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ABSTRACT

The cDNA encoding p43, a DNA binding protein from
pea chloroplasts (ct) that binds to cognate DNA
polymerase and stimulates the polymerase activity,
has been cloned and characterised. The characteristic
sequence motifs of hydroxyproline-rich glyco-
proteins (HRGP) are present in the cDNA corres-
ponding to the N-terminal domain of the mature p43.
The protein was found to be highly O-arabinosylated.
Chemically deglycosylated p43 (i.e. p29) retains its
binding to both DNA and pea ct-DNA polymerase but
fails to stimulate the DNA polymerase activity. The
mature p43 is synthesised as a pre-p43 protein con-
taining a 59 amino acid long transit peptide which
undergoes stromal cleavage as evidenced from the
post-translational in vitro import of the precursor
protein into the isolated intact pea chloroplasts.
Surprisingly, p43 is found only in pea chloroplasts.
The unique features present in the cloned cDNA indicate
that p43 is a novel member of the HRGP family of
proteins. Besides p43, no other DNA-polymerase acces-
sory protein with O-glycosylation has been reported yet.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. Y11824

characterised (5,6). Very few similar proteins from the plant
system are known (7). Since the mechanism of DNA replication,
especially chromosomal DNA replication, in higher plants is
poorly understood (8,9), DNA polymerase accessory proteins
of plants have remained largely unknown.

Biochemical activity of a host of proteins is regulated
through the post-translational modifications, the most common
being glycosylation (10,11). Although the precise role of glyco-
sylation of accessory proteins of the DNA polymerases as
mentioned above remains to be elucidated, glycosylation of
many proteins contributing to cell-proliferation, cellular rigidity,
etc., has been well documented (12). In plants, there is a super-
family of proteins termed the hydroxyproline-rich glycoproteins
(HRGP) which are generally involved in cell wall formation,
building resistance towards pathogens and various stages of
cellular development (13,14). The HRGPs contain oligoarabino-
sides and/or heteropolysaccharides as the principal carbo-
hydrates which are O-linked to the hydroxyproline (HyP) and/or
serine (and threonine) residues. The degree of arabinosylation at the
hydroxyproline residues depends on the extent of clustering of HyP
amino acids, which are very often preceded by a serine (S) residue
(15,16). HRGPs are found abundantly either in extracellular
matrices, cell walls or as integral membrane proteins (12,17), but
their intracellular localisation, if any, is yet to be demonstrated.

In our continuing efforts to understand the molecular
mechanism of pea chloroplast DNA replication (18-20), we
have reported earlier the identification of a 43 kDa DNA
polymerase accessory activity [p43, a DNA binding protein

Replicative DNA polymerases are generally assisted by gom pea chloroplasts (ct)] (6). To gain insight into its func-
group of accessory proteins for processive, faithful and rapigional significance, we have isolated and characterised the
DNA synthesis. The three well characterised accessoryDNA encoding this accessory protein. Analysis of the cDNA
proteins of eukaryotic DNA polymerases are the proliferatingand partial amino acid sequencing of the p43 protein revealed
cell nuclear antigen (PCNA), replication factor C (RFC) andthat the N-terminal region of p43 is very rich in contiguous HyP
replication protein A (RPA) (1). The PCNA and RP-A analoguesgesidues. Thus, p43 was predicted to be O-glycosylated (especially
of prokaryotic DNA polymerases are also well known (2).O-arabinosylated) to a great extent, a fact which was confirmed by
Apart from these three types, other proteins with the DNA-biochemical and physical evidence. p43 can be classified as a
polymerase accessory activities have also been reported fromew member of the HRGP family because of its interesting
various sources. The adenovirus DNA-binding protein, Ad-DBFbiochemical and physiological features. Chemically deglyco-
(3), and the UL42 protein from Herpes Simplex virus (4) aresylated p43 (i.e. p29) bound to DNA and the cognate DNA
two examples. Organellar DNA polymerases also requirgpolymerase, but failed to activate the pea ct-DNA polymerase.
accessory proteins but only a few have been identified an8ince p43 is targeted to pea chloroplasts, evidence is provided,
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for the first time, that a member of the HRGP family could alsoLYL, were used to design the oligonucleotide probes LG1, S1
be located intracellularly and its glycosylation might be impor-and L1, respectively, as shown in Table 1.
tant for the DNA-polymerase accessory activity.

Lectin blots

Assays with the lectin blots were carried out using the DIG
MATERIALS AND METHODS Glycan differentiation kit and application protocols of the
Screening of cDNA library manufacturer (Boehringer Mannheim Biochemical). Positive

control glycoproteins, supplied with the kit, were tested first to
examine the efficacy of the probing lectins. Deglycosylated
p43 (p29) and lysozyme were used as negative controls.

A cDNA library was constructed using|8y of poly(A)* RNA
of leaf tissues of pea seedlings at tf@RI/Xhd cloning sites
of the AUni-ZAP XR vector and employing the cDNA syn-
thesis kit and protocol of the manufacturer (Stratagene). A totadbeglycosylation of p43 by trifluoromethanesulfonic
of 1.2x 1(Pplaques were immunoscreened using anti-p43 anti(TFMS) acid

bodies that were adsorbed with bacterial antigens (21). Very pout 100ug of lyophilised and Tris-free p43 along with 2 mg

few (13 only) positive clones were identified by the immuno-oﬂ . X ; .
: ; ; ysozyme (Sigma) was incubated with a mixture of $BOf
technique. Of these only two clones were confirmed by hyb”dénisole and 67Qul of TEMS at #C for 2 h. Deglycosylation

isation with the 5'-labelled degenerate oligonucleotide probe as carried out as mentioned (22). Post-dialysis buffer

derived from microsequencing of p43 (Table 1). These cDNA : .
were sequenced. Since the latter clones contained only Olgﬁchange of deglycosylated p43 was finally carried out by

