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Three distinct ribonucleoproteins from tobacco
chloroplasts: each contains a unique amino terminal
acidic domain and two ribonucleoprotein consensus

motifs
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Chloroplasts contain their own genetic system. Eighteen
different split genes have been found among ~ 130
chloroplast genes from higher plants. However, little is
known about the chloroplast splicing system. Mammalian
heterogeneous nuclear ribonucleoproteins (hnRNP
proteins) have been shown to be involved in splicing. We
applied a purification procedure developed for HeLa cell
hnRNP proteins, which uses a single-stranded DNA
(ssDNA) affinity column, directly to the tobacco
chloroplast lysate to isolate their chloroplast counterparts.
Four proteins (mol. wt = 30 kd) bound strongly to the
column. The amino-terminal sequences of three of them
were determined and their cDNA clones were isolated
from a tobacco leaf cDNA library. Sequence analysis of
these clones revealed that all three proteins contain two
ribonucleoprotein consensus sequences (RNP-CS), confir-
ming their ribonucleoprotein (RNP) nature. The presence
of putative transit peptides in their predicted protein
sequences, and an in vitro import experiment confirmed
they are located in the chloroplast. This is the first report
of organellar proteins containing RNP-CS. In addition,
these three chloroplast proteins have a very acidic amino-
terminal domain, a novel feature among RNP proteins
identified so far. They are expressed both in leaves and
roots; their mRNA levels showed different light modula-
tion in mature leaves. The three proteins might be
involved in splicing and/or processing of chloroplast
RNAs.
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Introduction

Chloroplasts contain the entire machinery for photosynthesis
and their own genetic system. The available sequence data
and subsequent expression studies of the chloroplast genome
have indicated that this genetic system has both prokaryotic
and eukaryotic features (for recent review see Sugiura,
1989). For example, the psbB operon is transcribed from
a bacterial-type promoter as a tetracistronic precursor while
two splicing events and multiple processing steps are
necessary to form the functional mRNAs (Westhoff er al.,
1986; Rock et al., 1987; Tanaka et al., 1987; Westhoff and
Herrmann, 1988). In addition, the tobacco rpsi2 and
Chlamydomonas psaA genes are divided into three parts
located far away from each other, and require a trans-splicing
process to form functional mRNA (Kiick er al., 1987; Zaita
et al., 1987). The chloroplast genetic system seems to be
very complex in terms of splicing and/or processing. Little
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is known about the molecular mechanism of the chloroplast
splicing system.

Chloroplast introns can be classified into at least three
groups (Shinozaki et al., 1986a). The chloroplast group I
introns can be folded into a secondary structure similar to
the postulated intron structure of the autosplicable rRNA
precursor of Tetrahymena. The chloroplast group II introns
can be folded into a secondary structure similar to the
postulated intron structure of the maize mitochondrial
cytochrome oxidase gene and yeast cytochrome oxidase and
cytochrome b genes. The boundary sequences of the
chloroplast group III introns resemble those of nuclear gene
introns. Therefore, chloroplast pre-mRNAs containing the
group III introns are likely to be spliced by a similar
mechanism to that operating for nuclear pre-mRNAs
(Shinozaki et al., 1986a).

In yeast and animal nuclei, most pre-mRNAs undergo
polyadenylation and splicing. A group of proteins is
responsible for these processes; this includes heterogeneous
nuclear ribonucleoproteins (hnRNPs), small nuclear
ribonucleoproteins (snRNPs) and poly (A)-binding proteins.
The cloning and sequence analysis of several of these proteins
lead to the identification of a highly conserved motif termed
the ribonucleoprotein consensus sequences (RNP-CS) (Adam
et al., 1986; for a recent review see Bandziulis ez al., 1989,
and Mattaj, 1989). The RNP-CS is an octapeptide within
an RNA-binding domain of 80— 100 amino acids. In vitro
deletion analysis has demonstrated that the RNA-binding
domain is a basic functional unit in RNA binding (Query
et al., 1989; Scherly et al., 1989; Surowy er al., 1989).

In the nucleus, primary transcripts bind to hnRNP proteins
to form hnRNP complexes, which consists of six major
proteins, Al, A2, B1, B2, Cl and C2 (for a review see
Dreyfuss et al., 1988). Monoclonal antibodies against the
hnRNP C proteins inhibit splicing in vitro (Choi et al., 1986)
and the hnRNP Al protein was found to bind specifically
to the 3’ splice site in vitro (Swanson and Dreyfuss, 1988a).
These results have indicated that the Al and C proteins are
directly involved in splicing.

These RNA-binding proteins also have strong affinity for
ssDNA. Based on this, procedures have been developed for
the preparation of HeLa cell hnRNP proteins using an
ssDNA affinity column (Pandolfo er al., 1987; Piiol-Roma
et al., 1988). We were interested to know whether there are
hnRNP-like proteins in chloroplasts, and in that case,
whether these proteins are involved in splicing and/or
processing of chloroplast RNAs. We used an ssDNA affinity
column to isolate chloroplast ribonucleoproteins. Four
tobacco chloroplast proteins bound strongly to an ssDNA
column. The amino acid sequences of three out of the four
proteins were derived from cDNA cloning and sequencing.
Sequence analysis confirmed their RNP nature because they
all contain two RNP-CS motifs. All three proteins also
contain one very acidic amino-terminal domain, a novel
feature among RNP proteins studied so far. We also present
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the expression pattern of the genes for the three chloroplast
RNP proteins.

