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ABSTRACT

The 3’ flanking region of the chloroplast tmK gene for tRNAL* of mustard contains a palindromic
sequence previously implicated with transcription termination and/or processing of the precursor
RNA. Here we have investigated whether RNA sequences from the trnK 3’ region are capable of
interacting with chloroplast proteins in vitro. We find specific binding to an RNA region -which is
located further downstream from the palindromic sequence. The approximate length and position
of this 3’ binding region is reflected by a 41 nt spanning RNA segment which is protected against
RNase T, digestion by chloroplast protein(s). Competition experiments and sequence analyses
suggest that U residues play an essential role in the RNA-protein interaction. Only a small number
of proteins, possibly one single species, is in contact with the K 3’ RNA.

INTRODUCTION

The two principal steps in RNA 3’ end formation, i.e. transcription termination and 3’
processing, have both been characterized in detail in procaryotes as well as in the nucleus
of eucaryotic cells [1,2]. Despite much recent interest in 3’ end formation of chloroplast
transcripts, little is known so far on the mechanisms involved. The 3’ flanking regions
of many chloroplast genes reveal palindromic elements which could form stem-loop
structures resembling factor-independent terminators of bacterial genes [3]. However,
functional analyses of chloroplast 3' regions have provided evidence that, at least in some
cases, these potential stem-loop structures do not function as terminators during in vitro
transcription [4,5] and in E. coli [6]. Instead, they seem to act by protecting upstream
RNA sequences against nucleolytic attack [4], reminiscent of procaryotic REP sequences
[7,8]. In addition, in vitro transcription of several chloroplast tRNA genes that lack
significant secondary structure in their 3’ regions was shown to be terminated by chloroplast
extracts [4], suggesting that trans-acting factors might be involved in RNA 3’ end formation
in these cases.

We have previously analyzed a region on mustard (Sinapis alba) chloroplast DNA, which
contains the split #7nK gene for tRNALYs [9]. This gene contains its own promoter and,
3’ to the coding region, a palindromic sequence, which might represent a putative
transcription terminator or RNA processing signal [9]. The trnK gene is the only mustard
chloroplast gene found to be transiently expressed during plastid development. Its (precursor)
transcript shows peak levels at or before the time when transcripts of other chloroplast
genes start to accumulate to high levels [10]. As part of our attempts to clarify the
mechanisms involved in the in vivo expression of the rnK gene, we have investigated
the possible role of 3’ sequences and their interaction with chloroplast proteins. Here we
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present evidence that protein(s) of a chloroplast extract do not bind to the #rnK 3’ palindromic
sequence itself, but to an RNA region that is located 26 nt further downstream.

MATERIALS AND METHODS

Plasmid DNA

Plasmid pSPTH80/40 contains the last 16 bp of the #7nK 3’ exon and 109 bp of the 3’
flanking region (positions 2631—2756; [9]). This plasmid was constructed by partial
digestion of the 850 bp Pstl insert of pSA364a-05 [11] with HinflI. After fill-in by Klenow
enzyme (BRL) a 120 bp partial product containing two HinfI fragments 80 bp and 40 bp
in length was inserted into the Smal site of pUC12 [12]. A 170 bp EcoRI-HindIII region
containing both insert and polylinker sequences of the intermediate plasmid was cloned
into pSPT18 (Pharmacia). Plasmid pSPTBX140, which contains #nK intron sequences
(positions 1125—1264), consists of the 145 bp BamHI-Xbal fragment of pSPTB0.5 [9]
inserted into pSPT18. Plasmid pSPTHT150 contains the last 23 bp of the psbA coding
region and 129 bp of the 3’ flanking region (positions 1040—1189). It was constructed
by digestion of the 1.05 kbp insert of plasmid pSA452a [10] with HinfI and Tagq], fill-in
by Klenow enzyme and ligation of a (blunt) 142 bp HinfI-Taql fragment into the Smal
site of pSPT19 (Pharmacia). Plasmid pSPTH120 was constructed by placing the insert -
of plasmid pSA05-H120 containing the psbA promotor region [13] into pSPT18.
Preparation of RNA transcripts