; X . - ration using the centricon system (Amicon, 3 kDa cut off).
insert (Fig. 1e, clone C1) which was not sufficient to represe 0 remove excess lysozyme from this preparation, four rapid

the entire cDNA, the phage library was rescreened using th cles of dialvsi ; : !
. e X o ysis with higher pore size membranes were
0.9 kb excised cDNA. The positive plagues were identified an%rforme d. The best preparation i.. deglycosylated pAgon-

i

purified. Subsequently, the phagemid clones were prepar ; : .
following the excision methods and those containing the 1.3 kb ned lysozyme and deglycosylated p43in the molarratio of 1:2,

insert DNA were chosen for DNA sequencing. Monosaccharide determination

About 30ug of p43 along with inositol as an internal standard
Table 1. Nucleotide sequence of oligonucleotide primers and monosaccharide standards was subjected to methanolysis
(1 M methanolic HCI, 16 h, 8C). Released monosaccharides
were derivatised with pyridine/chloromethylsilaNgD-bis

Primers Sequence (5-3) (trimethylsilyl) acetamides (3:2:5, v/v). Following trimethyl-
{coordinate number in cDNA) silyation, the TMS-O-methylglycosides were analysed by gas
chromatography and mass spectroscopy as described by
LG1 TAYTTYGARGARACIYTIAAYGTITAYGAY
(680) (709) Moody et al. (23).
In vitro translation of p43 specific cDNA
S1 CATATTATTYTBGATATTYTBGARAAR
(713) (739) The F1 or F2 cDNA (Fig. 1a) was cloned as BooRIl-Xhd
AT AAYYTBGATTAYYTBTAYGAR fragment in the mammalian shuttle vector pSGI (modified,
H Q;gf‘ ¢ (862) Stratagene) and the recombinant plasmid was used as a
template.In vitro translation was carried out with either the
DK20-N3 CGCGGATCCATGACATGGCCACCAAGATACTGE TNT coupled rabbit reticulocyte lysate (RRL) or the TNT coupled
(392) “12) wheat germ extract (WGL) systems (Promega), &Betysteine
(specific activity > 1000 Ci/mmol, NEN-Dupont) following
DK20-C1 COOBCATCOTT ATTAGARATACAGT TS the manufacturer’s protocols (Promega). Immunoprecipitation
(958) (941) . . . 4 ;
of thein vitro translated proteins was, if necessary, carried out
DK20-R5 CTTCTCTTACTITCCTCTAGAGG in RIPA buffer employing standard protocols (21).
(216) (194)

Transport of the in vitro synthesised protein into intact
chloroplasts

l,inosine; Y =C+T;R=A+G;B=G+T+C. The underlined region  Intact chloroplasts from 7—8 day old pea leaves were isolated
is the added restriction site. as described (24). Import reactions were performed following the
published procedure (25). The reaction mixture was incubated in
the presence of sunlight (2 mmol photondsh at 22C for
various intervals of time. Post-import intact chloroplasts were
An 18 amino acid long N-terminal sequence and sequences of-isolated (26) and the ct-proteins were analysed by SDS—
five other trypsin fragments (Fig. 1a) of p43 were obtainedPAGE and autoradiography.

using the ABI model 492A precise sequence analyser machine. e

The sequence information was made available by the Worcest%FR amplification

Foundation for Biomedical Research (Worcester, MA). Mas$?CR amplifications were performed in a Perkin-EImer DNA
spectral analysis (MALDI-TOF) of these peptides was carriedrhermal Cycler 480 (27,28). Many of the primers carried
out to confirm the identity. Selected portions of three of theseestriction sites at their 5' ends. Either 100 ng of total DNA from
peptides namely YFEETLNVYD, HIILDILEK and IDNLDY- plasmid-library or 10 ng of specific DNA was used as a template.

N-terminal and internal amino acid sequencing
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a

ATTACATCCTTTTCTTTTATGATGATGAACCGTCATGATTTCAATAATACCAATCATTTT 60 <8
oo ¥ I s I I P I I L 9

GATTCACACTTTATTTTATGTTGGATTTTCTGATGACATGCCACTTACCACTACACTTCC 120 9 1
1 HTLF Y V GF S DDMZPULTTTL P 29 \

ACAATCACCAACATCACCTCTCCCACATTTTCACTTGTACAATCAAAATTCCAATTCATA 180
Q S P T S P L P HFHTLYNA QNS SNSY 49

¥

A /
TCCTTCATCTACACCTCTAGAGGAAAGTAAGAGAAGATCTCCACCACCTAGGAGAAGATC 240 S8 v
P S S TPULETES KRR S P PP RRRS 69
j« -28
TCCACCACCACCACCGAGAAGATCTCCACCACCACCTCCTAGGAGAAGTTCTCCTCCACC 300 -39
P p P P P RR S PP PPPRURSS PP P 89

Hydropathy index

ACCACCACCTAGGATAAGATCTCCACCACCTCCTCGTCCACCACCACCACCACCACCACC 360 58 , l ' ] —
P P P P P 109 T T T T T T T T T T T T T T T Ty TTTTYY YT
P P PRI RSP PP PURUPPP . pA i . o

188

> (b)
TCTTTTATTCGACCATTTTAAACTGTCTCAGACATGGCCACCAACATACTGCAAGCTTAA 420
LLFDHFKLSQTHPPTYCKLK129 ‘.