Results

Isolation of chloroplast ssDNA-binding proteins

Total soluble proteins from tobacco (Nicotiana tabacum var.
Bright Yellow 4) chloroplasts were loaded onto a calf thymus
ssDNA cellulose column. A group of 28 —33 kd proteins
was eluted between 0.6 M and 2 M NaCl; these proteins
were selected for further study because of their strong affinity
for ssDNA. They were separated by electrophoresis, blotted
onto polyvinylidene difluoride membrane and their N-termini
were sequenced (Figure 1). From the protein sequencing
data, the group of proteins can be divided into four species
which were named 28, 30, 31 and 33 kd proteins according
to their molecular weights. The N-terminus of the 30 kd
protein was blocked. We failed to find the N-terminal
sequences of the three proteins in any frames translated from
the complete sequence of tobacco chloroplast DNA
(Shinozaki et al., 1986b). We therefore concluded that these
proteins are encoded by the nuclear genome. From the
electrophoretic pattern (Figure 1), each protein species has
at least two bands with a slightly different mol. wt, but
sharing almost identical N-terminal sequences. N.tabacum
is an amphidiploid and the nuclear-encoded subunits of
photosystem I show polymorphism caused by alloploidy
(Obokata et al., 1990).

Cloning and sequence analysis of cDNAs for the 28,
31 and 33 kd proteins
As it is difficult to purify these proteins further because of
their low abundances, we isolated their cDNAs and thus
determined their primary structures. About 1 X 10° clones
of an amplified Nicotiana sylvestris leaf cDNA library in
Agt10 were screened with oligonucleotide probes for the 28
and 31 kd proteins (V. sylvestris is the female progenitor of
N.tabacumy). Of these clones, seven and five positive clones
were isolated for the 28 and 31 kd proteins, respectively.
Those clones with the longest inserts were sequenced.
The cDNA sequence for the 28 kd protein revealed a
reading frame of 276 amino acids (Figure 2a). The first 57
amino acid sequence is rich in hydroxylated residues and
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Fig. 1. Protein separation pattern on an SDS —polyacrylamide gel
(transferred to polyvinylidene difluoride membrane). On the right are
the determined N-terminal protein sequences. Asterisks indicate the
blocked N-termini and X denotes unidentified residues. The 26th
amino acid of the 31 kd protein is a mixture of alanine and proline.
The proteins shown above were purified from intact chloroplasts which
were isolated from ~ 150 g leaves.
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has an overall positive charge, and is therefore likely to be
a transit peptide (Schmidt and Mishkind, 1986; Miinch et
al., 1988). The mature protein is 219 amino acids long and
has a predicted mol. wt of 24 504. Sequence analysis of a
cDNA clone for the 31 kd protein revealed that there is a
reading frame of 315 amino acids (Figure 2b). The first 71
amino acid sequence has the typical features of transit
peptide: rich in hydroxylated residues and with a net positive
charge. The mature protein is 244 amino acids long and has
a predicted mol. wt of 27 385. Although the predicted mol.
wt is lower than the apparent mol. wt of 31 kd, the mature
protein has been expressed in E.coli and its apparent mol.
wt is the same as that of the chloroplast one (Y.Li and
M.Sugiura, unpublished data).

The 33 kd protein is at least 10 times less abundant than
the 28 and 31 kd proteins (Figure 1), therefore a cDNA
library larger in size than the previous library was used to
isolate its cDNA. An amplified N.tabacum leaf cDNA
library was used. From ~1 x 10° clones, 28 positive
clones were isolated. One clone (33k-9) with the strongest
hybridization signal was sequenced and found to be a partial
length clone. The remaining positive clones were analyzed
by PCR amplification of the inserts and restriction analysis
of the PCR products. Clone 33k-1 has the longest 5’ exten-
sion from the N-terminus of the mature protein and was
sequenced. The sequence contains a reading frame of 324
amino acids (Figure 2c). The first 71 amino acid sequence
is likely to be a transit peptide because it is also rich in
hydroxylated residues and has a net positive charge. The
mature protein is 253 amino acids long with a predicted mol.
wt of 27 485. The presence of putative transit peptides in
the cDNAs for the 28 kd, 31 kd and 33 kd proteins indirectly
supports their chloroplast location.

In vitro chloroplast import of the 31 kd protein precursor
To confirm the location of three proteins in the chloroplast,
we did an in vitro import experiment to show that putative
transit peptides are bona fide transit peptides. The 31 kd
protein was chosen for this study because it has the longest
5’ untranslated sequence (Figure 2). The precursor of the
31 kd protein was made from the in vitro transcript using
the wheatgerm system. The predicted mol. wt of the
precursor from the nucleotide sequence is 35.4 kd; however,
the relative mol. wt in an SDS gel was estimated to be 44
kd (Figure 3a, lane 1).

Radiolabeled precursors of 31 kd protein were used
directly by incubation with the intact spinach chloroplasts,
after which thermolysin was added to remove the precursors
which were either present in the import medium or bound
to the surface of the chloroplasts. The chloroplasts were then
lysed and the total proteins were analyzed. The data in Figure
3a indicate that the 31 kd precursor was processed to the
mature form with a relative mol. wt of 31 kd and was
protease resistant after incubation with chloroplasts. The size
was the same as the protein purified from the tobacco
chloroplast (Figure 1). The results suggest that the N-
terminal extension, the 71 amino acid putative transit peptide
sequence, can direct the import of the 31 kd precursors into
the chloroplasts and processing of the imported precursors
to the mature forms. We concluded that the 71 amino acid
N-terminal extension is a bona fide transit peptide and the
31 kd protein is of chloroplast location.