Reactions (50 ul) contained 2 pg linearized template DNA, 40 mM Tris-HCI (pH 7.5),
6 mM MgCl,, 2 mM spermidine, 10 mM DTT, 50 units placental RNase inhibitor
(Pharmacia) and 15 units of T7 or SP6 RNA polymerase (Boehringer, Mannheim). All
four nucleoside triphosphates (NTP) were present at 0.6 mM for synthesis of unlabeled
transcripts, while radioactive transcripts were prepared with 0.2 mM of either [a->?P]JUTP
or [a-32P]GTP (100 uCi; Amersham) and 0.6 mM of the three unlabeled NTPs. Samples
were incubated at 37°C for 30 min and then digested with 1.5 ug DNasel (Worthington
DPFF) at 37°C for 10 min. RNA was then extracted and analyzed on 6% denaturating
polyacrylamide gels. The areas containing the in vitro transcripts were excised and RNA
was eluted [14].

Preparation of chloroplast RNA binding extracts

Chloroplasts were prepared from 4 day-old light-grown mustard seedlings (Sinapis alba
L., var. albatros) and further purified by sucrose density gradient centrifugation [15]. They
were then hypotonically lysed and a protein extract was prepared as described [16], except
that the final pellet was resuspended and dialyzed against buffer lacking MgCl,. Aliquots
of the extract (20 mg protein/ml) were quick-frozen in liquid N, and stored at —80°C.
RNA binding activity is stable for = 6 months and samples may be thawed and quick-
frozen repeatedly.

Gel retardation assay for RNA-protein binding

The 50 pl-reaction mixture contained 30 ug extract protein and 1,000 cpm (0.5—1.5 ng)
32P-labeled in vitro transcripts in 30 mM Tris-HCI (pH 7.0), 5 mM mercaptoethanol, 5%
glycerol, 5 mM MgCl,, 50 mM KCl and 40 units RNase inhibitor. In competition
experiments unlabeled competitor RNA was preincubated with the extract at 25°C for 10
min prior to addition of the labeled RNA transcript. After incubation of complete binding
mixtures at 25°C for 15 min, samples were loaded onto a 5% nondenaturating
polyacrylamide gel [13], which had been prerun at 25 mA for 2h. Electrophoresis was
carried out at room temperature for 2% h at 25 mA. The gel was dried and autoradiographed
at —80°C.

9638




Nucleic Acids Research

RNase T, protection mapping

RNase T, protection mapping experiments were as described [17] with modifications.
TH80/40 RNA that was labeled at G positions by transcription of pSPTH80/40 in the
presence of [a-3?PJGTP was incubated with chloroplast extract in the standard binding
mixture as described above, except that RNase inhibitor was omitted. After RNA-protein
binding, 10 units of RNase T, (Sigma) were added and incubation was continued at 25°C
for 10 min. Products were then electrophoresed on a nondenaturating gel and the band
representing the RNase T)-resistant complex cut out from the gel. The RNA component
of this complex was eluted overnight at 4°C as described above and used for further RNase
T, mapping. 500—1,000 cpm of this protected RNA region and of the original labeled
TH80/40 transcript were each digested with 20 units RNase T in 10 ul water for 30 min
at 37°C. Samples were then prepared and run on a 20% denaturating polyacrylamide gel
at 1,500 V for 4 h. 32P-labeled RNA size markers were synthesized from Smal-linearized
pSPT18 (25 nt) and BamHI-linearized pSPT19 (41 nt) using T7 RNA polymerase.
UV crosslinking

Standard binding reactions with labeled TH80/40 RNA and chloroplast extract, but without
RNase inhibitor, were carried out in 0-5 ml microfuge tubes for 15 min. Tubes were then
covered with Saran wrap and placed at a distance of 4.5 cm under a reversed TS-36 UV
Transilluminator (UVP, San Gabriel, CA) with max. emission wavelength 254 nm and
max. intensity 7.0 mW/cm?2. After irradiation for 30 min, 20 units RNase T, were added
and samples were incubated at 25°C for 10 min. They were then boiled in 10% glycerol,
1% SDS, 1% mercaptoethanol, 30 mM Tris-HCI, (pH 6.8) and 0.01 % bromophenol blue
for 4 min, quickly cooled, and electrophoresed on a 10% polyacrylamide/SDS gel [18].
The gel was dried and autoradiographed at —80°C.