AAATAATGATTGTGTTTCTCCATTGCCACAAAAATTTACTATCCATGGGTTATGGCCAAG 480
N N D C V S P L P Q KF T I HGIULWP 5149

Charge

TAAAGAAGGTGTTGAGATACGAGATTGCAACAAAGAAGGCATAAATGTGAACGATTTTGT 540
K E GV E I RDCNIKUETGTINVNDTF V169

TCCTATAAAGACAAGACTCAATGAAAATTGGCCGGCGTTATTTAAAAAGGATCATCAAGA 600 ARRRARAM RARAARADOARARAAAARSA RAREARAREA RARARRARAS M
P I K TR L.N.E.N.W.R.A.LF K K D_B.Q._E189 1 L] 128 (c)m E » aa

1 £1] 118 J1zaa
AGATGCTAACATTCAATTATGGGTTAATCAATGGTATGCTCACGGAACTTGTTCAGATCA 660

Signal peptide HyP rich C- inat
D.A.N.1 @ L WV N QW YAHGTC S D Q209 iy Tr i Ryttt

(d)
ATTGTTCAAGTTTATTTCTTACTTTGAAGAAACATTAAACGTTTATGATAGACATATTAT 720
L F K E. 1.8 . Y FE. E . E. T L. N V. .X .R.R B.I.X 229 Clone Extant of CDNA in nucisotides

EcoRt
ATTAGATATCCTTGAAAAGAATGGTACAAAACCAGGTGGAACATATCCTAAACAAAATAT 780 F1 1

kR L. E.K K P GG T Y P K.Q N I 249 1 -

Ecok

F2 — g

TCTCAATGCAAATCAGACACATACTCTATTTAGGCCACAAATTCGATGTGAGCGGATTGA 840 61 1292
L N AN Q TJH T L F R P QI R CE R I.R 269

3 i o

TAATTTGGATTATTTATATGARATAAGACTTTGTTTGACACCTACTCTAAAACTAGAGTA 900
N L.R.Y L.Y.E.I.R L C L TP TL KL E Y289 c2 B i

TAAAGATTGTGAAATTCCTTATAGTGGTTGTCGCGATACAGAAGTGTATTTCTAATAAGT 960 ( e )
K D CE I P Y S G CURUDTE VY F * * 306

TATAATGTTATTGATGGACATTTGATCTTGGTGCTTTGGAAGTTTGGTGGCAGCCAAAGG 1020
TTCGTGGGAGCATGATGTTTATCCTTAATTTTAGTTTCCTATTATTCAGTTTTTTCGCTT 1080
TTCTTTTGTACTTTTTTGTTATGTTGGGTGTTGTTTTAGTTCTAAATACCTTGTTTACTA 1140
TAATTGTGTCTCTATTGTCTTGTTTGTACTCTTTCTATTTTCCTCTTTCATATGTATTGT 1200
TTGTACTCTTTCTATTTCCCTCTTTCACATTTTGTGTTAGAAGGAATTTATATGAATAAA 1260

ATGTGATGTTTGTTAAARAARAARRARARAAR 1292

Figure 1. Primary sequence and organisation of F1 cDN#).The sequence shown begins at or very near the 5' end of the mMRNA. The in-frame stop codons both
at the 5' and 3' ends of the ORF are shown by asterisks. The putative initiation methionine is shown in bold letters. The cleavage site of thedeasshpemt

by the vertical bold arrow pointing downwards. The putative O-glycosylation region is shown as two pairs of arrows that are associated withlthargeffioe

prolines of this region are perhaps post-translationally modified to hydroxyprolines. The sequences of N-terminal and internal peptides ditqiA8das o
experimentally are shown by bold and dotted underlines, respectively. The putative N-glycosylation sites are boxed. The probable poly(#g piteseast

shown by double-underlinesh) Hydropathy plot of the deduced amino acid sequence of p43. The hydropathy values of each amino acid were determined using
an interval of 9 amino acids. Values above and below the dashed line indicate hydrophobic and hydrophilic regions respePliveth@wing charge distribution

across the entire ORF) Various modules of p43g] Terminal restriction sites and the nucleotide coordinates of the important clones used.

Northern blots for 17 h. The fractionated RNA was then blotted onto Nylon
Total cellular RNA was extracted from the leaves of variousrnembrane (Gen.e Screen). F'or hybridisation reaction, the biotted
plants and tissues of the pea plant. Aboug@pof total RNA  membrane was incubated with2.0” ¢.p.m. of¥%P-labelled F1

was electrophoresed in a 1% agarose/formamide gel at 1.5 VIC?PNA (specific activity ~16¢.p.m.f1g) at 65C for 16 h. The
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membranes were washed and exposed for autoradiographytro translatable product. On the other hand, a protein of the
For reuse of the blot, the bound radiolabel was stripped bgxpected size was synthesised using the F1 clone under similar
incubating the blot in 04 SSC and 0.5% SDS at 9 for  conditions (Fig. 4). These observations point to the methionine
30 min. at amino acid position 1 as the start codon.

The ORF begins with a transit peptide of 59 amino acids
which probably determines the chloroplast localisation of p43.
The procedure was carried out essentially as described Byhe stromal cleavage site is shown by a bold vertical arrow
Maniatis et al. (21). RNA was prepared independently from (Fig. 1a). Since the N-terminal amino acid sequence of p43
three sources: (i) pea leaves for obtaining total cellular RNAwas obtained (bold underlining in Fig. 1a), it was easy to
(ii) in vitro system using the recombinant plasmid pSG1-F1 agssign the cleavage point. The transit peptide is rich in serine
the template and the TNT coupled RRL system (Promega) if15%) and threonine (10%) residues but poor in acidic residue
the presence of 20ig/ml cycloheximide to block translation; content (aspartic acid 3%, glutamic acid 3%). There is also a
(iii) defined in vitro system using T7 RNA polymerase (USB) consensus serine residue located 8 amino acids upstream of the
along with the pSG1-F1 template. cleavage point at lysine. Seventy-three percent of the residues

An appropriate amount of RNA sample from each sourcef this transit peptide assume the random coil conformation
was annealed with ~5 ng ¢61C° c.p.m.) of 5' labelled DK20R5 according to the secondary structure prediction by the GGBSM
primer. Following annealing, extension of the primer was carriednethod (31). All these features agree well with those found in
out using MMLYV reverse transcriptase (USB) for 2 h aP@7  other chloroplast transit peptides (32,33). Later, we have also
The extension products were analysed in a 6% polyacrylamidghown the cell-free translated product of the clone F1 trans-
urea sequencing gel and autoradiographed. For the contrigicated in the purified intact pea chloroplasts (Fig. 4) using the
reaction, the linearised plasmid pSG-F1 was used as the templaii@nsit peptide mechanism.

