MoOLECULAR AND CELLULAR BioLoOGY, Sept. 1991, p. 43804388
0270-7306/91/094380-09$02.00/0
Copyright © 1991, American Society for Microbiology

Vol. 11, No. 9

Specific Binding of Chloroplast Proteins In Vitro to the 3’
Untranslated Region of Spinach Chloroplast petD mRNA

CHEN HSU-CHING anp DAVID B. STERN*
Boyce Thompson Institute for Plant Research, Tower Road, Ithaca, New York 14853-1801

Received 9 April 1991/Accepted 30 May 1991

A detailed analysis of RNA-protein complex formation in the 3’ untranslated region of spinach chloroplast
petD mRNA has been carried out. Five chloroplast proteins that interact with petD RNA in this region, which
contains an inverted repeat sequence capable of forming a hairpin structure, have been identified. A 33-kDa
protein recognizes specifically the double-stranded stem of the hairpin structure; mutations that disrupt base
pairing at the base of the stem reduce or eliminate protein binding. A 57-kDa protein recognizes specifically an
AU-rich sequence motif that is highly conserved in petD genes of different higher plant species. The 57-kDa
protein and possibly the 33-kDa protein form stable complexes with petD RNA in vitro and may interact with
each other. In addition, their interaction with pezD RNA is highly sensitive to heparin. The three other proteins,
of 100, 32, and 28 kDa, display little sequence or structural binding specificity apart from their preference for
uridine-rich sequences. They also interact with the 3’ untranslated regions of other chloroplast RNAs such as
those of psbA and rbcL. The functions of these proteins in the regulation of petD gene expression, including
possible roles in transcription termination and RNA stability, are discussed.

The expression of plastid genes is regulated by complex
developmental, organ-specific, and light-dependent mecha-
nisms (14, 15, 25). During chloroplast development, the
transcriptional activities of plastid genes play an important
role in determining the steady-state level of mRNA accumu-
lation. Although transcription is constitutive, overall tran-
scription activity increases in barley, maize, and spinach
chloroplasts following illumination of dark-grown plants (2,
10, 11, 26, 32, 37, 51). However, the relative transcriptional
activities of several plastid genes in spinach and barley
cannot account for the differential accumulation of their
mRNAs (10, 26). It has therefore been suggested that the
accumulation of several plastid mRNAs can also be con-
trolled at the level of mRNA stability (10, 12, 26, 37).

The 3’ untranslated regions (UTR) of many plastid and
bacterial mRNAs contain inverted repeat (IR) sequences
capable of forming hairpin structures. The 3' IR is required
for the stability of certain bacterial mRNAs (7, 27) and
Chlamydomonas chloroplast atpB mRNA (45) in vivo and
for the stability of spinach plastid mRNA in vitro (42, 44).
The IR most likely functions as a stabilizing element by
impeding the progress of processive 3'—5’ exoribonu-
cleases. In addition, it has been proposed that the function of
3’ IR as a stabilizing element for spinach plastid mRNA is
modulated by RNA-protein interactions (44), since some
plastid mRNAs accumulate to low levels in dark-grown
plants despite constitutive transcription and the presence of
an IR (10). Therefore, both RNA structure and RN A-protein
interactions may influence mRNA accumulation during chlo-
roplast development.

Several recent reports have demonstrated that RNA-
binding proteins are present in chloroplasts. In spinach,
general and gene-specific RNA-binding proteins were ana-
lyzed in vitro by gel shift and UV-cross-linking assays (44).
Two RNA-binding proteins were also identified in mustard
chloroplast extracts (28). Recently, proteins that contain
conserved RNA-binding motifs were purified from tobacco
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and spinach chloroplasts (22, 36). The existence of RNA-
protein complexes (ribonucleoproteins [RNPs]) in vivo can
be inferred by the differential sedimentation of native and
deproteinized spinach chloroplast mRNA in glycerol gradi-
ents (41).

Our investigation of RNA-binding proteins in spinach
chloroplasts has focused on the petD gene (17), which
encodes subunit IV of the cytochrome b¢-f complex and is
located at the 3’ end of the psbB gene cluster. The organi-
zation and expression of the psbB gene cluster are highly
conserved in several plant species (31, 47-49). This gene
cluster contains four genes that encode components of two
different photosynthetic complexes. These are psbB, which
encodes the 51-kDa chlorophyll a-binding protein of photo-
system II; psbH, which encodes the 10-kDa phosphoprotein
of photosystem II; perB, which encodes cytochrome bg; and
petD. These genes are cotranscribed into a single precursor
mRNA that undergoes extensive processing to generate a
complex pattern of 17 to 20 mRNA products (4, 49). It has
been reported that in maize nearly all of these mRNAs
cosediment with polysomes in sucrose gradients, suggesting
that at least one coding region on most transcripts is trans-
lated (4). Although these four genes are cotranscribed, they
are not expressed coordinately during the light-induced
greening of etiolated spinach seedlings. The petB and petD
gene products accumulate in etiolated plants, but the psbB
gene product can be detected only after 2 h of illumination
(18). Therefore, the expression of the psbB gene cluster may
be regulated by posttranscriptional mechanisms.