RESULTS

Complex formation of trmK 3' sequence with chloroplast protein(s) detected by gel
retardation assays

Fig. 1 depicts the region of the mustard trnK and psbA genes, indicating the positions
of in vitro transcripts [19] that were used as test RNAs in gel retardation assays [20,21].
Each of these RNAs was incubated with a mustard chloroplast extract prepared as described
[16], and the mixture was then subjected to gel analysis (Fig.2).

When the 32P-labeled transcript TH80/40 of the tnK 3’ region (Fig.1) was incubated
with the extract (30 ug protein), the subsequent gel assay revealed two radioactive bands
(Fig.2A, lane 2), both of which migrated with retarded mobility as compared to the position
of the original free RNA (Fig.2A, lane 1). Neither of these retarded bands was seen with

S trnkK ItrnK psbA
//? )l( y H HH H H T
——— 7P -
100 bp
T8X140 THB0I40 TH120 THT150

Figure 1. Organization of the trnK —psbA region of mustard chloroplast DNA [9,11]. Coding regions are shown
as filled boxes. For each gene are indicated the position of the promoter (‘P’ box) and, on the 3’ side, that of
a potential stem-loop structure (vertical arrow). Restriction sites for construction of transcription vectors used
are given in capital letters (B = BamHI, H = Hinfl, T = Taql, X = Xbal). Horizontal arrows delineate the
in vitro transcripts used for RNA-protein binding.
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Figure 2. Gel retardation assay with in vitro transcripts of the trnK—psbA region.(A) 32P labeled transcripts
TH80/40, TBX140 or THT150 (see Fig.1) were incubated in binding buffer in the absence (lanes 1, 5, 9) or
presence of chloroplast extract (lanes 2, 6, 10) and products were separated on a 5% non-denaturating polyacrylamide
gel. Also shown are products obtained with extract denatured for 10 min at 100°C (lanes 3, 7, 11) or treated
with proteinase K (4 mg/ml) at 37°C for 30 min (lanes 4, 8, 12). The arrow points to the upper retarded band
that represents the putative TH80/40-protein complex (lane 2). (B) Gel retardation assay with transcript TH80/40
and increasing amounts of chloroplast extract as indicated above each lane (ug protein). (C) Effect of MgCl,
on the formation of the putative TH80/40-protein complex (arrow). MgCl, concentrations (mM) used in each
binding assay are indicated above each lane.

boiled or proteinase K-treated extract (Fig.2A, lanes 3 and 4), suggesting that protein(s)
are involved in their formation. Variation of the extract concentration showed that with
2 ug protein in the assay the mobility of the faster-migrating band of this doublet was
indistinguishable from that of free TH80/40 RNA (Fig. 2B, lanes 1 and 2). At higher
extract concentrations, retardation of both the lower and upper band became noticeable.
Furthermore, the intensity of the lower band decreased and that of the upper band increased
with higher extract concentrations (Fig.2B, lanes 2—7). From these observations it appeared
possible that the shifted position of the lower band (Fig.2A, lane 2) as compared to that
of free TH80/40 RNA (Fig.2A, lane 1) was the result of unspecific interference by (bulk)
proteins, while the upper band represents a specific TH80/40-protein complex.

To further test the possibility of specific binding, RNA retardation experiments were
also carried out with transcripts TBX140 from the trnK intron (Fig.2A, lanes 5—8) and
THT150 from the psbA 3’ region (Fig.2A, lanes 9—12). As with TH80/40, an extract-
dependent band shift from the free RNA position towards lower mobility was observed
in either case and, likewise, this shift did not occur with extract that had been treated with
heat or protease. However, unlike with TH80/40, only one single retarded band was
generated with TBX140 (Fig.2A, lane 6), which, based on its position, appears comparable
to the lower retarded band seen with TH80/40 (Fig.2, lane 2). The absence of a prominent
upper band in Fig.2, lane 6, suggests that the #nK intron transcript TBX140 does not
specifically interact with extract proteins. Incubation of the extract with the psbA 3’ transcript
THT150 (Fig. 2A, lane 10) gave a diffuse zone of retarded material, but no clearly resolved
doublet comparable to that seen with TH80/40 (upper band in Fig.2A, lane 2). Attempts
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Figure 3. Gel retardation/competition experiments to test the specifity of TH80/40-protein complex formation.
(A) Gel retardation assays were performed with labeled transcript TH80/40 and the unlabeled competitor RNAs
(see Fig.1) indicated at the top. These were added in amounts of either 150 ng (lanes 3, 5, 7, 9) or 300 ng
(lanes 4, 6, 8, 10). Controls are shown in lane 1 (free TH80/40) and lane 2 (complete binding mixture, but
no competitor RNA). (B) Retardation assays as in (A), yet with indicated homopolymers as competitors.