Judging from the nucleotide sequences alone, the expected
Other methods size of the mature protein would be ~29 kDa (amino acids 60-306)

DNA-polymerase assays, co-immunoprecipitation of DNAinstead of 43 kDa (6). This discrepancy was accounted for by
polymerase along with p43 using anti-p43 antibodies, Soutihe glycoprotein character of p43 (Fig. 2). N-terminal amino
western blotting, etc. were carried out as described earlier (6§cid sequencing of p43 (amino acids 60-78 of ORF) revealed
Other methods including gel electrophoresis, 5', 3' and uniforrfat all the prolines (P) of the underlined region of Figure 1a are
labelling of DNA, Southern blotting, western blotting, DNA indeed hydroxyprolines (HyP). Amino acid composition analysis

sequencing, etc., were carried out according to the published}so showed (data not shown) that each molecule of p43 contained
procedures (21). about 25 and 16 residues of HyP and proline, respectively.

Moreover, considering that the motif S-HyBis a major target

for O-arabinosylation (15,16), it appears that all the contiguous
RESULTS prolines following a serine residue (amino acids 60—-100 in
Fig. 1a) are post-translationally modified to hydroxyprolines.
Consequently, this N-terminal region of p43 could be highly
The proteins required for the replication of pea ct-DNA arearabinosylated. Besides O-arabinosylation, high O-glycosylation
possibly nuclear encoded (29). Hence the pea cDNA librarys also predicted (34) at each of the five serine residues of the
was immunoscreened and 13 clones were selected. Of thesame region (amino acids 69-96). There are also two potential
only two hybridised with the degenerate oligonucleotideN-glycosylation sites at amino acid positions 236—238 and
probes, namely, LG1, S1 and L1 (TaEle 1). The cDNA insert253-255, respectively, as indicated by boxes in Figure 1a. The
of these clones were used to rescreen the entire phage librapresence of most of these carbohydrates in mature p43 protein
About 30 positive clones of various insert sizes were obtainetlad also been experimentally demonstrated (Fig. 2, Tables 2
on re-screening ~10 000 plaques. Only four clones harbouringnd 3). Deglycosylation studies with p43 revealed that the
~1.3 kb cDNA inserts were chosen for DNA sequencing. Threenass of protein moiety was only 29 kDa.
of the inserts were identical (clone F1, Fig. 1e) in sequence and The secondary structure analysis revealed that the protein
the fourth one (F2) lacked only ~60 bases from the 5' end of F143 is highly hydrophilic (Fig. 1b) and can assume a rod like
The DNA sequence of the clone F1 is shown in Figure 1a. extended conformation. It is predicted to contain very few

helices and does not appear to have any transmembrane
Features of F1 cDNA domain. Many HRGPs contain the motifs of crosslinking that
The 5' and 3' untranslated regions along with an open readirgye essential for the cell wall proteins (35,36). But p43 is
frame (ORF) are shown in Figure la. There are three tandenfevoid of such motifs. This agrees well with the fact that p43 is
in-frame stop codons upstream of the ORF coupled with one & stromally located protein (6). The predicted amino acid
the 3' end, signifying the completeness of the ORF within thesequence of p43 contains eight cysteines and six histidines but
cloned F1 DNA. Only two methionine (met) residues are presermo Zn-finger motif. Although many potential phosphorylation
throughout the entire ORF at the amino acid positions 1 and 22nd N-myristoylation sites are present within p43, the bio-
respectively. Assuming that the most favourable context of inichemical implications of these have not been studied here.
tiation codon recognition can be defined as CC A/G CC (ATG) Further downstream of the termination codon of the ORF, a
G A/C T (30), the methionine at position 1 has better fit thandistinct poly(A) processing signal, namely AATAAA (nt
the methionine at position 22 as the initiation codon. Moreo1255-1260) is present. In plants, unlike in animal systems, a
ver, (as shown later) the clone F2, lacking the first methioninesingle poly(A) signal may not be sufficient and often a
but retaining the second one, failed to generate any spétific multitude of signals act together for formation of the 3' end of

Primer extension

Isolation of cDNA clones for p43



3124 Nucleic Acids Research, 1999, Vol. 27, No. 15

Table 2. Moiety of sugars identified from the lectin blots

Lanes in Fig. 2A Probing lectins Sugars recognised Abundance of sugars
1 Datura stramoniunagglutinin (DSA) Galactosp(1-4) N-acetyl galactosamine +

2 Maackia amurensiagglutinin (MAA) Sialic acid linkedx(2—3) to galactose +++

3 Peanut agglutinin (PNA) Core disaccharide galacf{de3) N-acetyl galactosamine +++

4 Galanthus nivalisagglutinin (GNA) Terminal mannose(1-3),a(1—6) ora(1—2) linked to mannose ~ +++

5 Sambucus nigragglutinin (SNA) Sialic acid linked(2—6) to galactose +

W

Table 3. Determination of

- monosaccharides by solvolysis of p43
-
(e et Monosaccharides %
Arabinose 87
-l Galactose 4
(a) Xylose 2
Mannose 1
Coomassie Western Glucose 8
12 3 M kbDa 12 3 kDa Sialic acid -
: B Hexosamine -
- =0 : .
-1 Uronic acid -
- T
- ®-: o -3 _ o _ _ _
Glycan differentiation kit (BMB Biochemical) was used,
- - 29 employing various lectins to identify the specific carbohydrate
0-: moieties. Figure 2a and Table 2 show that galactose and
mannose were present in p43. The presence of others namely
teeme - -1 sialic acid, etc. was ruled out by the solvolysis technique as
(b) (c) mentioned below.

Other monosaccharides were detected by solvolysis of p43
in methanolic HCI as mentioned in Materials and Methods.