We have not done import experiments for the 28 kd and
33 kd proteins, partly because we thought that the 28 kd



Ribonucleoproteins from tobacco chloroplast

a 28 kd

AAACCCTTAACCAAGCCTTTATCCATGGCAACTAATGGCTGCCTTATCTCCCTCCCTCCTTTCTTCACCACCACCAAATCCATTTCTTCCTACCCTTTTCTCTCCACCCAATTAAAACCA 120
M ATNGCTL I SLPPTFTFTTTIKSISSYPFLSTE QLK. P

ATTTCACTCTCTTCCTCTTTACCCACTTTATTATCCCTTAATAAGAGAACTACCCAATTCCCAACTTTTGTTTCTGTATTATCTGAAGATGACAACACCCTTGTCCTTGATGACCAAGAA 240
1 s LS SsSsLPTTLLSTLANTEKGETTS QFTPTTFUV S VY L SEDODNTILVYLDDLGE

CAAGGTGGGGATTTTCCTAGCTTTGTTGGTGAGGCAGGGGAGACTGAAGAATACCAAGAACCTTCGGAGGATECTARATTGTTTGTTGGCAATTTACCATATCATATAGATACTCATEEE] 360
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LllhblLAALllllLLAACACGCTGGTCTTGTTCACAIluLlbACGTTATTTACAATAGCCAGACTGATCCGAGTCGTGGATTTGGGTYTGTGACGATOAGCACTGTGGAAGAAGCTGAC 480
L AQL F Q QA G VY Y E 1l A EVY I YNR RETTUDA RS RGE FE G F VYV T M S T V D
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TTATTCCTTGATTGCTTATATATAGGTATGGGAACTTCTTCTTTCTTTTTGGCTCTTGCCCTTTGGAAAT TCTGAATTGGAGGATTGAATGCATTAAAATTTTGACTGCTAAAAAAAAA 1079
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CCCCAACAAAATCTTGGACCATCCGCCGTTTCAAACCTCTGCCTTTCTCCTCAGTCCTCTTCATCTTATCCTC?CTCCCTTCTACTCGA;ACCCTTCCG%AGAGAGGCA}AGAGAAATG% 120
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COTGTGCAACAAAGCCAATAATCAAGCCTTCATCCATGGCAACGAACAGTTGCCTCATTTCTCTTCCTCCCCTCTTTGCCACCACCACAAAATCCAAATCTTTTGCTTACCCATATCTCT 240
€ AT KPI11KTPSSMNATANSC CTLTISLPFPTLTFATTTIKSIKXKSTFAYPUYTLS

CAAACACATTAAAACCCATTAAACTCCTCCACCTTTCTTGCACTTATTCTCCTTGTATCTTATCCCCAAAAAAGAAAACATCAGTTTCTGCACTGCAAGAAGAAGAAAACACCCTTATCC 360
N TLKPILKXKLTLHLST ECTSTYSPCI1ILSPXKTKTSVY S ALGETETEHNTTLIL

TTGACGGCCAAGGACAACAATCTGGAGACTTGTTTAACTTTGAACCTAGTGCTGAAGAAACAOAAGAAGAAGGGTTTGTAGAGGCAGTTGGAGATCCTGGGCAGAGTGATGACGTTGAAG 480
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D EETFETETETFTGQETPTPED K LFVY GNTLTPOYDTVGDSETGTLARLTETET A ATG GUVY

TTGAGATTGCTGAGGTTATTTACAATAGGGACACTGATCAAAGTCGTGGATTTGGTTTTGTGACAATGAGTACGGTGGAAGAAGCTGAGAAAGCTGTGGAAATGTACAATCGTTATGATG| 720
E 1 AEVY I YNBRDTTDG SR RGT P GF V T N STV EEAEKAVEHMVYNTRYDV

TCAATGGAAGACTCTTGACAGTCAACAAAGCTGCTCGTAGAGGAGAGCGACCTGAGCGTCCGCCTCGGACATTTGAACAGTCTACAGGATCTACGTAGGCAATATCCCA ATTS 840
N G R L L T V N K A A BRPRGER ERPPRTTFETG GSI | T RIOYUVYGNTITPWG I

ATCATGCACCCCTTCACCAACTCTTCAGTCARCATCET AAACTACT ARG TG TCOCE TACTTTATCACACACAAACTCTTTEETCGCGAGGTTTTGGTTTTGTTACGATGGCAAGTGAAG] 960
P ARLTESG TLTFSETHE G KTYVYVYSARVYVYYDRETTGRST RG G F V I M A S E

CTGAAATGAGTGATGCAATTGCAAACCTTGATGGACAGAGTTTGGATGGGAGGACAATCAGGGTAAATGTTGCTGAAGATAGATCCAGGCGAACACGTTTTGATTTGATCAAAGGTTCA 1080
E M S D A 1L ANLODTG QS L D GRTIT I RY NV A EDTURSRR T F e

TTTGTTCTA*AATCATAGC&GTCACAATTéTGCAGCTAAGAGTGTTTTT*CTTATTTTT*TTTTTCCGGAATTTTGGTTAGGCGTTTTCCATTTTAGCACTTGCTTGTA‘GCTTTGAAT*C 1201

c 33 kd

CGAACTGGTTCTTTGGTACAAAATGTCAGGTTGTTGCTTCTCTTTTGCTGCTACAGCATCTACTTCTTCTACTTCTTTACTGTATCTCTTCACTCAAAAGCCTAAATTCTCAGTAGACCA 120
M S GCCFSFAATA ASTSSTSLLYLFTO QKTPET KTFTSONVYDAR

TCTTTCCTTAAGTACTTATAATACTCACTTCAACTTCAAGATAAACTCAACAAAACTCAAAGCCCATTTCCCCATTTCTTCTCTTTATCGCTCTTCAATCTTTTTGAGCACTTGTGETTC 240
L SLSTVYNTMHTFNTFTIKTIINTSTTIKTLTEKTAGHTETPTISSLYRSS I FLSTTC CAS.