It has previously been shown that an RNA derived from
the 3’ end of the spinach chloroplast petD gene binds to
several chloroplast proteins in vitro (44). We have now
carried out a detailed analysis of mRNA-protein complex
formation in the 3’ UTR of petD mRNA. Five proteins have
been implicated in RNA-protein complex formation. Of
these proteins, two display sequence and structural binding
specificities, while the others appear to be general RNA-
binding proteins that interact not only with the 3’ UTR but
also with the coding region of petD mRNA. These proteins
may therefore be involved in the formation of mRNPs in
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vivo. In addition to their sequence and/or structural binding
specificities, each petD RNA-binding protein possesses dis-
tinct binding characteristics. The possible functions of the
two specific petD mRNA-binding proteins in transcription
termination and petD mRNA stability are discussed.

MATERIALS AND METHODS

Site-directed mutagenesis. Single-stranded (ss) DNA was
obtained and mutations were introduced as described previ-
ously (44). Most of the base change and deletion mutants
were constructed by using petD deletion mutant A50 ssDNA
(44); for the compensatory mutants, however, the template
was mutant petD2 or petD7 ssDNA.

Soluble-chloroplast-protein extracts. Soluble-chloroplast-
protein extracts were prepared from leaves of hydroponi-
cally grown spinach (Spinacia oleracea cv. Marathon Hy-
brid) by the method of Gruissem et al. (16). Briefly, total
soluble proteins were prepared from a clarified chloroplast
lysate passed over a DES2-cellulose column (16) and precip-
itated with ammonium sulfate at 60% saturation. The pro-
teins were dialyzed against buffer E containing 20 mM
HEPES (N-2-hydroxyethylpiperazine-N’'-2-ethanesulfonic
acid; pH 7.9), 60 mM KCl, 12.5 mM MgCl,, 0.1 mM EDTA,
2 mM dithiothreitol, and 17% glycerol (16). For heparin-
agarose chromatography, total soluble proteins in buffer E
were loaded onto a heparin-agarose (BRL) column (250 ug of
protein per ml) preequilibrated with buffer E at a flow rate of
0.5 mlI/min. After being washed with buffer E until there was
no further elution at an optical density of 280 nm
(flowthrough fraction), bound proteins were eluted with
buffer E containing 1 M KCl (bound fraction), dialyzed
against buffer E, and then concentrated by using Centricon
filtration devices (Amicon). The concentration of each pro-
tein fraction was determined by using the Bio-Rad protein
assay, and aliquots were stored at —70°C.

Preparation of synthetic RNAs. Synthetic RNAs were
prepared as described by Stern and Gruissem (42). Trace-
labeled RN As for competition experiments were synthesized
with 8 nM [a-*?P]JUTP and 0.5 mM unlabeled UTP; tran-
scripts for UV cross-linking were synthesized with 10 uM
[a-3?P]UTP and no unlabeled UTP.

Oligonucleotide-directed RNase H cleavage. For each oligo-
nucleotide-directed RNase H cleavage reaction, 200 fmol of
[3?P]RNA and 100 ng of oligonucleotides were mixed in 20 pl
of reaction mixture containing 20 mM HEPES (pH 8.0), 50
mM KCI, 10 mM MgCl,, and 1 mM dithiothreitol. The
reaction mixture (without enzyme) was incubated at 65°C for
5 min and then at 37°C for 10 min. RNase H (0.5 U) was then
added to the reaction mixture, and incubation was continued
for another 30 min. RNA cleavage products were then
separated by denaturing polyacrylamide gel electrophoresis,
and gel slices containing the desired RNA were excised and
eluted in 200 pl of 0.3 M sodium acetate-1.25 mM EDTA
(pH 8.0)-0.1% sodium dodecyl sulfate (SDS) at 37°C for 1 h
or at 4°C overnight. The RNA was then recovered by ethanol
precipitation.

UV cross-linking and partial proteolytic peptide mapping of
UV-cross-linked proteins. UV cross-linking was carried out
by incubating 2 fmol of [>*?PJRNA with 10 pg of protein in 20
pl of reaction mixture containing 10 mM MgCl,, 3 mM
dithiothreitol, 40 mM KCI, 10 mM HEPES (pH 7.9), 0.05
mM EDTA, and 8.5% glycerol. For competition experi-
ments, the competitor was added to the reaction mixture 5
min before the [*?P]RNA was added, and the incubation was
prolonged for 5 min. After a 10-min incubation at 25°C, the
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reaction tubes were opened and covered with Saran wrap.
The tubes were then placed in a Stratalinker (Stratagene) and
irradiated with 18,000 nJ of UV light. After irradiation, 20 pg
of RNase A was added, and the reactions were incubated for
30 min at 37°C. A 0.4 volume containing 8% SDS-3 M
B-mercaptoethanol in 12% glycerol and 0.05% (each) bro-
mophenol blue and xylene cyanol was then added, and the
reaction mixtures were boiled for 5 min and loaded on a 12%
discontinuous SDS-polyacrylamide gel. The gel was electro-
phoresed at 30 mA until the dyes reached the bottom and
then dried and autoradiographed.

Partial peptide mapping of UV-cross-linked RNA-protein
complexes was carried out according to the procedures of
Cleveland et al. (9) and Leibold et al. (21), with modifica-
tions. The UV-cross-linking gel used for partial peptide
mapping was subjected to autoradiography without drying.
The gel slices corresponding to the RN A-protein complexes
were excised, rinsed with cold water, and then immersed in
125 mM Tris HCI (pH 6.8)-0.1% SDS-1 mM EDTA for §
min. The gel slices were then placed into the wells of a 12%
SDS—polyacrylamide gel filled with running buffer (25 mM
Tris HCI [pH 6.8], 200 mM glycine, 0.01% SDS). Each gel
slice was overlaid with 40 ng of Staphylococcus aureus V8
protease (Sigma) in 10 pl of 125 mM Tris HCI (pH 6.8)-0.1%
SDS-1 mM EDTA-10% glycerol. Electrophoresis was car-
ried out at 30 mA for 4 h. The gel was stained with
Coomassie blue to visualize the protein standards, dried, and
subjected to autoradiography.