_ _ o _ ~ The gas chromatographic and mass spectral results revealed
Figure 2. p43 is glycosylated.d) Identification of various sugars by lectin  that p43 is composed of arabinose (87%), galactose, xylose,
blot: 2 pg of p43 were loaded in each lane and blotted on nitrocellulosemannose and glucose but no sialic acid or uronic acid (GlCA/
membrane following electrophoresis. Sugar of each blot was identified by 9 . . .
probing with specific lectins as mentioned in Tablet®). KMolecular weight 6  GalA) as ShQWH n Table 3. Since gluc_ose IS a very common
the deglycosylated p43:2g of p43 (lane 1) and 6 and 18 of deglycosylated ~contaminant in this kind of sugar analysis and was not detected
preparation of p43 (lanes 2 and 3, respectively) were analysed by SDS-12fy lectin-blot investigation, the presence of glucose in p43
PAGE. 6 and 12ug of deglycosylated preparation of p43 contained 400 andFannot be taken seriously. Itis thus apparent that p43 is glyco—

800 ng of deglycosylated p43 (or p29), respectively. The molecular weigh . . .
markers are indicated on the right) (Vestern blotting of the glycosylated and sylated and arabinose constitutes the major component of gly-

deglycosylated proteins. 500 ng of p43 in lane 1, 36 anqid®f deglyco-  cosylation.
sylgted preparayion of p43 in lanes 2 and 3, respectiv_ely, were probed immuno- |n order to study the extent of glycosylation of p43, chemical
logically by anti-p43 antiserum. Dilution of the antisera used was 1:200°deglycosylation studies were undertaken. The protein was
Lysozyme did ot crossreact with anti-p43 antisera. deglycosylated by TFMS acid under mild conditions keeping
lysozyme in the reaction mixture as an internal control and
. . protective reagent as described in Materials and Methods.
the mRNAs. Inthe F1 clone, at least two such additional S'gna|ﬁigure 2b shows that the SDS-molecular weight of the
namely TTGTA (nt 1201-1205) and TTGTG (nt 1233-1237) arenaximally deglycosylated species of p43 was only 29 kDa,
present. A 30 bp GT-rich region (nt 1092-1122) can also servgonsistent with the prediction from the ORF. Western blot
as another putative polyadenylation signal. analysis (Fig. 2c) with the deglycosylated protein revealed that
Glycosylation of p43 no polypeptide fragment smaller than 29 kDa was detectable,
thereby suggesting that the deglycosylation treatment did not
Theoretical analysis revealed that p43 would be O-arabinaesult in random hydrolysis of the peptide backbone (22).
sylated at the HyP residues (37-39). For determination oflowever, deglycosylation affected antibody recognition since
sugars other than arabinose, a commercially available DI@ higher amount of the deglycosylated protein was required to
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of lysozyme that was present during the deglycosylation
treatment. Excess lysozyme was absent in the deglycosylated
p43(1) preparation.

. + - - B = | Ca DMA Pol Fr W

_ Sl e o] Ranvak Deglycosylated p43() preparation was used to evaluate its
e | T Y B+~ DNA polymerase binding and activation properties. The DNA
polymerase binding activity was assayed by co-immuno-
precipitation as described earlier (6). In a reaction mixture con-
taining the DNA polymerase, p43 and anti-p43 antibodies, the
polymerase was co-immunoprecipitated with p43 using
ProteinG-Sepharose beads. The polymerase-depleted super-
. : natant was then assayed for DNA polymerase activity. The
5 u P E R N T depletion of polymerase activity was reflective of the binding
(a) (b) of p43 to the DNA polymerase (6). It is evident from Figure 3b
that deglycosylated p43 (i.e. p29) could bind to the ct-DNA
120 polymerase as efficiently as the native p43, if not better. Binding
of deglycosylated p43 was also observed viititherichia coli
DNA Pol 1. Binding to the DNA polymerase remained unaffected
even in the presence of excess amountgpof carrier pro-
O— Glyconylated teins like BSA or I_ysozyme. Thus glycosylation of p43 is not
protein required for its binding to DNA or the cognate DNA polymerase.
—0— Deglycosylated To investigate the effect of deglycosylation on the activation
protein of ct-DNA polymerase, DNA synthesis was performed (6) in
‘ the presence of either native p43 or deglycosylated p43 using
o o activated calf thymus DNA as a template. Figure 3c clearly
y shows that the deglycosylated protein inhibited the ct-DNA
polymerase instead of activating it. A similar inhibition by
deglycosylated p43 was also observed whkesoli DNA Pol 1
(c) was used for DNA-synthesis, whereas the optimal activation of
E.coliPol 1 by native p43 was only 1.5-fold under similar reaction
conditions (data not shown). The presence of carrier proteins
) ) ) ) ) like BSA or lysozyme did not significantly affect the DNA
Figure 3. Biochemical properties of deglycosylated p4g.Autoradiogram 6 gy nthesis. Assuming that the chemical treatment for deglyco-
South-western blot containing p43 and its deglycosylated fomg d&f p43 in . . - .
lane 1 and 2.5 and f3g of deglycosylated preparation of p43 in lanes 2 and 3,sylat|on had left the . peP“de baCk_bone and the amino acid
respectively, were examined for DNA binding activity by South-westernfeésidues of the activation domain of p43 more or less
technique. Deglycosylated preparation of 2.5 apgy 8ontained ~150 and 300 ng  unchanged, glycosylation of p43 might have a role in stimulating

of deglycosylated protein (p29) respectivell) Co-immunoprecipitationfo  the ct-DNA polymerase activity.
DNA-polymerase and p43 using anti-p43 antibodies. About 1.5 U fraction V

ct-DNA polymerase (6), 0.5 LE.coli Pol 1 (USB), 7ug p43 and 8ug Role of the transit peptide in import
deglycosylated (-) p43 (or p29) were used whenever necessary along with the ) ) Pep ) P ) ) ]
50pg rabbit anti-p43 antibodies. DNA synthesis was quantitated by measuring he functionality of the 59 amino acid long transit peptide (41)