TGTGTCTGATGGAGTTGAGGTTGTCCAAGAAGATGACGAAGAAGAAGTTGCATTGTCAGCCGAAGAAGAAGAGGAAATTGAAGAAAAAGAAGAACGCGTTGAATCAGAATCAGTTGAAGG 360
Y S D GVYEVYY GQEODODTETETETYTALSTATETETETETETITETET KTETERSVYTESTEST SV VESG

TCGTAGATTGTACGTCGGTAATTTGCCCT I TTCAATGACCT CTTCTCAATTGTCTGAAATCTTTGCTGAAGCTGGCACAGTGGCTAATGTTGAGATTGTTTATGACAGAGTTACAGATAY) 480
RLYVYGANT LT PTFEFSHNTSSQLSTETLTFA AET AGTTVYANTYTETILVYTYDTRYTTD DR

GAGTCGTGGATTTGCATTTGTTACAATGGGAAGTGTTGAAGAGGCAAAGGAAGCAATTCGCTTGTTTGATGGATCTCAAGTTGGAGGTCGTACGGTCAAGGTGAATTTCCCTGAGGTTCEE| 600
S R G F A F V T M G S V EE A KE A L R LFDGS QY G GRTITLV KV NFPEV P

AAGAGGAGGTGAAAGGGAAGTAATGAGTGCAAAGATAAGAAGCACCTATCAAGGTTTTGTTGATAGCCCTEACARATTATACETTCECAATETTACCTCCCCCCTCACTTCICARCTICT] 720
R_G E R E V M S A XK 1 R S T Y QG F VY DS PHIKTULTYUVY ANTLTSUVALTSAQQG L

RAGAGACGCTTTTGCTCACCAGCCTGGATTCATCAGTGCARAAGTCATCT ATCACAGETCCTCAGCAAGATCTCGAGGTTTTGGGTTCATTACATTTTCTTCTGCTGAAGCAATGAACTC| 840
R DAFADSGTPEGCTFMSAKTYIVYDR RSSGRTSU RG G F | T F S S AE A MN.S

TGCACTTGATACCATGAATGAAGTGGAACTTGAAGGACGGCCATTGCGACTAMATGTGGCTGGGCAGAAAGCTCCCGTATCTTCTCCACCAGTTGTCGAAACAAGTCCTGAAAATGATTC 960
AL DT N NGEWVWETLTETGTH RPLERLNCYMALGS GEKANPNVE SPPVYYVYETTSTPTETNT DS

TGACAACAGTGAATTACTTTCTAGTCTCAGCTCATAAGATCACCAAGATTCATAACAGAATCAGCCATTTGAAGAACTGTAGAGTATTATATGCGATGAAGACATGCTTTTTCCAGCTTA 1080
D NS ELTLTGSTSTLS S o

TGTAACCTTCTTTCAGCCTETCCTTCTGAAGTGATACTGGTGTTGGTCCCAACAACAATTAGTGGAGGCTCGCTCGGATTAACTTTTCACGGAGACTTGAGGTAGAGCTGCACGACGATC 1200
GCAGTCTCTAAAGTCCCTTGCCTTAGTTTTACTGTTTATITTGTTTCAAATAGTTATATTCCATTCAAACATTGGTTGTAGCACTTTTACTATGCTCGTGAACTTGTGACACCCGATTCT 1320

GGGATTTGATTAGTCAGTGTTTGAAGTTATTATATCA, , _ 6
Fig. 2. cDNA sequences and predicted protein sequences of the 28, 31 and 33 kd proteins. The underlined amino acid sequences indicate those
confirmed by protein sequencing. Asterisks indicate stop codons. Putative RNA-| bmdmg domains are boxed. The analyzed insert of the cDNA clone
for the 31 kd protem was 2130 bp long, contained a poly(A) tract in the middle and is therefore a cloning artifact resulting from the ligation of two
unrelated cDNAs in one vector. Its 3'-half (b, 1201 bp) is for the 31 kd protein and hybridized to a single RNA band of 1300 bp. The sequence of
clone 33k-1 is presented (c, clone 33k-9 from nucleotide 203 to nucleotide 1343).
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Fig. 3. (a) Import of the 31 kd protein precursor by intact chloroplasts. RNA was synthesized by T7 RNA polymerase from a Bluescript vector

carrying the

31 kd protein’s cDNA and translated in a wheatgerm extract in the presence of [>>S]methionine. 1: labeled products of in vitro

translation; 2: processed 31 kd protein in protease treated chloroplasts. Mol. wt markers are marked on the left in kd. Pre: precursor; Mat:
processed 31 kd mature protein. (b) Comparison of the putative transit peptides of the 28, 31 and 33 kd proteins. Asterisks indicate identical residues
and dots indicate conservative substitution. Dashes denote gaps introduced to optimize sequence alignment. The synthesis of the cDNA for the 28 kd
protein stopped prematurely and the transit peptide of the 28 kd protein shown above is a truncated one.

31 kd ALQEEENTLILDGQGQESGDLFNFEPSGEETEEEGFVEAVGDAGESDEVEADEEEEEFQEPPEDAKLFVGNLPYDVDSEGLA 82
LE R REE_RE X X % K k%%, EE KKK EEEERREREERRE BREEES

28 kd VLSEDDNTLVLDDQ-EQGGDF----PSF-——————————— VGEAGET-—---———-— EEYQEPSEDAKLFVGNLPYDIDSEGLA 57
P acidic amino-terminal domain = = = --—---—-——- Sli<———————~

31 kd RLFEQAGVVEIAEVIYNRDTDQSRGFGFVTMSTVEEAEKAVEMYNRYDVNGRLLTVNKAARRGERPERPPRTFEQSYRIYVG 164
B A A I T T T T T N T T T T T

28 kd QLFQQAGVVEIAEVIYNRETDRSRGFGFVTMSTVEEADKAVELYSQYDLNGRLLTVNKAAPRGSRPERAPRTFQPTYRIYVG 137

RNA-binding domain 1 ~  ———————o > 1<———=

31 kd NIPWGIDDARLEQLFSEHGKVVSARVVYDRETGRSRGFGFVTMASEAEMSDAIANLDGQSLDGRTIRVNVAEDRSRRNTF 244
EEEE IEEEXXEE FXXXEEEESRRNE KKK BREBRRXXEKE SRR REE KXXXKKKE KXXKEEEE% _$% % _$3%%