Gel mobility shift assays. The protocol for RNA mobility
shift assays was essentially that of Konarska and Sharp (20).
Briefly, 2 fmol of [*?PJRNA was incubated in 10 pl of
reaction mixture containing 10 pg of total soluble chloroplast
proteins and the same buffer as for UV cross-linking for 10
min at 25°C. The reaction mixtures were loaded onto 5%
polyacrylamide gels in 50 mM Tris-glycine (pH 9.1). Elec-
trophoresis was carried out at 175 V for 3 to 4 h, and the gel
was dried and autoradiographed. For competition experi-
ments, nonspecific RNA competitors were added 5 min
before the 32P-labeled RNA was added.

RESULTS

Interactions of petD 3’ IR RNA with chloroplast proteins in
vitro. We have previously shown that in vitro-synthesized
petD mRNA interacts with several chloroplast proteins (44).
The petD RNA used in this study contains 84 nucleotides of
the 3’ end of the coding region and 117 nucleotides of the 3’
UTR, including an IR capable of forming a hairpin structure
that is coincident with the mature mRNA 3’ end. The in
vitro-synthesized petD RNA (petD 3' IR RNA) therefore
corresponds to a putative precursor form of petD mRNA,
since its 3’ end is exonucleolytically processed in vitro to
generate the mature mRNA 3’ end (43). By UV cross-
linking, petD 3' IR RNA was shown to bind to three proteins
in an extract of total chloroplast soluble protein. On the basis
of their migrations in SDS-polyacrylamide gels (44), the sizes
of these proteins were estimated to be 55, 28, and 23 kDa.
Our refined measurements are 57, 32, and 28 kDa, respec-
tively. When the extract of total soluble protein was further
fractionated by heparin-agarose chromatography, only the
32-kDa protein was found in the flowthrough fraction when
the column was washed with buffer containing 60 mM KCIl.
The 57- and 28-kDa proteins were eluted at higher KCI
concentrations (the fraction eluted with 1 M KCl is termed
the bound fraction) along with four additional petD 3’ IR
RNA-binding proteins of 100, 66, 45, and 33 kDa (Fig. 1).
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FIG. 1. Cross-linking of petD 3’ IR RNA to different chloroplast
protein fractions. petD 3' IR RNA was synthesized from the
linearized petDAS0 DNA template. UV-cross-linking assays were
carried out with total chloroplast soluble proteins (lane T),
flowthrough fraction from a heparin-agarose column washed with
buffer E containing 60 mM KCl (lane FT), and bound fraction from
a heparin-agarose column from which proteins were eluted with
buffer E containing 1 M KCl (see Materials and Methods) (lane B).
The proteins were separated in a 12% SDS-polyacrylamide gel. The
sizes of UV-cross-linked proteins were calculated by using molec-
ular size standards from Bio-Rad.

These additional proteins are most likely present in low
concentrations, since they were not detected following UV
cross-linking of total soluble proteins. The 66- and 45-kDa
proteins were not reproducibly seen in UV-cross-linking
experiments; therefore, our analysis has focused on the five
proteins of 100, 57, 33, 32, and 28 kDa. Since the 33-kDa
protein can be detected only in bound-fraction proteins, we
have used the bound fraction to analyze the 33-kDa protein
and used the total-soluble-protein extract to analyze the
proteins of 100, 57, 32, and 28 kDa.

Definition of binding sites. (i) 33-kDa protein specifically
recognizes the hairpin structure. The 3’ IR of petD RNA
forms a hairpin structure in vitro (Fig. 2) as shown by RNase
T, mapping (44). Using site-directed mutagenesis, we have
introduced deletions into the loop and single- or double-base
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FIG. 2. Site-directed mutagenesis of the petD 3’ IR. (A) Single-
base-change mutations; (B) double-base-change mutations; (C) de-
letion mutations (A). The 3’ end points of Bal 31 deletion mutants
A18 and AS54 (44) are indicated by arrows. petD7.C1 is a compensa-
tory mutant of the petD7 mutant; i.e., it contains the petD7
mutation. petD2.C1, petD2.C2, and petD2.C3 are compensatory
mutants of the petD2 mutant; i.e., they also contain the petD2
mutations.
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FIG. 3. UV-cross-linking and competition analyses of mutant
petD 3" IR RNAs. (A) Seven mutant and wt petD 3’ IR RNAs were
cross-linked to bound-fraction proteins from a heparin-agarose
column in the presence of 100 ng of poly(U). Reactions were
analyzed by electrophoresis in a 12% SDS—-polyacrylamide gel. The
tested wt and mutant petD 3’ IR RNAs are indicated above each
lane. (B) Competition experiments were carried out using bound-
fraction proteins from a heparin-agarose column and *?P-labeled wt
petD 3' IR RNA in the presence of 100 ng of poly(U). For each
competition experiment, a 500-fold molar excess of trace-labeled
RNA competitor was added to the reaction S min before the
2p_Jabeled wt RNA was added. Tested competitor RNAs are
indicated above each lane. Lane ll, no competitor.

changes into the stem of the hairpin as shown in Fig. 2. The
RNAs synthesized in vitro from these mutant templates are
referred to as mutant 3' IR RNAs. Two mutant 3’ IR RNAs,
AS54 and A18, have 3’ end deletions that have been generated
by Bal 31 deletion of the template DNA (Fig. 2C; 44).