TCA insoluble FH]TMP incorporation with activated calf thmeS DNA as was studled |n a post_translatlonal Vltro transport assay Of

template (6)_. G and dG stand for_ glycosylated and deglycosylated forms %he precursor protein into intact pea chloroplasts e

p43, respectivelydj DNA synthesis in the presence of glycosylated and deglyco- . .. ’

sylated proteins. About 0.2 U of fr. V ct-DNA polymerase was used in thel@belled precursor proteins were SyntheSISE‘litFQ and were

standard assay for DNA synthesis (6). Deglycosylatepi43 and native p43  resolved by SDS—PAGE (lanes 1 and 7 of Fig. 4).vitro

were used as the source for deglycosylated and glycosylated proteins. synthesised proteins were also immunoprecipitated using
antibodies to p43 to identify the specific precursor protein of
interest (not shown). The major band in each lane from 1 to 6

generate a comparable signal on the western blot (comparepresents thim vitro translated pre-p43. Since the molecular

-
#
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lane 2 of Fig. 2c with lane 3 of Fig. 2b). mass of the pre-p43 was only ~36 kDa (instead of 50 kDa,
. _ . which should have been the expected size of glycosylated pre-
Biochemical properties of deglycosylated p43 (p29) p43), it appears that thie vitro synthesised protein was not

The native p43 possesses three distinct biochemical functionggnificantly glycosylated. The size of the precursor protein did
namely, non-specific DNA binding, cognate DNA polymerase©t change even when the WGL based TNT system was used.
S . . ' Incidentally, no specific protein could be synthesised using the

binding and the stimulation of the cognate DNA polymerasebNA of the isolate F2 (data not shown). A pre-33 kDa
act|V|ty_ (6). Since t.h e mild treatment with TFMS acid is Known chloroplast-localised RNA binding protein was also synthesised
to retain t_he functional properties of the treated protem (40)(Iane 7) similarly and was used for the comparative analysis.
we examined whether the deglycosylated p43 protein also | vitro synthesised proteins were incubated with purified
maintained the native characteristics. intact chloroplasts for various time intervals and their transport
Results of the South-western blot (Fig. 3a) showed that th@jithin the chloroplasts was monitored as mentioned (26).
deglycosylated protein retained the DNA-binding ability. TheLanes 4 and 5 of Figure 4 show that only a small fraction of
signal observed at 14 kDa was due to the DNA-binding activitypre-p43 was imported within the chloroplasts after an extended
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total cellular RNAs from different plant species and different
tissues of the pea plant was carried out using radiolabelled F1
5 1‘_ 0] 10| win | DNA as the probe.
— I + ] T Figure 5a shows that an ~1.4 kb long transcript was present
in the leaves of pea only and not in any other tested monocots
or dicots. Similarly, it is also apparent from Figure 5b that the
p43 specific 1.4 kb transcript could be found only in the leaves
and not in other tissues of pea.
Figure 5b also shows that the mobility of denatured cDNA
was slower than that of the p43-specific mMRNA. Assuming no
- a breakage of 5' end of mMRNA during isolation, the faster
P— mobility could be attributed to the higher electronegativity and
A e e e more structured conformation of RNA than that of single-
Biic e stranded cDNA. The ratio of intensity of the bands present in
- - ¥ lanes of pea L and ss cDNA in Figure 5b was 1:3. Taking into
account the differences of autoradiographic exposure time for
the above two lanes and assuming that the nuclear mRNA
content is only ~4% of total cellular RNA (42), the amount of
1.4 kb long transcript would be ~1.2% (by weight) of nuclear

Figure 4. Import of proteins into intact chloroplasts. Translocation of the pre-p43_me_ssages' Hen_ce' p43 SpeCIfIC transcripts are hlghly abundant
and pre-33 kDa proteins into intact chloroplasts (equivalent togs6f chioro-  Inside the leaf-tissues.

phyll) was carried out. Lane in vitro translated, radiolabelled ¢410°c.p.m.) We also wanted to isolate the clone with the Iargest g5
ngp43tp_r Otﬁ"‘t' Lanes 2“:" éadito'?‘t;e"fd;(fdC'Ip-nt“"fea‘ig '333 é%p“‘)dfgg' untranslated region from the pBluescript SK(-) based

p43 protein that was imported into intact chloroplasts for 10, 20, 30 an min T , - .
respectively. Lane 6, import of the radiolabelled pre-p43x(207 c.p.m.) phagemld Ilbrary' AS RACE technlque was adOpted using the
protein into chloroplasts that were pre-treated with thermolysin. Lameviyo ~ UpStream  vector-specific T3 20mer and downstream gene
translated radiolabelled (0:61C° c.p.m.) pre-33 kDa protein. Lane 8, radiolabelled specific primer, DK20R5 (Table|1). The results of Figure 5¢
(3 x 10° c.p.m.) 33 kDa protein that was imported into intact chloroplasts forshow that the maximum size of the amplifiable products was

10 min. Lane 9, thermolysin treatment (30 min on ice) of post-import chloro- f . . - .
plasts used for experiments shown in lane 8. Molecular weight marker positiongnly 320 bp with two lndependently isolated “brary preparations.

are shown on the right hand side. Arrows indicate the positions of the importeé\n_ amplified fragment of _the same Si_26 was als_o obtained
and thermolysin resistant mature protein. Some of the reaction conditions atesing the template DK20 (i.e. clone F1 in pBluescript vector).

indicated on the top. + andindicate presence and absence, respectively. Lane 2 of Figure 5c shows that the PCR amplification was
specific for the pair of primers since no amplification was
possible with any single primer (namely DK20R5). Thus, it
appears that the maximal 5' untranslated region (i.e. the region

incubation period and the size of the imported protein wagipstream of the primer DK20R5) was also present within the
~30 kDa. When immunoprecipitation of the imported proteinclone F1.