to resolve this zone by varying the conditions for protein binding and electrophoresis were
not successful (data not shown). Although these experiments do not exclude specific binding,
they do not establish that the psbA 3’ transcript THT150 is capable of interacting with
chloroplast proteins. Thus we have mainly concentrated on further characterizing RNA-
protein complex formation with the trnK 3’ transcript TH80/40.

Several parameters of the binding reaction and gel retardation assay were tested.
Formation of the putative TH80/40-protein complex was found to depend on the presence
of MgCl,, with an optimal concentration of 5 mM (Fig. 2C, lanes 1—5). Varying the
KCl concentration from 0—500 mM had no effect on the relative intensity of retardation
bands, suggesting that formation and/or stability of the TH80/40-protein complex is not
likely to require a narrow range of optimal ionic strength. Addition of RNase inhibitor
(40 units) helped to retain the intactness of the test RNA, but neither influenced the relative
intensity nor the mobility of the RNA-protein complex bands (data not shown).

To obtain more detailed information on the specificity of TH80/40-protein complex
formation, competition experiments were carried out with 100 and 200 fold excess of
unlabeled (homologous and various heterologous) competitor RNAs. The presence of
unlabeled transcript TH80/40 in the binding mixture resulted in almost complete
disappearance of the labeled TH80/40-protein complex (upper band in Fig. 3A, lanes 3
and 4). Amongst heterologous RNA competitors, transcript TH120 from the psbA 5’ region
(see Fig.1) had no effect on TH80/40-protein complex formation (Fig.3A, lanes 9, 10),
while TBX140 from the trnK intron led to a slight decrease of the binding signal (Fig.3A,
lanes 5 and 6). The significance of this weak competition effect at high excess of TBX140
is unclear, since with labeled TBX140 no evidence for specific RNA-protein complex
formation was obtained (Figure 2A, lane 6). A stronger competition effect was found with
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THT150 RNA from the psbA 3’ region (Fig.3A, lanes 7 and 8), suggesting that extract
protein(s) which bind to TH80/40 also seem to interact, although more weakly, with
THT150 (see also Fig.2A, lane 10). Amongst other nucleic acids that were tested as
competitors neither E. coli tRNA (2 ug) nor DNA fragments representing the various test
regions of the #rnK and psbA genes (Fig.1) were found to be effective (data not shown).
Presence of the homopolymers poly(A), poly(C) or poly(G) likewise did not affect the
formation of the TH80/40-protein complex (Fig.3B, lanes 3 —8). In contrast, poly(U) led
to decreased intensity of the binding signal (upper band in Fig.3B, lanes 9 and 10).
RNase T; mapping of protected TH80/40 sequences

To locate the region(s) on TH80/40 that interact with extract protein(s), an RNase T,
mapping procedure was applied [22,17]. The TH80/40 transcript labeled at guanosine
positions by using [«-32P]GTP was incubated with or without chloroplast extract, yet in
the absence of RNase inhibitor. Addition of RNase T resulted in complete digestion of
TH80/40 control RNA incubated in the abscence of extract proteins (Fig.4A, lanes 1 and
2). The two bands formed in the presence of the chloroplast extract (Fig.4A, lane 3) both
disappeared upon nuclease treatment and one single T,-resistant band (T;R) of higher
mobility became visible (Fig.4A, lane 4).