The 33-kDa protein has previously been shown to interact
with the petD 3’ IR RNA but not with 3’ IR RNA corre-
sponding to the spinach chloroplast rbcL or psbA gene (44).
It was also shown that a 1-nucleotide change at the base of
the stem of the petD hairpin (petD7 mutant; Fig. 2A)
diminished the binding of the 33-kDa protein to 3' IR RNA
(44). To define more specifically the 33-kDa protein-binding
site, we have introduced a series of mutations near the petD7
mutation site that disrupt each base pair at the base of the
stem (mutants petD7.1, petD7.2, petD7.3, and petD7.4), a
double mutation (mutant petD8), and also one compensatory
mutation (mutant petD7.C1) that restores the base pairing in
the petD7 mutant. The mutant 3’ IR RNAs were tested in
UV-cross-linking assays, and Fig. 3A shows that all of the
mutant 3’ IR RNAs tested, except the compensatory mutant
petD7.C1, failed to label the 33-kDa protein. The lack of
label in the 33-kDa protein could result from a lack of binding
or a failure to covalently bind *?P label during UV cross-
linking. Therefore, competition experiments were per-
formed. Figure 3B shows that the affinities of the petD7,
petD7.1, and petD7.2 mutant 3’ IR RNAs for the 33-kDa
protein are not completely abolished, as they are capable of
competing with wild-type (wt) 3’ IR RNA at high concentra-
tions (500-fold molar excess), whereas the petD7.3 and
petD7.4 mutant 3' IR RNAs do not compete with wt 3’ IR
RNA, indicating a complete lack of affinity for the 33-kDa
protein. This result appears to reflect subtle differences in
RNA structure in the petD 3' IR RNA mutants. Taken
together, these results indicate that the secondary structure
in the petD 3’ IR, specifically the first 5 base pairs, is
essential for the binding of the 33-kDa protein in vitro.

The binding of the 33-kDa protein to petD 3’ IR RNA
requires not only the secondary structure of the hairpin but
also sequences downstream. For example, A18 mutant 3’ IR
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FIG. 4. UV-cross-linking analysis of deletion mutant petD 3’ IR RNAs. (A) The upper part of the panel shows wt petD 3' IR RNA. The
bar on the left represents the 3’ 84 nucleotides of the petD coding region. Stul and Dral restriction sites are indicated, and an oligonucleotide
complementary to the 15 nucleotides immediately preceding the hairpin structure is indicated by a solid bar. The petD 3’ hairpin structure
is shown, and the end points of deletion mutants A18 and A54 and of wt petD 3’ IR RNA are indicated by arrows. The lower part of the panel
shows the RNA substrates used in UV-cross-linking experiments. Stul and Dral RNAs synthesized from Stul- or Dral-linearized DNA
templates, respectively; wt-3’ and wt-5', RNAs generated from RNase H cleavage of wt 3'IR-RNA hybridized with the 15-mer; A54-3’ and
A18-3', RNAs generated by RNase H cleavage of IR A54 and A18 3' IR RNAs hybridized with the 15-mer. (B) wt 3'IR-RNA and Dral and
Stul RNAs were UV cross-linked to total soluble chloroplast proteins in the absence of poly(U). Reactions were analyzed in a 12%
SDS—polyacrylamide gel. (C) UV-cross-linking assays were carried out with total soluble chloroplast proteins in the absence of poly(U) (left)
and in the presence of 100 ng of poly(U) (right). The tested perD RNAs are indicated above each lane.

RNA (Fig. 2C) does not bind the 33-kDa protein in UV-
cross-linking experiments, whereas A54 mutant 3' IR RNA
(Fig. 2C) does bind the 33-kDa protein (44). This indicates
that all or part of the sequence AUUCAAUUAC, which lies
immediately downstream of the hairpin and between the
deletion end points of A18 and AS54, is also required for
33-kDa protein binding in vitro. However, the binding of the
100-, 57-, 32-, and 28-kDa proteins is not strongly affected by
any of the 25 mutations in the hairpin structure. An excep-
tion is mutant petD7.4, which even at high concentrations
did not prevent binding of the 57-kDa protein to wt 3'IR-
RNA (Fig. 3B), indicating a possible pleiotropic effect of this
mutation. ’

(ii) 57-kDa protein recognizes AU-rich sequence motif.
Since mutagenesis of the petD 3’ IR affects the binding of the
33-kDa protein but not that of other petD 3’ IR RNA-binding
proteins, the binding sites for the other proteins must be
located either upstream or downstream of the hairpin. To
determine the binding sites of the other proteins, we tested
RNA s corresponding to regions upstream or downstream of
the hairpin in UV-cross-linking experiments.