28 kd 219

NIPWDIDDARLEQVFSEHGKVVSARVVFDRESGRSRGFGFVTMSSEAEMSEAIANLDGQTLDGRTIRVNAAEERPRRNTY

RNA-binding domain II

Fig. 4. Comparison of the deduced amino acid sequences of the 28 and 31 kd proteins. Asterisks indicate identical residues and dots indicate
conservative substitution. Dashes denote gaps introduced to optimize sequence alignment. The putative RNA-binding domains and acidic N-terminal

domains are indicated.

protein source

tobacco 28 kd I 40
II 134
tobacco 31 kd I 65
II 159
tobacco 33 kd I 43
II 146
maize AAIP 8
yeast PABP I 38
II 126
III 219
Iv 322
human hnRNP A1 I 14
II 105

human UlsnRNP 70kd 103
human hnRNP C 16
consensus

Fig. 5. Comparison of the RNA-binding domains from tobacco chloroplast, maize (Gémez er al., 1988), yeast (Sachs et al., 1986) and human
(Buvoli er al., 1988; Query et al., 1989; Swanson et al., 1987). Identical amino acids or amino acids with similar properties are boxed. Dashes
denote gaps introduced to optimize sequence alignment. AAIP: abscisic acid induced glycine-rich protein. PABP: poly(A)-binding protein.

cDNA clone is probably a partial length clone and the real
translation start might be 13 amino acids ahead of the putative
translation start shown in Figure 2a. Comparison of the
putative transit peptides of the 28 kd and 33 kd proteins with
that of the 31 kd protein revealed that they share high
homology (Figure 3b). If the frame of the 28 kd protein
cDNA is allowed to extend from the first methionine codon,
the resulted truncated transit peptide shares a global
homology of 55% amino acid identity to that of 31 kd
protein, while the putative transit peptide of the 33 kd protein
shows 30% amino acid identity out of 47 amino acids. From
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the high homology we concluded that the 28 and 33 kd
proteins are also of chloroplast location. In conclusion, the
three proteins are encoded by the nuclear genome and are
located in the chloroplast.

The three proteins contain RNP-CS and acidic amino
terminal domains

Comparison of the amino acid sequences of the above three
proteins revealed that they are globally homologous to each
other. The 31 and 28 kd proteins are highly homologous,
having 79% amino acid identity over their entire sequences
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Fig. 6. Northern blot analysis of transcripts from the three protein
genes in N.sylvestris leaf (L) and root (R) total RNA (30 ug each
RNA). Probes used for the three genes were: 28 kd, positions
1-1079; 31 kd, positions 16—1110; 33 kd, positions 203 —1343
(Figure 2). The films were exposed for 32 h (28 kd and 31 kd) and
for 4 weeks (33 kd) at —70°C.

(Figure 4) while the 33 kd protein has 37% amino acid
homology to both the 31 kd and 28 kd proteins. A homology
search using the SWISS-PROT database showed that the
highest scores go to rat and bovine hnRNP A1 proteins, yeast
poly(A)-binding protein and mouse and golden hamster
nucleolins. The homology areas extend as long as 180—200
amino acids.

The three proteins contain two tandem repeats correspon-
ding to RNA-binding domains in their sequences. Each
protein contains two RNP-CS motifs in the two putative
RNA-binding domains (Figure 5). Both the RNP-CS motif
and RNA-binding domain are highly conserved among
tobacco chloroplast, maize, yeast and human proteins. Maize
abscisic acid-induced glycine-rich protein (AAIP) is the only
plant protein so far published that contains a putative RNA-
binding domain (Gémez et al., 1988; Mortenson and
Dreyfuss, 1989). Based on their strong affinity for ssDNA
and their high homology to typical RNP proteins, we
concluded that the three tobacco proteins are RNP proteins.
The region of the putative RNA-binding domains (Figure
4; 180 amino acids starting from each C-terminus) is highly
conserved between the 28 and 31 kd proteins. About 85%
of the amino acids are identical, substitution of the amino
acids with the same properties accounts for another 3.3%.

In addition to the two putative RNA-binding domains, each
of the three tobacco proteins contains an acidic N-terminal
domain. The first 39 amino acids of the 28 kd protein (or
64 for the 31 kd protein) contains 36% acidic amino acids
(42 % for the 31 kd protein) while there are no basic amino
acids in the region. For the 33 kd protein, the overall net
negative charge is still as high as 43% although there are
two basic amino acids in the first 42 amino acids.

The genes for the three proteins are expressed both
in mature leaves and roots and have different light-
modulated expression patterns

As an approach towards understanding the function of these
tobacco RNP proteins, we studied the expression of their
genes in different tobacco tissues and their response to light
in mature leaves. The three proteins are each encoded by
a single-copy nuclear gene in N.sylvestris (Y.Li and
M.Sugiura, unpublished data). Northern blot analysis of the
leaf and root total RNA revealed that the three genes were
expressed both in leaves and roots (Figure 6), but the levels
in leaves were 6- to 10-fold higher than in roots. We then
used a similar experimental design to that described by Sugita

Ribonucleoproteins from tobacco chioroplast

dark light
6 1224 3 6 24

28 kd = - w

3Mkd w B Bww®®

33 kd

Fig. 7. Transcript levels of rbcS and the 28, 31 and 33 kd protein
genes in light/dark-shifted tobacco plants. Tobacco plants were grown
in a growth chamber for 6 weeks. At 10.30 am the light (~4000 lux)
was turned off and the plants were kept in absolute darkness for 24 h,
after which the light was turned on again. Leaves were harvested 0, 3,
6, 12 and 24 h after the dark treatment and 3, 6 and 24 h after the
light was turned on again. Total RNAs (30 pg) were hybridized with
probes for rbcS, 28 kd, 31 kd and 33 kd cDNAs. The probes used for
the three protein genes were the same as in Figure 6. The films were
exposed for 11 h (rbcS), 21 h (28 kd and 31 kd) and 6 days (33 kd)
at —70°C.

and Gruissem (1987) to study the light-modulation of
transcript levels of the three genes in tobacco. The transcript
level of the 28 kd protein gene decreased after the light was
turned off and increased when the light was turned on again
(Figure 7). However the transcript levels of the 31 and 33
kd protein genes were unaffected by light (a slight increase
was observed with time).