When the RNA moiety of TR was reisolated and then electrophoresed, it gave rise
to a single band, which comigrated with a 41 nt-marker RNA (M) obtained by run-off
transcription of pSPT18/19 polylinker sequences [19] (Fig.4B, lane 2 and 3), indicating
that an uninterrupted region within TH80/40 was protected by binding protein(s). To locate
the protected region within TH80/40, the RNA component of T;R (Fig. 4B, lane 2) and
full-size TH80/40 (Fig.4B, lane 1) were each digested with RNase T, and the sizes of
the (G-specific) cleavage products were compared to distances between G residues of the
trnK 3' sequence (Fig.4, bottom). Digestion of full-size TH80/40 resulted in fragments
ranging from 19 nt to 1 nt in size (Fig.4B, lane 6). The expected TH80/40 cleavage products
of most size classes could each be assigned to single bands, except for fragments of the
4 and 5 nt classes, each of which gave rise to two bands that slightly differed in their
mobility (5,5 and 4,4). This heterogeneity in the mobility of small equal-sized fragments
[17] did not interfere with the present analysis, since comparison with the T, cleavage
products of marker transcripts My, and M, (Fig.4B, lanes 4 and 5) allowed to distinguish
fragments of the 5 nt class from those of the 4 nt class. Digestion of the isolated T,R
RNA revealed labeled fragments of 19 nt, 16 nt and 5 nt in size (Fig. 4B, lane 7), suggesting
a length of approximately 40 nt for the entire protected region. This is in agreement with
the value of 41 nt determined by sizing the T,-resistant region of TH80/40 directly

Figure 4. RNase T, mapping of the TH80/40-protein complex. (A) Combined gel retardation/T, protection assays
of TH80/40 labeled at guanosine positions, without (lanes 1 and 2) and with chloroplast extract (lanes 3 and
4). —T,, products obtained without subsequent T, treatment (lanes 1 and 3); +T),, treatment with 10 units RNase
T, for 10 min (lanes 2 and 4). Arrow: RNase T, resistant complex (T;R). (B) High resolution separation of
T, resistant products on a 20% denaturating polyacrylamide gel. Intact TH80/40 (lane 1); isolated T\R RNA
(lane 2); marker transcripts My, and My from the pSPT18/19 polylinker (lane 3); fragments resulting from RNase
T, digestion of TH80/40 (lane 6), of T\R RNA (lane 7), and of marker RNAs M,; and M,; (lanes 4 and 5).
Fragment lengths (nt) are given at the right margin. 4a/b and 5a/b: equal-sized fragments with different mobility.
Asterisks: oligonucleotide fragments of the TR complex. The nucleotide sequence of TH80/40 RNA is shown
at the bottom, with bases of the polylinker regions indicated by small letters. The #nK 3' exon is boxed and
potential stem-loop forming regions are overlined. The expected RNase T, cutting sites at G residues are marked
by arrows. Numbers beneath indicate sizes (nt) of the resulting oligonucleotides. Boxed numbers with asterisks
represent oligonucleotides of the TR complex (see Fig. 4B, lane 7).
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Figure 5. UV crosslinking of the TH80/40-protein complex. (A) UV crosslinking of chloroplast proteins to labeled
TH80/40 RNA, treatment with RNase T, and separation of products on a 10% polyacrylamide/SDS gel. UV
exposure times (min) are given at the top. Lane 1: RNA alone without UV irradiation. Lane 2: RNA with UV
irradation for 30 min. Lanes 3—7: RNA incubated with chloroplast extract and exposed to UV irradiation for
0, 5, 10, 20, 30 min. Lane 8: RNA incubated with proteinase K-treated extract (4 mg/ml, 30 min at 37°C).
(B) Competition UV crosslinking (30 min) with labeled TH80/40 without (lane 1) and either 150 ng (lanes 2,
4, 6, 8, 10) or 300 ng (lanes 3, 5, 7, 9, 11) of indicated competitor RNAs. Molecular sizes (kDa) of marker
proteins are given at the left margins. Arrows: UV crosslinked TH80/40-protein complexes of 62 kDa (a), 58
kDa (b) and 70 kDa (c).