Two RNAs containing only the 3’ end of the petD coding
sequence were obtained by T7 transcription of a Dral- or
Stul-linearized template (Fig. 4A). To generate an RNA
containing only the hairpin and sequences downstream, an
oligonucleotide complementary to the 15 nucleotides imme-
diately preceding the hairpin was synthesized and annealed
to different 3' IR RNA substrates, and the duplexes were
digested with RNase H. Figure 4A shows the series of RNAs
that we have generated and tested in UV-cross-linking
assays. The results of these experiments are shown in Fig.
4B and C and summarized in Table 1. From these data, two
recognition sites for the 57-kDa protein can be identified.
Since the 57-kDa protein binds to wt 5’ RNA but not to Dral
or Stul RNAs (Fig. 4B and C), some or all of the 16
nucleotides between the Dral site and the 15-mer used for
RNase H cleavage (Fig. 4A) are essential for 57-kDa protein
binding. Furthermore, when the 3’ portions of RNase
H-cleaved A54 and A18 3' IR RNAs were tested in UV-
cross-linking reactions, only the A54-derived RNA (A54-3'
RNA; Fig. 4B and C) bound to the 57-kDa protein. This
indicates that some or all of the 8 nucleotides between the

A18 and the A54 deletion points constitute a second binding
site for the 57-kDa protein. To confirm that the same 57-kDa
protein binds at the two sites, we partially digested the two
UV-cross-linked RN A-protein complexes with S. aureus V8
protease and examined the digestion products by gel elec-
trophoresis (data not shown). We found that A54 3’ RNA-
57-kDa protein and wt 5' RNA 57-kDa protein complexes
yield identical polypeptide fragments of 37 and 28 kDa. This
demonstrates that the same protein interacts at two sites in
petD 3’ IR RNA that are separated by the hairpin.

Both of the sequences that contain 57-kDa protein-binding
sites are AU rich. A comparison of these two sequences
reveals a common sequence motif, AUUYAAUU, all or part
of which may serve as a binding site for the 57-kDa protein.
To determine if the proposed 57-kDa protein-binding site
represents an evolutionarily conserved sequence, we com-
pared the 3' UTRs of chloroplast petD genes from spinach
(17), tobacco (39), pea (29), maize (33), and rice (19). Indeed,
this motif is found twice in all the genes compared, once
upstream and once downstream of the hairpin (Fig. 5). The
consensus binding site drawn from this comparison is
AUUYNAUU.

As shown above, 33-kDa-protein binding requires se-
quences downstream of the hairpin that overlap with the
binding site of the 57-kDa protein. It is not clear whether
both proteins can interact independently with the same
sequence or whether binding of the 33-kDa protein is depen-

TABLE 1. UV cross-linking of different pezD RNAs to
chloroplast proteins®

Cross-linking Presence of RNase H digestion products

Protein  With RNA: IR proximal IR distal

wt AS4 Al8 wt-S' Dral® Swl® w3 A54-3 Al8-3'
100 kDa + + + + + + + - -
57kDa  + + + + - - + + -
R2kDa + + + + o+ o+ o+ - -
28kDa + + + + + o+ o+ - -

“ +, binding of protein to RNA; —, no binding.
® Linearized by this restriction endonuclease.



4384 HSU-CHING AND STERN

AUUUAAUU Mﬁ?ﬂ AUUCAAUU

spinach

tobacco AUUCAAUU 17n] [2nt AUUCAAUU
pea AUUCUAUU @?_m AUUUCAUU
maize AUUC--AUU 21nt] [70t AUUUUAUU
rice AUUC--AUU Mﬂm AUUUUAUU
consensus AUUYNAUU AUUYNAUU

FIG. 5. Comparison of 3’ UTR of petD genes from spinach,
tobacco, pea, maize, and rice chloroplasts. The distances of the
putative binding sites for the 57-kDa protein from the hairpin
structure of each gene are indicated in nucleotides (nt). Sources of
sequence data were as follows: spinach (17), tobacco (39), pea (29),
maize (33), and rice (19). In the consensus sequence, Y is a
pyrimidine, and N is A, U, or C.

dent on prior binding of the 57-kDa protein to RNA. How-
ever, the binding of the 57-kDa protein is clearly indepen-
dent of the binding of the 33-kDa protein, since all petD7
mutant 3’ IR RNAs failed to label the 33-kDa protein while
their binding for the 57-kDa protein was unaffected, with the
possible exception of mutant petD7.4 (Fig. 3B).

(iii) Three petD 3' IR RNA-binding proteins have multiple
binding sites. As shown in Fig. 4B and C and summarized in
Table 1, 3' IR RNAs derived from RNase H-directed cleav-
age of wt but not A54 or A18 3’ IR RNAs interact with the
100-, 32-, and 28-kDa proteins. This indicates that part or all
of the uridine-rich sequence between the A54 3’ IR RNA 3’
end and the wt 3’ IR RNA 3’ end constitutes a binding site
for these proteins. Upstream of the hairpin, these proteins
interact with Stul and Dral RNAs and wt 5’ RNAs (Fig. 4B
and 4C). Since Stul RNAs RNA contains only petD coding
sequences (Fig. 4A), we conclude that RNA-protein inter-
actions occur within the petD coding region as well as in the
3’ UTR. Since the petD coding region is generally less
uridine rich than the 3’ UTR and since no contiguous stretch
of uridines like that at the 3’ end of wt 3’ IR RNA is found,
it appears that a long uridine-rich sequence is not an absolute
requirement for 100-, 32-, or 28-kDa-protein binding in vitro.
In fact, the interactions between these RNA-binding pro-
teins and petD 3’ IR RNA suggest that no single sequence or
structural motif is required for protein binding. This is
consistent with our previous finding that the 32- and 28-kDa
proteins also interact with 3' IR RNAs derived from the
spinach chloroplast psbA and rbcL genes (44).