was carried out, the distinct presence of a 30 kDa protein was A primer extension analysis was used to strengthen the
observed but the signal was very weak due to the lowabove conclusion. The template RNA, derived from either pea
efficiency of transport (data not shown). The reduction of thdeaves (lane 2 of Fig. 5d) or F1-specific template (lanes 3 and 4),
precursor polypeptide size by ~6 kDa is consistent with thevas annealed to the primer DK20R5 and reverse transcribed.
proposal that a 59 amino acid long transit peptide would b&he nascent DNA products are shown in Figure 5d. The start
cleaved off by a stromal protease. It is worth noting that a prepoints of p43 specific messages transcrilvedvo (lane 2) and

33 kDa RNA binding ct-protein transported in the intact chloro-in vitro (either lane 3 or 4) were located at 192 and 235 nt,
plasts with usual high efficiency under similar transport con+espectively, upstream of the primer DK20R5. On the other
ditions (lanes 7-9). Chloroplasts pre-treated with thermolysifiand, the extended product was also 225 nt long when the
were also used for transport studies. No binding of pre-p43 tpSG-F1 plasmid linearised witBcoRl enzyme (lane 1) was
the pre-treated chloroplasts was expected in view of the praised as the source of control DNA. These data thus reconfirm
teolytic digestion of the chloroplast membrane bound transthe result shown in Figure 5c, i.e. the F1 clone contained the
location machinery. Instead some residual binding was observéargest and probably the complete 5' untranslated region.
under the present experimental conditions as shown in lane 6.

This binding reflects either the incomplete proteolysis of the
translocation apparatus (which may be unlikely) or tightDISCUSSION

binding of pre-p43 to the membrane lipids of the chloroplastsin the context of pea ct-DNA replication, p43 seems to be an
important protein because of its biochemical properties. In
order to understand its functional role, the encoding cDNA was
In previous studies (6, unpublished observations) with the peigolated and characterised. Pea ct-DNA failed to hybridise with
plant, it was demonstrated that the p43 protein is expressed @&ither the isolated intact cDNA or the selected portions of it
a species and leaf-tissue specific manner. To correlate tHieamely the LG1, L1 and S1 oligonucleotides shown in
absence of the protein with either the physical absence or noﬁ'—abl@), thereby confirming that p43 is encoded only by
translatability of the transcripts, a northern blot analysis ofnuclear DNA.

I 2 i 4 5 6 7 & 9 kD=

— 110
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Analysis of p43 protein-specific transcripts
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Figure 5. The integrity and completeness of the 5' region of the isolated F1 cD&yAdrthern blot of transcripts from the leaves of various plants. Abowt@®5

of total cellular RNA from the leaves of each of the plants lerodendrum aculeatugCAA), Mirabilis, Bougainvilleg tobacco, pea and rice, along with 4§

of standard RNA markers (Gibco-BRL) were size-separated in 1% agarose-formamide gel. RNA was blotted and hybridised with uniformly labelled F1 cDNA
The same blot was also probed with 16S DNA for loading controls as shown in the lower fgiébrthern blot of transcripts from various tissues of pea plant.

About 25ug of total RNA from each of the tissues like leaves (L), stem (St), Root (Rt), imbibed seed (Sd) of pea and similar amounts from other sources were
electrophoresed followed by blotting, hybridisation and autoradiography. About 200 ng of single-stranded F1 D&dRitEKhd ends (ss cDNA) was also

loaded in the same formamide agarose gel. The autoradiographic exposure time for lanes marked as ss cDNA and cotton L was only 2 h. while thaof other lan
of the blot was 12 h. The same blot was also hybridised with 16S DNA for loading control as shown in the lowerg)&&ACE. The template for the PCR-
amplified product shown in lane 1 was 5 ng of DK20 whereas the same for lanes 3 and 4 were 100 ng of each of two different preparations of phagemid base
cDNA library. Lane 2 shows the control PCR reaction where only the F1 cDNA specific primer DK20R5 was present but T3 20mer was omitted. A standard 1 kb
DNA ladder was also electrophoresed along with the PCR products to estimate the size of the specifidpBridser extension. 5'-end labelled DK20R5 primer

was annealed to various templates and extended by using &thBINA polymerase (lane 1) or MMLV reverse transcriptase (lanes 2—4). Lane 1 shows the primer
extended product with @g of EcoRlI digested pSG1-F1 plasmid as the template DNA. For lane 2, #8@f total RNA from the pea leaves was employed as the
source of template. About 28 of cell free transcription products was also used when synthesised with either the TNT coupled RRL system (lane 3) or T7 RNA
polymerase (lane 4). For accurate molecular weight determination, primer extension products were electrophoresed along with the didelexterodleated

(A, T, G or C) sequencing reaction products. Sequencing reaction was carried out using a recombinant template DNA of predetermined nucleotde sequen
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There are many lines of evidences to establish the authenticiyNA, whereas p43 failed to agglutinate red blood cells but
of the isolated cDNA F1. First, the approach adopted fobound strongly to DNA (unpublished). Thus p43 does not
isolation itself was stringent enough to explore the correcappear to belong to the family of solaneceous lectins and
cDNA. Both the immunoprobes and the oligonucleotideprobably is a unique member of the HRGP family.
probes, derived from internal amino acid sequences of p43, Homology search did not reveal any significant homology of
were employed simultaneously to minimise the presence gi43 with any of the leguminous lectins (43,44). However, a
any false positive clones. Second, tire vitro translated stretch of 8 amino acids namely FTIHGLWP (amino acids
product of the F1 cDNA template immunoprecipitated with 141-148) has been found common to both p43 and stylar glyco-
anti-p43 antibodies and the immunoprecipitated product wagroteins located at the self-incompatibility alleles (Spofanum
of the right size (36 kDa) as predicted from the ORF in Fltuberosumand Nicotiana alata (45). These extracellular
cDNA. In addition, the translated product acted as a precursgroteins are also referred to as S-like RNases and function as
protein and translocateith vitro through the purified intact RNA hydrolytic enzymes to play their roles in the reproductive
chloroplasts using the transit peptide as predicted from thbarrier (46). But, p43 bound to RNA very poorly (6) and did
cDNA sequences. The molecular size of the imported proteinot show RNase activity either in solution or in activity-gels
was 30 kDa, equivalent to the size of the deglycosylated p4@inpublished). In this view, p43 is also distinct from the S-like
(Fig. 4). Third, the size of p43 specific transcripts foundivo = RNases with regard to cellular localisation and functional
was almost equivalent to the size of the cDNA F1 (Fig. 5).properties.