(Fig.4B, lane 2). The tmK 3' sequence (Fig.4, bottom) shows that only one single 19
nt fragment can be expected after RNase T, digestion of TH80/40. This fragment is
flanked by 5 nt (upstream) and 16 nt (downstream) fragments, suggesting that it is this
40—41 nt region approximately 70 nt downstream of the trnK 3’ exon which is protected
from RNase T, digestion by chloroplast protein(s).
UV crosslinking of polypeptides bound to the trnK 3' transcript
Protein(s) of the chloroplast extract which interact with labeled TH80/40 were analyzed
by UV crosslinking [23 —25]. Following incubation of the test RNA with or without protein,
the mixture was irradiated with UV and then treated with RNase T,. The resulting labeled
complexes consisting of proteins crosslinked to residual T,-resistant RNA were separated
on polyacrylamide/SDS gels. As shown in Fig.5A, only after incubation of TH80/40 in
the presence of chloroplast extract and depending on UV irradiation (lanes 4—7), labeled
bands of crosslinked material became visible, which migrated at approximately 70 kDa,
62 kDa and 58 kDa. These bands were not observed with protease-treated extract (Fig.5A,
lane 8), suggesting that they indeed are the result of protein-RNA interaction. The 62 kDa
species was the predominant band with a 3—4 fold higher intensity than that of the 58
kDa band, while the intensity of the 70 kDa band was lower by at least an order of magnitude
and this band was not consistently observed in other experiments (see e.g. Fig. 5B).
The UV crosslinking analysis does not discriminate between the possibilities that either
several different polypeptides are involved in complex formation with TH80/40 or,
alternatively, one single binding protein might be attached to residual RNA fragments of
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Figure 6. Scheme showing the region from the trnK 3’ exon (filled box at the left) to the psbA promoter (right
end) of several plant species. Depicted are U tracks (UT) with at least 5 consecutive residues and palindromic
regions (PR) which could be formed into stem-loop structures with A G < —2.0 kcal [41] as indicated by the
numbers next to the stems. Distances (nt) from the trnK 3’ exon are: S.a. (Sinapis alba [9]): 1st PR (11—40),
2nd PR (75—99), UT (99—103); S.o. (Spinacia oleracea [29]): 1st UT (1 —6), 2nd UT (34 —38); N.t. (Nicotiana
tabacum [30]): PR (16—76), UT (42 —-46); P.s. (Pisum sativum [31]): 1st PR (48—68), 2nd PR (85—171), 1st
UT (106—111), 2nd UT (113—121); H.v. (Hordeum vulgare [32]): PR (56 —100),UT (22 —26); M.p. (Marchantia
polymorpha [33]): PR (8—42), Ist UT (1—8), 2nd UT (29—34). The arrow below the upper line marks the
position of the T,-resistant 41 nt-region within TH80/40 (see Fig.4).

different lengths. Although the results of T; mapping (Fig.4), which showed only one
single protected region 41 nt in size, did not provide evidence for this latter possibility,
it cannot be excluded that (conformation-dependent) differences in RNase T, sensitivity
might be involved. To obtain more detailed information on the exact size and number
of protein(s) interacting with TH80/40, further purification of the binding activity will
be required.
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To test the specifity of the RNA-protein complexes visualized by the UV crosslinking
technique, competition experiments were carried out with excess of unlabeled competitor
RNAs (Fig. 5B). Presence of unlabeled TH80/40 almost completely eliminated the binding
signals (Fig. 5B, lanes 2 and 3), while neither TBX140 (lanes 4 and 5), nor TH120 (lanes
8 and 9) led to a significant decrease in the intensity of labeled bands. In contrast, THT150
(Fig.5B, lanes 4 and 5) and poly(U) (lanes 10 and 11) were both found to decrease the
intensity of the binding signals, thus supporting the conclusion from the retardation
competition experiments (Figure 3) that these RNAs might also interact, although more
weakly, with TH80/40 binding protein(s).

DISCUSSION

Previous attempts to define the in vivo 3’ terminus of primary transcripts of chloroplast
tRNA genes have proven difficult, while in vitro processing of synthetic precursors in
chloroplast extracts has been successful [26—28]. In our present work we have established
specific RNA-protein interaction between trnK 3’ RNA sequences and protein(s) of a
chloroplast extract. This suggests that the primary transcript in vivo might extend at its
3’ side beyond the palindromic sequence, previously implicated with transcription
termination and/or RNA processing [9], into the region 22 —26 nt downstream that exhibits
binding activity in vitro.

The competition experiments (Fig.3 and 5) have shown that RNA sequences representing
other regions of the trnK and psbA genes vary over a wide range in their effectiveness
as competitors. While there is no interference of trnK 3' RNA-protein complex formation
by RNA sequences from the psbA 5’ region (TH120) and little competition by #mK intron
RNA sequences (TBX140), an RNA segment from the psbA 3’ region (THT150) acts as
an efficient competitor, although less than the homologous competitor RNA from the rrmK
3’ region (TH80/40). The degree of competition observed with this psbA 3’ RNA was
unexpected, since labeled THT 150 by itself did not give unambigous evidence for specific
RNA-protein complex formation in gel retardation assays (Fig.2). It appears most likely
that the requirements for THT150-protein complex formation are incompletely reflected
by the in vitro system used, resulting in transiently and/or inefficiently formed complexes
which interfere with the binding between labeled TH80/40 and chloroplast proteing(s).