Distinctive binding characteristics of petD 3’ IR RNA-
binding proteins. To characterize further the interactions of
chloroplast proteins with petD 3’ IR RNA, we have carried
out UV-cross-linking assays under different reaction condi-
tions. To test the effect of monovalent cation concentrations
on the stability of petD 3’ IR RNA-protein complexes, we
varied the concentration of KCI from 60 to 400 mM and the
concentration of NaCl from 10 to 500 mM. We found that the
concentration of KCl had no significant effect on protein
binding to petD 3’ IR RNA (data not shown); a similar result
was obtained for the mustard chloroplast proteins that bind
to RNA sequences downstream of the trnK gene (28).
However, petD 3' IR RNA-protein interactions appear to be
destabilized at high NaCl concentrations, since the binding
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FIG. 6. Effect of amount of poly(U) on petD 3’ IR RNA-protein
interactions. UV cross-linking was carried out using wt petD 3’ IR
RNA and total soluble chloroplast proteins. (A) Lane Ell, no
poly(U); other lanes, different amounts of poly(U) as indicated were
added to each reaction before >?P-labeled wt 3’ IR RNA was added.
(B) No poly(U) () or 0.1 pg of poly(U) was added to the
UV-cross-linking reaction using bound-fraction proteins from a
heparin-agarose column.

of all proteins to petD 3' IR RNA was strongly reduced in 0.5
M NaCl (data not shown).

To test the effect of divalent-cation concentrations on
petD 3’ IR RNA-protein complex formation, we treated
UV-cross-linking reactions with EDTA, either 5 min before
or 5 min after [*’P]RNA was added to the reaction mixture.
Pretreatment with 25 mM EDTA eliminated binding of the
100-kDa protein, appeared to increase labeling of the 32- and
28-kDa proteins, and resulted in the appearance of several
new labeled proteins of approximately 40 to 45 kDa (data not
shown). However, if EDTA was added after the 3' IR RNA,
the only effect was a slight increase in labeling of the 32- and
28-kDa proteins (data not shown). From these data we
conclude that the interaction of the 100-kDa protein with
petD RNA requires Mg?* (the principle divalent cation in
our reaction mixture) and that once formed, the RNA-
protein complex is stable and either tightly binds or no
longer requires Mg?* ions. These results also suggest that
high Mg?* concentrations are not required for binding of the
57-, 32-, and 28-kDa proteins. We previously reported that
Mg?* is required for binding of the 33-kDa protein (43).

A high affinity for the ribonucleotide homopolymer
poly(U) has been reported for several RNA-binding pro-
teins, such as the Al, C, and D heterogeneous nuclear RNPs
(for reviews, see references 3 and 46). Here, we have carried
out a series of UV-cross-linking experiments using poly(U)
as a competitor. Figure 6A shows that the 100-kDa protein
has a relatively high affinity for poly(U), since its binding to
petD 3’ IR RNA could not be detected in the presence of 50
ng of poly(U), whereas 57-, 32-, and 28-kDa-protein binding
occurred except when 500 ng of poly(U) was added to the
reaction. The sensitivity to poly(U) shown by the 100-kDa
protein cannot be interpreted simply as a preference for
binding uridine-rich sequences, since the 100-, 32-, and
28-kDa proteins all bind preferentially to uridine-rich se-
quences and the 57-kDa protein recognizes a U-rich motif
(Fig. 4 and text), yet they all have different sensitivities to
poly(U). Interestingly, the addition of 100 ng of poly(U) to
the reaction inhibits binding of the 100-kDa protein but
enhances binding of the hairpin-binding 33-kDa protein (Fig.
6B). Therefore, poly(U) may stabilize the interaction of 3’ IR
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FIG. 7. Effect of heparin on petD 3’ IR RNA-protein interac-
tions. (A) UV cross-linking was carried out using wt petD 3’ IR
RNA and total soluble chloroplast proteins. The tested amounts of
heparin were as follows: lane Hl, no heparin added; other lanes,
heparin (as indicated) was added to each reaction before the 32P-
labeled wt 3’ IR RNA was added. (B) UV cross-linking was carried
out using wt petD 3' IR RNA and bound-fraction proteins from a
heparin-agarose column in the presence (+) or absence (—) of 100 ng
of poly(U) or 0.2 ug of heparin.

RNA and the 33-kDa protein, since the 33-kDa protein was
only weakly labeled in the absence of poly(U) (Fig. 6B).

Since most petD 3’ IR RNA-binding proteins can be
trapped on heparin-agarose columns (44), we tested the
effect of adding increasing amounts of heparin in UV-cross-
linking experiments. Figure 7A shows that the binding of the
57-kDa protein to petD 3' IR RNA was strongly reduced
followirig the addition of 0.2 pg of heparin to the reaction
mixture, whereas binding of the 100-, 32-, and 28-kDa
proteins was affected only by the highest amount of heparin
tested (80 pg). To test the effect of heparin on binding of the
33-kDa protein, we have carried out UV-cross-linking assays
in the presence or absence of poly(U) by using bound-
fraction proteins. Figure 7B shows that the binding of the
33-kDa protein is best detected in the presence of poly(U)
and the absence of heparin. The addition of 0.2 ug of heparin
inhibits the binding of the 33-kDa protein in both the
presence and the absence of poly(U). The similar sensitivi-
ties to heparin of both 57- and 33-kDa-protein binding is
striking and correlates with our other data suggesting that
33-kDa protein binding might depend on prior binding of the
57-kDa protein. Heparin has been used frequently in the
study of transcription and splicing complexes as a competi-
tor to dissociate components that interact with RNA non-
specifically, in order to facilitate the identification of specific
components of these RNA-protein complexes. Since we
have shown that the 57- and 33-kDa proteins bind to specific
sequences and/or structures in petD 3' IR RNA whereas the
100-, 32-, and 28-kDa proteins bind RNA nonspecifically and
are relatively insensitive to heparin, experiments in which
heparin is used to dissociate nonspecific RNA-protein com-
plexes must be interpreted with caution.