Northern blot data showing tissue-specific abundance of theseThough p43 is biochemically distinct from its structural
transcripts also supported the previously reported (6) findingsounterparts, its chloroplastic localisation is evident from
of western blot experiments. Finally, the N-terminal and fewmany viewpoints. First, p43 was derived from intact pea chloro-
internal regions of p43 that were sequenced also matchgslasts using chromatographic separation techniques. Second,
perfectly well with the predicted amino acid sequences of thanti-p43 antibodies recognised p43 specifically from the proteins
corresponding regions from the F1 cDNA (Fig. 1). Taking allof pea chloroplasts that were treated with thermolysin, a
the evidence together, it is clear that cDNA F1 is specific forprotease known to remove surface protein contaminants of
p43. chloroplasts (6). Third, Figure 4 (this paper) shows that pre-

The p43 specific transcripts were abundant in the leaf-tissu@43 could be targeted to the intact chloroplasts with the help of
Hence, during re-screening of the phage library, the frequencg 59 amino acid long transit peptide. Since the pre-p43 would
of positive clones was reasonably high (30 out of 10 000). Irbe glycosylateédh vivo, chloroplast targeting of p43 would per-
comparison, the frequency of the immunopositive clones wabaps be easier within the leaf tissues. Fourth, immunoelectron
very low (13 out of a million). The low frequency is probably microscopic studies recently carried out in our laboratory aptly
due to two reasons, namely (i) low or no bacterial expression gfointed out that anti-p29 (deglycosylated p43) antibodies
the F1 cDNA; (ii) poor recognition of bacterially expressedrecognised only the chloroplasts and not other sections, namely
and perhaps non-glycosylated protein by the antibodies raisdte nucleus, cytosol, cell wall, etc. of the pea leaf tissues
against native (i.e. glycosylated) p43. In our laboratory it hagA.Gaikwad and S.K.Mukherjee, unpublished). Hence p43
been demonstrated that only the C-terminal part of F1 cDNAought to be a chloroplast localised protein.
was expressible in bacteria (A.Gaikwad and S.K.Mukherjee, All the above facts put together help conclude that p43 is a
unpublished). So the small population of the cDNA library con-novel protein. It is not only a novel variant of HRGPs but also
taining only the expressible C-terminal part of the appropriatés the first glycoprotein being reported with the cognate DNA-
cDNA might had been recognised by the immunoprobe. It wapolymerase accessory activity. In plants, proteins analogous to
also found that the antibodies to p43 reacted with deglycosylatqu43 are not yet known.
p43 poorly (Fig. 2). It has been suggested earlier that the domains of p43 for

Many unique properties of the F1 cDNA became apparenbinding to DNA and ct-DNA polymerase are probably
from our study. The N-terminal part of p43 bears partialdifferent (6). Since the chemically deglycosylated p43 bound
homology to other HRGPs because of the repeated presencetof the pea ct-DNA polymerase but failed to activate the
S-Hyp,; as the O-glycosylation motif. However, apart from polymerase (Fig. 3), it appears that all the three distinct bio-
this, p43 does not show any resemblance to other HRGPs. Tishemical functions of p43, i.e., DNA-binding, DNA-polymer-
cDNA of many HRGPs contains signal sequences for extraase binding and activation of DNA polymerase, probably
cellular localisation whereas the F1-cDNA contains the transiteside in spatially separate domains. Currently the domain
peptide for intracellular compartmentalisation. Many of theanalysis of p43 is being actively pursued.

HRGPs contain motifs for intermolecular crosslinking, self- The inefficient transport ofn vitro synthesised pre-p43
assembly nucleation or increased molecular rigidity and hydrowithin the pea chloroplast could be attributed to a variety of
phobicity (12); some others are arabinogalactans, commonfactors including the glycosylation of p43. First, within the leaf
found in the roots of leguminous plants, possessing the transissues, the chloroplast localised p43 is glycosylated. The golgi
membrane helical domains at the C-terminal ends (16). Suadompartment of the dicotyledonous plants contains enzymes
features are not present within the protein encoded by the Rhat catalyse O-glycosylation of hydroxyprolines (47). Hence
cDNA. From the cDNA analysis, p43 seems more like a hybridhe transport of p43 to the chloroplasts could be routed through
or fusion protein with the HRGP fusion domain at the N-terminalthe golgi compartments within the leaf tissues. Butitheitro

end. The solaneceous lectins also exhibit similar fusion charactdranslated protein obtained from the F1 cDNA template was
istics or structural patterns. Therefore, we compared thaot glycosylated and the putative signal for the golgi compart-
properties of these lectins with p43. The solaneceous lectimaent, if any, was also not removed from the precursor unlike
from potato tuber agglutinated red blood cells but failed to bindvhat might generally happeim vivo. Second, the predicted



amino acid sequences suggest that p43 is mostly hydrophilic i7.
nature. The presence of sugars might help bind p43 better on
the outer lipid bilayer membrane of the chloroplast prior to the™™
initiation of the import process. The transit peptide guiding the,g.
chloroplast transport process probably could act at a stage
subsequent to the step of its binding (48). The other possibilitieg0-
for inefficient translocation like participation of cytosolic
factor(s) or other modifications of p43, etc. cannot also be ™
ruled out. Thus the results of Figures 3 and 4 indicate thabo.
glycosylation might at least partially control two important

biological functions of p43, namely the activation of DNA 23.

polymerase and the transport within chloroplasts. 24
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