Discussion

The development of in vitro chloroplast splicing systems and
the characterization of components involved in the splicing
of chloroplast RNAs are necessary for the elucidation of the
molecular mechanism and regulation of the chloroplast
splicing system. Since no in vitro chloroplast splicing systems
are available at present, an alternative approach is to
characterize the proteins involved in this process. As a first
step, using the purification procedure for HeLa hnRNP
proteins, we isolated the chloroplast ribonucleoproteins.
Sequence analysis of the cDNA clones from the 28, 31 and
33 kd proteins established their RNP nature. In addition,
we have shown that their putative transit peptides are func-
tional by an in vitro import experiment, therefore confirm-
ing their chloroplast location. To our knowledge, these
tobacco chloroplast proteins are the first RNP proteins
analyzed from organelles.

RNP proteins or RNA-binding proteins are generally
composed of two parts: one to four RNA-binding domains
arranged in tandem and one or several auxiliary domains
(Bandziulis et al., 1989). The RNA-binding domain is
responsible for RNA-binding. Figure 5 shows a current
collection of the typical RNA-binding domains as well as
the six chloroplast putative RNA-binding domains. Positively
charged amino acids and aromatic amino acids have been
suggested to be important in RNA —protein interaction
through sequential intercalation of the aromatic residues with
nucleotide bases and the interaction of the positively charged
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amino acids with the negatively charged phosphodiester
backbone (Adam et al., 1986). The amino acids at positions
4, 22, 45 and 47 are exclusively aromatic. Residues 4 and
47 have been shown to be indispensable for RNA-binding
(Scherly et al., 1989) and to form part of RNA-binding
pockets by UV-crosslinking experiments (Merrill ef al.,
1988). Some other amino acids are also highly conserved,
e.g. branched chain aliphatic residues (residues 3, 5, 8, 18,
28, 33, 48, 59, 60, 68, 73 and 75) and basic residues
(residues 43, 71 and 81) as well as highly conserved glycines
(residues 26, 44 and 70). In the six putative chloroplast RNA-
binding domains, five out of the six amino acids at the last
position of the RNP-CS octapeptide (positions 43 —50) are
methionines instead of aromatic residues. Among RNP-CS
motifs so far identified, only the third RNP-CS motif of the
Drosophila elav gene product has a methionine in the same
position (Robinow et al., 1988). The finding that the
chloroplast proteins contain the highly conserved putative
RNA-binding domains found in nuclear RNP proteins
strongly supports the hypothesis that RNP proteins including
those from organelles have a common evolutionary origin
(Adam et al., 1986; Dreyfuss et al., 1988).

The auxiliary domain in RNA-binding proteins is
suggested to function primarily in protein—protein interac-
tion. The three chloroplast RNP proteins have one auxiliary
acidic domain in their N-termini. Over one third of the
residues in their N-terminal domains are acidic amino acids.
The mammalian hnRNP C protein contains an acidic domain
of ~100 amino acids (~25% net negative charge) at its
C-terminus, which is postulated to be involved in protein—
protein interaction when forming a spliceosome by neutraliz-
ing the positive charge of basic proteins (Preugschat and
Wold, 1988).

The three chloroplast RNP proteins are structurally distinct
from any known RNA-binding proteins (Figure 8). They are
different from the hnRNP C proteins because they have two
RNA-binding domains (compared to one in hnRNP C) and
have a more acidic domain (36—43% net negative charge)
not in the C-termini but in the N-termini. The three
chloroplast RNP proteins are also different from nucleolin,
which has four putative RNA-binding domains. In the N-
terminal part of nucleolin, there are areas with long strings
of acidic amino acids, but they are divided by strings of
residues rich in positively charged residues.

Though the three chloroplast proteins were eluted from
the ssDNA column with 2 M NaCl, we detected a small
amount of the 31 kd protein and a substantial amount of the

33 kd protein but not the 28 kd protein in a 0.6 M NaCl
eluted fraction. The three proteins therefore have different
affinities for ssDNA in the order 28 kd > 31 kd > 33 kd.
In addition, the steady-state mRNA level in mature leaves
showed that there were different light-modulation patterns
for the 28 and 31 kd proteins. These observations suggest
that the 28 and 31 kd proteins play different roles in the
chloroplast RNA metabolism, despite their high homology.
In conclusion, the three chloroplast RNP proteins are
probably functionally different from one another.

During the preparation of this manuscript, the primary
structures of HeLa cell hnRNPs A2, Bl and C2 were
published (Burd ez al., 1989). Their results indicate that the
diversity of hnRNP proteins is generated by small peptide
inserts. The A2 and B1 proteins are very similar to the Al
protein: the RNA-binding domains of A2 and Bl have
~ 80% amino acid identity with those of Al. The struc-
tural similarity between A2/B1 and Al is reminiscent of the
similarity between the 28 and 31 kd proteins (Figure 3).
From the similarities between the chloroplast RNP proteins
and the hnRNP A and B proteins, we speculate that the three
chloroplast proteins play the same role as the hnRNP proteins
and are involved in splicing (and/or processing) of
chloroplast RNAs. Our speculation is supported by our
recent observation that the 28 and 31 kd proteins selectively
bind to certain ribonucleotide homopolymers and that this
binding is salt- and heparin-resistant (Y.Li and M.Sugiura,
unpublished data). The affinities for different ribonucleotide
homopolymers have been suggested to be a useful means
of comparing proteins from other sources with HeLa cell
hnRNP proteins (Swanson and Dreyfuss, 1988b). The N-
terminal acidic domains might be involved in
protein—protein interaction when forming a spliceosome.
The different affinities for ssDNA led us to speculate that
their RNA-binding specificities are also different.