petD 3' IR RNA-binding proteins form complexes with petD
RNA in vitro. To demonstrate that the petD 3’ IR RNA-
binding proteins form complexes with petD RNA in vitro,
different petD 3' IR RNAs were used in gel shift assays
under the same conditions as those used for UV cross-
linking. Figure 8 shows that A18 3' IR RNA, which corre-
sponds to a mature form of petD 3’ IR RNA, forms com-
plexes with total soluble chloroplast proteins or with bound-
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FIG. 8. Gel mobility shift assays of petD 3' IR RNA. (A)
Deletion mutant A18 3’ IR RNA was incubated with different
chloroplast protein fractions and analyzed in a 5% polyacrylamide—
50 mM Tris-glycine nondenaturing gel. Lane ll, no protein added;
lane T, 10 pg of total soluble chloroplast proteins; lane B, 5 ug of
bound-fraction protein from a heparin-agarose column; lane FT, 28
ng of flowthrough-fraction protein from a heparin-agarose column.
The last two lanes show the assays using 10 pg of total soluble
protein in the presence of 0.2 or 20 pg of heparin. (B) wt-3’ and A54-
3’ RNAs were used for gel mobility shift assays. Lanes —, no
protein added; lanes +, 10 ug of total soluble chloroplast proteins
was added to the reaction; complex, RNA-protein complexes; free,
unbound RNA.

fraction proteins from a heparin-agarose column. On the
other hand, only a small mobility shift occurred when the
flowthrough fraction from the heparin-agarose column was
used. Since the only protein in this fraction that binds petD
3’ IR RNA, as detected by UV cross-linking, is the 32-kDa
protein, this result suggests that the 32-kDa protein may
require the presence of other proteins to form a complex
with petD 3’ IR RNA. Addition of poly(U) has no effect on
the retarded band using the total- or bound-protein fractions
when they are tested under conditions that affect only the
100-kDa-protein binding in UV-cross-linking assays (Fig. 6;
data not shown). However, the A18 RNA-protein complex is
sensitive to heparin treatment, since the complexes were
dissociated by heparin at the same concentrations that
diminish only the 57- and 33-kDa-protein binding to petD 3’
IR RNA in UV-cross-linking assays (Fig. 7 and 8). This
suggests that the 57-kDa protein is required for complex
formation with petD 3’ IR RNA, since the 33-kDa protein
does not bind to Al8 3’ IR RNA. In addition, RNAs
containing either of the two binding sites for the 57-kDa
protein form complexes with the 57-kDa protein. Both A18 3’
IR RNA, which contains only the upstream binding site, and
wt 3’ and AS4 3’ RNAs, which contain only the downstream
binding site, exhibit mobility shifts (Fig. 8B). Taken to-
gether, these results demonstrate that the 57-kDa protein is
required for complex formation with petD 3’ IR RNA and
that protein-protein interactions may occur between dif-
ferent petD 3' IR RNA-binding proteins.

DISCUSSION

We have carried out a detailed analysis of RNA-protein
interactions in the 3’ region of the spinach chloroplast petD
transcript. Using UV-cross-linking and gel shift assays, we
have identified five petD RNA-binding proteins, and each
has different RNA recognition sequences and distinct bind-
ing characteristics. Table 2 illustrates how these proteins can
be divided into two groups on the basis of our results. Three
proteins of 100, 32, and 28 kDa do not require specific
sequences to bind RNA, although they exhibit a preference
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TABLE 2. Characteristics of petD RNA-binding proteins

Heparin-agarose =~ Mg?* Response :_2
Protein chromato- require- competito Specificities
graphy* ment  poly(U) Heparin

100 kDa B Yes H + None

57 kDa B No + H Sequence

33 kDa B Yes + H Sequence and

structure

32 kDa FT No + + None

28 kDa B No + + None

4 B, bound-fraction proteins; FT, flowthrough-fraction proteins.
® H, highly sensitive to competitor; +, competition occurred at high level of
competitor.

for uridine-rich sequences. RNA-binding proteins such as
the Al, C, and D heterogeneous nuclear RNPs have also
been shown to bind preferentially to uridine-rich sequences
(for reviews, see references 3 and 46). Two chloroplast
proteins that bind in a Mg?*-dependent manner to RNA
sequences located 3’ to the mustard chloroplast trnK gene
have also been suggested to interact with uridine-rich se-
quences (28). It is likely that the 100-, 32-, and 28-kDa
spinach chloroplast RNA-binding proteins have general
functions. For example, they may participate in mRNA
maturation or in the formation of chloroplast mRNPs. Pre-
vious studies showing that most heterogeneous nuclear
RNPs remain tightly bound to ssDNA columns upon heparin
treatment correlate with our data showing that the cross-
linking of the 100-, 32-, and 28-kDa proteins to petD 3’ IR
RNA is unaffected by the addition of heparin. Two recent
reports have described four chloroplast RNP proteins from
tobacco with sizes of 28, 30, 31, and 32 kDa (22) and a
chloroplast RNP from spinach of 28 kDa (36). Two of the
proteins that we have identified are similar in size to the
tobacco chloroplast RNP proteins and may be homologous.