Among the four ribohomopolymers tested as competitors for TH80/40-protein interaction,
only poly(U) revealed a significant competition effect comparable of that of THT150,
indicating that uridine residues may play a functional role in the recognition of TH80/40
by chloroplast binding protein(s). This is supported by the results of RNase T1 mapping
experiments (Fig.4), which showed that the 41 nt-region protected against RNase digestion
by binding of extract protein(s) (T;R RNA) is rich in U content (47-5% of all nucleotide
positions). The RNA component of TR does not reveal any significant secondary
structure, except for a weak potential stem-loop (A G = —3,0 kcal). This sequence element
is followed by a cluster of 5 uridine residues (Fig. 4, bottom, and Fig.6), reminiscent
of procaryotic rho-independent terminators, but it lacks a typical GC-rich region preceding
the U residues [1]. To define the sequence requirements for binding to the #rnK 3’ RNA
more precisely, it will be necessary to test appropriately designed mutants in binding assays.

In an attempt to detect common features, we have compared the #rnK 3’ sequence from
mustard with that of equivalent regions of chloroplast genes from other plants, using the
Beckman MicroGenie programs [41,42] Except for a high content of A and T residues,
none of these regions share any sequence elements or conserved secondary structure.
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However, they all reveal the existence of clusters of at least 5 U residues, embedded in
regions of variable nucleotide composition and secondary structure (Fig. 6). Taken together,
this adds to the notion borne out by our in vitro binding studies that palindromic sequences
are not critical determinants, while U tracks might be crucial for interaction of 3’ RNA
sequences with chloroplast proteins.

It is well-established that multiple U residues play a role in RNA-protein interaction
within the nucleo/cytoplasmic compartment of eucaryotic cells [34]. Evidence is available
that U clusters are involved in the 3’ end formation of RNAs transcribed by both RNA
polymerase I and II [35,36]. Even termination of transcription by RNA polymerase III
requires U clusters of = 4 nt within the 3’ flanking region of nuclear tRNA genes [37].
Recent studies have demonstrated that the nuclear ‘La’ phosphoprotein binds to the 3’
terminal U tracks of RNA polymerase III transcripts, thereby acting in termination of
transcription [38,39]. The properties of the La protein appear particularly interesting in
view of observations which suggest that chloroplasts might contain a pollll-like transcription
system [40]. Purification and biochemical characterization of the RNA-binding protein(s),
together with functional assays in vitro, will help clarify the mechanisms of RNA 3’ end
formation and might allow studies on the role of these processes in plastid gene expression
in vivo.

ACKNOWLEDGEMENTS

We wish to thank U. Miiller and C. Wittig for skilled technical assistance S. Biilow and
H. Neuhaus for initial help and discussion, and A. Scholz for construction of plasmid
pSPTH120. This work was supported by the Deutsche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie, FRG.

REFERENCES

. Platt,T. (1986) Annu. Rev. Biochem. 55, 339—372.

Friedman,D.I., Imperiale,M.J. and Adhya,S.L. (1987) Annu. Rev. Genet. 21, 453 —488.

. Weil,J.H. (1987) Plant Sci. 49, 149—157.

Stern,D.B. and Gruissem,W. (1987) Cell 51, 1145—-1157.

Chen,L.J. and Orozco,E.M. (1988) Nucleic Acids Res. 16, 8411 —8431.

. Thomas,F., Zeng,G.Q., Mache,R. and Briat,J.F. (1988) Plant Mol. Biol. 10, 447 —457.

. Belasco,J.G. and Higgins,C.F. (1988) Gene 72, 15—23.

. Higgins,C.F., McLaren,R.S. and Newbury,S.F. (1988) Gene 72, 3—14.

. Neuhaus,H. and Link,G. (1987) Curr. Genet. 11, 251—257.