Although we have no direct evidence that these chloroplast
RNP proteins are involved in the splicing of chloroplast
RNAs, our findings may imply that the splicing machinery
is also conserved between chloroplasts and nuclei. Recently,
a protein splicing factor associated with U5 snRNP has been
shown to be conserved between yeast and man (Anderson
et al., 1989).

One of the central questions as to the function of these
proteins may be their binding specificities. Tobacco is one
of the best systems for solving this problem. The complete
sequence of tobacco chloroplast DNA has been determined
and we have mapped two-thirds of the transcription units

ct RNP 28 kd YA 77 Acidic
ct RNP 31kd 871770000000 L0 ) RNA-binding domain
ct RNP 33 kd T 7777
hn RNP A1
hn RNPC
PABP ]
nucleolin

Fig. 8. Domain arrangement of the three chloroplast RNP proteins, human hnRNP Al and C proteins (Buvoli et al., 1988; Swanson et al., 1987),
yeast poly(A)-binding protein (PABP, Sachs ez al., 1986) and mouse nucleolin (Bourbon et al., 1988). Hatched boxes indicate RNA-binding domains

and stippled boxes acidic domains or regions.
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on the chloroplast genome. All the available data will
facilitate the quick identification of the RNAs to which they
bind and enable us to determine the exact binding specificity
of these proteins and study the chloroplast RNA —protein
interaction in more detail.

Materials and methods

Plant materials

Tobacco, N.tabacum var. Bright Yellow 4, was grown in a greenhouse for
protein extraction; for RNA extraction, N.sylvestris was grown in a growth
chamber at 25°C with 12 h light/12 h dark periods. Roots were harvested
from 4 week-old hydroponically grown tobacco plants. Spinach was
purchased at a local market.

Preparation of intact chloroplasts

The method for isolation of tobacco and spinach intact chloroplasts was
modified from that of Bartlett et al. (1982). Briefly, 200 g leaves in 600
ml MCB1 (0.30 M mannitol, 50 mM HEPES—NaOH, pH 8, 2 mM EDTA,
5 mM B-mercaptoethanol) with 0.1% bovine serum albumin (BSA) and
0.6% polyvinylpyrrolidone were ground with a Polytron homogenizer. The
resultant homogenate was filtered through 4 layers of cotton gauze. The
filtrate was centrifuged at 3000 r.p.m. (Tomy No. 9N rotor) and with
immediate stop. The green pellet was resuspended in 12 ml of MCB1 with
0.1% BSA and loaded onto four 10—80% Percoll gradients in MCB1. After
centrifugation at 8000 r.p.m. (Tomy TS-2 rotor) for 30 min, the lower green
band was collected and mixed with 3—5 volumes of MCB2 (0.32 M
mannitol, 50 mM HEPES —NaOH, pH 8, 2 mM EDTA). Chloroplasts were
collected by centrifugation at 3000 r.p.m. (Tomy No. 4N rotor) for 30 s
and washed once with MCB2.

Purification and sequencing of ssDNA-binding proteins

The intact chloroplasts from 1 kg tobacco leaves were prepared as above
and stored at —80°C. The frozen chloroplasts were thawed and homogenized
with 40 ml of buffer A (20 mM Tris—HCI, pH 8.0, 2 mM PMSF, 2 mM
DTT) and centrifuged for 30 min at 30 000 g. Solid (NH,4),SO, was added
to the supernatant to 80% saturation. The pellet was dissolved in 60 ml
buffer B (10 mM Tris—HCI, pH 8.0, 0.1 M NaCl, 10% glycerol, 1 mM
PMSF, 1 mM EDTA, 0.1 mM DTT) and precipitated again with
(NH,4),SO,. After centrifugation the pellet was dissolved in 15 ml buffer
B and applied to a 1 ml ssDNA cellulose (Sigma) column equilibrated with
the same buffer. The column was washed with 10 column volumes of buffer
B and the bound proteins were eluted with 6 column volumes each of 0.3
M, 0.6 M and 2 M NaCl in buffer B. The 2 M fraction was pooled, con-
centrated as described by Wessel and Fliigge (1984) and separated on a
7.5—20% polyacrylamide gradient gel containing 0.1% SDS (Laemmli,
1970). The proteins were then transferred to polyvinylidene difluoride
membrane, stained with Coomassie R 350 and sequenced using an Applied
Biosystems 470A gas-phase sequencer (Matsudaira, 1987).

Screening cDNA libraries

N.sylvestris leaf cDNA library was a generous gift from Dr A.Kato. An
N.tabacum leaf cDNA library was constructed by Dr R.F.Whittier using
the cDNA synthesis kit (Pharmacia). A Agtl0 vector was used for both
libraries. Mixed probes were synthesized according to the determined amino
acid sequences using an Applied Biosystems 381A synthesizer. The sequences
and the hybridization temperatures of the probes used were:

28 kd protein, probe PR6: AGNACNAGNGTGTTGTCG s1°C
TCTTC
probe PR7:  GTCNCCNCCTTGTTCTTGG 55°C
TCGTC
31 kd protein, probe PR2:  TAITYICAYAARAGRAGRA 55°C
GRACITYTCG
probe PR4: TTCTTGTTCTTGNCCGTCN 52°C
AGGAT
33 kd protein, TTCYTGIACIACYTCIACICC 50°C

RTCI(G/C)A/MIACI(G/C)A/T)IGC
(N=GATand C;R=Aand G; Y =T and C; [ = Inosine)

Screening of the libraries was essentially according to the instruction
manual from Amersham (cDNA synthesis kit, Agt10) and others (Wallace
and Miyada, 1987). Positive clones were purified and their inserts were
amplified by PCR. Primers used for PCR amplification were: 1233 ACCGT-
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TTTCGAGCTGCTCTATAGACT and 1234 CTTGTGAAGATTGGGG-
GTAAATAACA. The PCR was performed for 25 cycles. Each cycle
consisted of treatments at 92°C for 1 min, 55°C for 2 min and 72°C for
4 min (for 15 min in the last cycle).