We have described two RNA-binding proteins that recog-
nize specific features of petD RNA: a 33-kDa protein that
recognizes the double-stranded stem of the hairpin structure
and a 57-kDa protein that recognizes a consensus sequence,
AUUYNAUU. The binding of these proteins to RNA may
be dependent on protein-protein interactions, since condi-
tions that prevent binding of the 57-kDa protein always
prevent binding of the 33-kDa protein. This may be analo-
gous to the ordered assembly of the U2 small nuclear RNP,
where binding of the U2 B” protein to stem-loop IV of U2
small nuclear RNA requires the presence of the U2 A’
protein (34, 35). We have also shown that binding of the 33-
and 57-kDa proteins but not the 100-, 32-, and 28-kDa
proteins is strongly inhibited by heparin (Table 2). The
different affinities of the 33- and 57-kDa proteins for heparin
may prove useful for protein purification. In fact, the 57-kDa
protein is eluted from heparin-agarose and poly(U)-Sepha-
rose columns only in 0.4 M KCI, whereas all other petD 3’ IR
RNA-binding proteins elute at lower KCl concentrations (1).

The 57-kDa protein recognizes a motif, AUUYNAUU,
that is highly conserved in the petD genes of other higher-
plant species. The evolutionary conservation of this se-
quence may indicate its specific function in the regulation of
petD gene expression through interactions with chloroplast
proteins. In mammalian cells, an AU-rich sequence located
in the 3' UTR of a variety of lymphokine and proto-oncogene
mRNAs has been shown to be related to mRNA instability
(for reviews, see references 5, 6, and 38). These AU-rich
sequences always contain an AUUUA motif identical to part
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of the 57-kDa-protein-binding site in spinach petD RNA.
Removal of the AUUUA motif from the mRNA confers
greater stability (13, 38, 50), whereas the addition of this
motif to the 3’ UTR destabilizes otherwise stable messages
(38). A cytosolic protein of undetermined function that binds
to in vitro-synthesized RNA molecules containing the
AUUUA motif has been identified in lymphocyte cytoplasm
(23). It is possible that RNA-protein interactions at the 57-
kDa-protein-binding site also regulate mRNA stability in
spinach chloroplasts. We have identified an endoribonu-
clease activity which cleaves petD 3’ IR RNA in spinach
chloroplast protein extracts at a site overlapping or close to
the 57-kDa-protein hairpin-proximal binding site (41). It is
therefore possible that binding of the 57-kDa protein to petD
mRNA stabilizes the message; however, further work will be
required to confirm the involvement of the AU-rich se-
quence and the 57-kDa protein in the regulation of petD
mRNA stability.

The 33-kDa protein interacts with the stem of the hairpin
structure and may consequently stabilize the secondary
structure of the hairpin. Any base change that disrupts the
first 5 bp of the stem eliminates or reduces binding of the
33-kDa protein to the petD 3' IR RNA precursor. A com-
pensatory mutation that restores base pairing of the stem
also restores the binding of the 33-kDa protein. However,
this protein does not interact with the mature petD 3’ IR
RNA A18 in vitro, since sequences downstream of the IR
constitute part of its binding site, either directly or indirectly
via interaction with the 57-kDa protein. It is possible,
however, that the 33-kDa protein binds to mature petD
mRNA in vivo.

We are currently testing the possibility that the 33-kDa
protein is involved in transcription termination. In prokary-
otes, a GC-rich sequence of dyad symmetry followed by a
series of uridine residues constitutes a factor-independent
transcription termination signal that directly generates the
mRNA mature 3’ end (for a review, see reference 30). On the
other hand, rho-dependent termination can produce an
mRNA that is processed exonucleolytically to yield the
mature 3’ end (24). In chloroplasts, most 3' UTR contain a
sequence capable of forming a hairpin structure that is
coincident with the mature mRNA 3’ end. It has been
proposed that the 3’ end of spinach chloroplast petD mRNA
is generated directly by transcription termination at the
hairpin structure we have been studying (49). Here, we have
shown that a 33-kDa protein binds specifically to the petD
mRNA 3’ hairpin structure, which is consistent with a
possible role for this protein in the transcription termination.
For example, binding of the 33-kDa protein to the hairpin of
the nascent petD transcript may stabilize its secondary
structure, eliciting a pause by RNA polymerase, and the
uridine-stretch downstream may facilitate dissociation of the
transcript from the template in a manner similar to prokary-
otic transcription termination. Since the perD 3’ IR termi-
nates with only a 50% efficiency in vitro (42), read-through
transcripts would most likely mature via the efficient exonu-
cleolytic processing activity that we have previously de-
scribed for spinach chloroplast protein extracts (42, 43). In
previous studies of 3’ IR-directed transcription termination
by spinach chloroplast RNA polymerase, we and others
have found that only known Escherichia coli transcription
terminators and some tRNA genes terminate at high (>80%)
efficiency; among plastid IRs, only the petD 3' IR terminates
at a significant (>10%) efficiency (8, 42). This relatively
efficient in vitro termination can be correlated with the
presence of uridine-rich sequences 3’ to the IR and with
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binding of the 33-kDa protein. This protein does not bind to
psbA or rbcL 3' IR RNAs in vitro. A possible function for
augmented termination at petD is that the rpsll-infA-rpoA
operon is transcribed convergently (40) from a weak pro-
moter (10); in the absence of efficient transcription termina-
tion, unacceptably high levels of antisense RNA might be
generated. Since perD 3’ IR mutants unable to bind the
33-kDa protein are available (see Results), the in vitro
transcription termination efficiency of wt and mutant 3’ IR
can be compared. However, our studies do not rule out
functions for the 33-kDa protein such as transcript process-
ing, stability, or interaction with mRNP particles.
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