10. Hughes,J.E., Neuhaus,H. and Link,G. (1987) Plant Mol. Biol. 9, 355—364.

11. Link,G. and Langridge,U. (1984) Nucleic Acids Res. 12, 945—957.

12. Vieira,J. and Messing,J. (1982) Gene 19, 259—266.

13. Biilow,S. and Link,G. (1988) Plant Mol. Biol. 10, 349—357.

14. Willis,I., Freudeway,D., Holtinger-Werlen,A., Schaack,J. and S61,D. (1986) J. Biol. Chem. 26, 5878 —5885.

15. Bottomley,W., Smith,H.J. and Bogorad,L. (1971) Proc. Natl. Acad. Sci. U.S.A. 68, 2412—2416.

16. Gruissem,W., Greenberg,B.M., Zurawski,G., Prescott,D.M. and Hallick,R.B. (1983) Cell 35, 815—828.

17. Leibold,E.A. and Munro,H.N. (1988) Proc. Natl. Acad. Sci. U.S.A. 85, 2171-2175.

18. Laemmli,U.K. (1970) Nature 227, 680—685.

19. Melton,D.A., Krieg,P.A., Reblagiati,M.R., Maniatis,T., Zinn,K. and Green,M.R. (1984) Nucleic Acids
Res. 12, 7057-7070.

20. Fried,M. and Crothers,D.M. (1981) Nucleic Acids Res. 9, 6505—6525.

21. Garner,M.M. and Revzin,A. (1981) Nucleic Acids Res. 9, 3047 —3060.

22. Konarska,M.M. and Sharp,P.A. (1986) Cell 46, 845—855.

23. Greenberg,J.R. (1979) Nucleic Acids Res. 6, 715—732.

24. Pelletier,J. and Sonenberg,N. (1985) Mol. Cell. Biol. 5, 3222—3230.

25. Wilusz,J. and Shenk,T. (1988) Cell 52, 221—228.

VOV UH W -

9647



Nucleic Acids Research

. Yamaguchi-Shinozaki,K., Shinozaki,K. and Sugiura,M. (1987) FEBS Lett. 215, 132—136.

. Wang,M.J., Davis,N.W. and Gegenheimer,P. (1988) EMBO J. 7, 1567 —1574.

. Marion-Poll,A., Hibbert,C.S., Radebaugh,C.A. and Hallick,R.B. (1988) Plant Mol. Biol. 11, 45—56.
. Zurawski,G., Bohnert,H.J., Whitfeld,P.R. and Bottomley,W. (1982) Proc. Natl. Acad. Sci. U.S.A. 79,

7699—7703

. Sugita,M., Shinozaki,K. and Sugiura,M. (1985) Proc. Natl. Acad. Sci. U.S.A. 82, 3557—3561.
. Boyer,S.K. and Mullet,J.E. (1988) Photosynth. Res. 17, 7—22.
. Efimov,V.A., Andreeva,A.V., Reverdatto,S.V., Jung,R. and Chakhmakhcheva,0.G. (1988) Nucleic Acids

Res. 16, 5685—5685.

. Ohyama K., Fukuzawa,H., Kohchi,T., Shirai,H., Sano,T., Sano,S., Umesono,K., Shiki,S., Takeuchi,M.,

Chang,Z., Aota,S., Inokuchi,H. and Ozeki,H. (1986) Nature 322, 572 —574.

. Mattaj, L. W. (1989) Cell 57, 1-3.

. Kuhn,A. and Grummt,I. (1989) Genes Dev. 3, 224—231.

. Birnstiel, M.L., Busslinger,M. and Strub,K. (1985) Cell 41, 349—359.

. Bogenhagen,D.F. and Brown,D.D. (1981) Cell 24, 261—270.

. Gottlieb,E. and Steitz,J.A. (1989) EMBO J. 8, 841—850.

. Gottlieb,E. and Steitz,J.A. (1989) EMBO J. 8, 851 —861.

. Gruissem,W. (1989) Cell 56, 161—170.

. Tinoco,I., Borer,P.N., Dengler,B., Levine,M.D., Uhlenbeck,O.C., Crothers,D.M. and Gralla,]. (1973)

Nature 246, 40—41.

. Queen,C. and Korn,L.J. (1984) Nucleic Acids Res. 12, 581 —589.

This article, submitted on disc, has been automatically
converted into this typeset format by the publisher.

9648