Subcloning and DNA sequencing

Recombinant A DNAs were prepared by a mini-lysate method (Manfioletti
and Schneider, 1988). The inserts were cut with EcoRI, subcloned into
Bluescript M13(+) plasmid and sequenced. Sequencing and computer-
assisted analysis were essentially as described by Hiratsuka er al. (1989).

In vitro transcription/translation and import assays

The plasmid used to make in vitro transcripts of the 31 kd protein was deletion
clone 8A81. In this plasmid, most of the artificial 5’ half except for 13
A residues upstream of the authentic cDNA has been removed (Figure 2).
The plasmid was linearized by cutting with EcoRI, and was then treated
with proteinase K and extracted with phenol —chloroform. 5 ug of template
were transcribed in the presence of 50 U of T7 RNA polymerase, 0.45
mM each of ATP, CTP and UTP, 50 uM GTP and 500 uM of the cap
structure analog, m’G(5")ppp(5')G. The subsequent treatment was essen-
tially according to Sambrook et al. (1989).

Wheatgerm extract was a generous gift from Dr A.Watanabe and Mr
T.Konishi; it was prepared essentially as in Marcu and Dudock (1974).
About 1 pg of capped transcripts was utilized to program the
[33S]methionine-based wheatgerm cell-free translation system. Translation
reactions were done in a final volume of 50 xl in the presence of 70 uCi
[33S]methionine (specific activity > 1000 Ci/mmol) (Marcu and Dudock,
1974). Following incubation at 30°C for 1 h, 1 ug RNase A was added
and incubated for 30 min at 37°C. One-fourth volume of
5 x sorbitol —HEPES buffer (1.65 M sorbitol; 250 mM HEPES—KOH,
pH 7.5) and 3 pl 100 mM cold methionine were added to the translation
mixture, mixed well and stored at —70°C until use.

Import was performed essentially as described by Bartlett er al. (1982)
and Minami et al. (1986). Intact spinach chloroplasts were prepared as
described in the ‘Preparation of intact chloroplasts’ section above, except
that the final wash was done with sorbitol —Tricine (0.33 M sorbitol, 50
mM Tricine—KOH, pH 8.4). The chloroplast pellet was then resuspended
in 1 ml 1 X sorbitol —HEPES and its chlorophyll concentration was deter-
mined. The translation products were centrifuged at 15 000 g for 10 min.
and half of the supernatant was diluted with 175 ul of 1 X sorbitol —HEPES
in a 5 ml glass test tube, and 100 ul intact chloroplasts were added (125 ug
total chlorophyll). The suspension was incubated for 1 h on a rotary shaker
at 110 r.p.m. inside a 25°C growth chamber with light intensity of
~4000 lux. The sample was transferred into a 1.5 ml plastic tube and
centrifuged at 5000 r.p.m. for 1 min. The chloroplasts were resuspended
in 0.3 ml ice-cold 1 X sorbitol —HEPES. CaCL, and thermolysin were
added at final concentrations of 1 mM and 0.17 mg/ml, respectively. The
sample was stood on ice for 30 min and then EGTA was added at a final
concentration of 2.5 mM to inactivate the protease. The mixture was
centrifuged at 5000 r.p.m. for 1 min and the pellet was washed twice with
0.3 ml ice-cold sorbitol —Tricine containing 1 mM EGTA. Sixty ul
SDS —PAGE loading buffer were added to the pellet, heated at 100°C for
2 min. and centrifuged. The supernatant was concentrated as described by
Wessel and Fliigge (1984) and applied to a 15% SDS—PAGE (Laemmli,
1970). Fluography was done according to Skinner and Griswold (1983).

RNA isolation and Northern blot analysis

Total leaf and root RNA were obtained from N.sylvestris according to the
method of Vries er al. (1988). The poly(A)* RNA was isolated by purifica-
tion twice on oligo-dT cellulose (BRL) columns according to the instruc-
tion manual (cDNA synthesis kit, Pharmacia). RNA electrophoresis and
Northern blotting to Hybond-N membrane were essentially according to
Davis et al. (1986). The DNA fragments from the three cDNAs were labeled
by the random primer method to specific activities of 5 X 103t02 x 10°
c.p.m./ug (Feinberg and Vogelstein, 1984). Hybridization and washing of
the membrane were done essentially according to Amersham’s protocol
except that the stringent wash was conducted at 65°C in 0.1 X SSPE with
0.1% SDS for 20 min. The sequence of a probe for rbcS is
CTTCTTGTTAATTGGTGGCCACACCTGCAT, which is located in the
transit peptide (Pinck et al., 1984). The probe was labeled at its 5’ end
by polynucleotide kinase to a specific activity of 1.2 X 107 c.p.m./pg.
Hybridization and washing were done essentially according to Angelini ez
al. (1986) except that the membrane was finally washed with 6 x SSC
containing 0.1% SDS at 65°C for 30 min. The used blot was put into a
boiled 0.1% SDS solution and allowed to cool to room temperature for
repeated use.
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Note added in proof

Since this paper was submitted, Buvoli et al., (EMBO J., 9, 1229—1235,
1990) reported the sequence of human hnRNP B2 protein. The nucleotide
sequence data reported will appear in the EMBL, GenBank and DDBJ
Nucleotide Sequence Databases under the accession numbers X53932
(33 kd), X53933 (28 kd) and X53942 (31 kd).
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