPRP finishes with a 
repetitive sequence rich in glycine and histidine. 
The complete protein is basic with a pI of  10.33. 

The first two domains have a high similarity to 
a sequence recorded in carrot (see Fig. 1B) while 
the third domain is much more dissimilar to this 
protein. This observation may lead to the conclu- 
sion that the two important features of the protein 
are, first, the general distribution of amino acid 
residues and, second, the existence of a proline- 
rich repetitive sequence in the N-terminus of the 
protein and a hydrophobic domain in the center 
of the sequence. The existence of similar proteins 
in other plant species also results from Southern 
blots on DNA from other dicot species. GPRP 
appears to be a general type of plant proteins at 
least in dicotyledonous species. 

The GPRP protein is encoded by one or two 
genes in Arabidopsis. The gene corresponding to 
the p9 cDNA has been cloned and it shows two 
introns, one in the coding region and another one 
in the 5' non-coding region. This 5' intron is very 
long (778 bp) for an Arabidopsis intron and both 
its location and length make it an unusual feature 
of the GPRP gene. Whether this is important for 
the control of its expression or not is a question 
that analysis of the promoter could decide in the 
future. The gene appears to have a general ex- 
pression in the organs of the plant, in particular 
in vascular and epidermal tissues. The location 

where the gene has the lowest level of expression 
is in the seed and mainly in the mature anther. It 
can be concluded that GPRP is not a protein 
needed in processes such as cell division or de- 
fence. 

The need for proteins linking intraceUular com- 
ponents with the cell wall through the plasma 
membrane has been published repeatedly [25, 33, 
37]. Information about proteins that could relate 
cytoskeleton to the membrane is also lacking. 
GPRP has a domain similar to a sequence that in 
annexin has been proposed to interact with cyto- 
plasmic components [ 35 ]. GPRP is probably not 
an extracellular protein as it lacks a signal peptide 
and it has been shown to interact with mem- 
branes in vitro. The sequence similarity to animal 
proteins and the anchoring of GPRP in mem- 
branes might be taken as an indication of this 
protein being an element of the plant cytoskeleton- 
cell wall continuum [37]. 

Another interesting possibility is that GPRP 
could take part in the processes of internal cel- 
lular transport. In cytoplasm of eukaryotic cells, 
specific vesicles are responsible for these pro- 
cesses. Proteins with amino acid distribution 
similar to GPRP have been described in animal 
systems. These are VAMP (vesicle-associated 
membrane proteins) or synaptobrevins [1]. In 
some cases these are integral membrane proteins 
with a single transmembrane domain and they 
interact with the proteins responsible for vesicle 
fusion [1]. The distribution of GPRP mRNA 
could correlate with this function as it appears to 
be highly abundant in cells where transport is very 
active such as phloem and epidermis. These hy- 
potheses are testable by using, for instance, im- 
munological methods. In this sense, GPRP may 
be a useful tool to explore interesting phenomena 
in plant cell biology. 
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