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Chloroplast genomes in land plants include approximately
20 intron-containing genes. Most of the introns are similar
to the group II introns found in fungi, algae and some bacte-
ria, but no self-splicing has been reported. To analyze splicing
reactions in chloroplasts, we developed a tobacco (Nicotiana
tabacum) chloroplast-based in vitro system. We optimized
the splicing reaction using atpF precursor messenger RNA
(pre-mRNA). Our system requires a high ATP concentration,
whereas ATP is not necessary for self-splicing group II introns.
Self-splicing group II introns possess two exon-binding sites
(EBS1 and 2) complementary to two intron-binding sites
(IBS1 and 2) in the 3′ end of 5′ exons, which are involved in 5′

splice-site selection. Using our in vitro system and atpF pre-
mRNA, we analyzed short sequences corresponding to the
above EBSs and IBSs. Mutation analyses revealed that EBS1–
IBS1pairing is essential, while EBS2–IBS2pairing is important
but not crucial for splicing.The first 3′ exon nucleotide deter-
mines the 3′ splice sites of self-splicing introns. However,
mutations to this nucleotide in atpF pre-mRNAdid not affect
splicing. This result suggests that the mechanism underly-
ing chloroplast pre-mRNA splicing differs partly from that
mediating the self-splicing of group II introns.
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Introduction

Chloroplast genomes in land plants contain approximately 120
genes, of which about 20 have introns (Daniell et al. 2016,
Nguyen and Kang 2017, Dobrogojski et al. 2020). For example,
the tobacco (Nicotiana tabacum) chloroplast genome includes
12 protein-coding genes and six transfer RNA geneswith introns
(Wakasugi et al. 2001). Genetic approaches used to inves-
tigate higher plants have revealed that dozens of nucleus-
encoded proteins are involved in splicing (e.g. Stern et al. 2010,
de Longevialle et al. 2010, Barkan and Small 2014). This is

also the case for the green alga Chlamydomonas reinhardtii
(Perron et al. 2004). The chloroplast-encoded maturase also
contributes to splicing (Zoschke et al. 2010, Barthet et al. 2020).
However, the splicing process in chloroplasts remains relatively
uncharacterized.

Eukaryotic nuclear genes contain many introns, and large
ribonucleoprotein complexes (i.e. spliceosomes) mediate the
splicing of precursor messenger RNAs (pre-mRNAs). The devel-
opment of in vitro splicing systems from mammalian and yeast
cells has enabled researchers to precisely analyze the splic-
ing process (Krainer et al. 1984, Lin et al. 1985). Analyses of
nuclear splicing have identified a two-step trans-esterification
for removing introns (Fabrizio and Lührmann 2012). First, the
2′ OH of a branch site A carries out a nucleophilic attack on
the 5′ splice site, breaking the phosphodiester bond and simul-
taneously forming a 2′-5′ phosphodiester linkage between the
branch site and the 5′ end of the intron, forming the free 5′ exon
and the intron-3′ exon intermediates. In the second step, the 3′

OH of the 5′ exon attacks the 3′ splice site, breaking the phos-
phodiester bond there and forming a newphosphodiester bond
between the 5′ exon and the 3′ exon. The 5′ and 3′ splice sites
are defined by short consensus sequences.TheRNA and protein
components of small nuclear ribonucleoproteins are crucial for
splice-site selections (Fabrizio and Lührmann 2012).

The group II–type introns are present in many fungal mito-
chondria, algae, plant organelles and some bacteria (Michel
et al. 1989, Bonen 2008). Group II introns consist of highly struc-
tured sequences organized into six distinct domains (DI to DVI,
see Fig. 1) (Pyle 2016, Smathers and Robart 2019). Some of the
group II introns can self-splice in vitro under non-physiological
conditions (unusually high Mg2+ and salt concentrations and
high temperatures) (Pyle 2016). Specifically, trans-acting pro-
teins and RNAs are not involved in this self-splicing. A previous
analysis of self-splicing proved that these introns are excised
in a mechanism similar to that used for spliceosomal introns
(Pyle 2016). In the first step, the 5′ splice site is recognized
via the base pairings of the two exon-binding sites (EBS1 and
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Fig. 1 Model of the tobacco atpF intron secondary structure. Domains I–VI are labeled in bold uppercase letters (green). EBSs and IBSs (red,
boxed) and δ and δ′ (blue, boxed) are presented. Additional possible interactions (α–α′ , β–β′ and γ–γ′) are related to intron compaction. The
conserved AGC triad in DV is boxed. The branch point A (red) in DVI is indicated. The inset presents the mutated DV (mDV). The intron and
exon sequences are from accession Z00044.2.

EBS2) located in DI and the two intron-binding sites (IBS1
and IBS2) in the 5′ exon. In the second step, the recogni-
tion of the 3′ splice site involves the base pairing between a
specific intron nucleotide (EBS3 or δ) in DI and the first 3′ exon
nucleotide (IBS3 or δ′). Other splicing pathways are similar to
those in the spliceosome and produce ligated exons and intron
lariats.

There are no reports of self-splicing in higher plant chloro-
plasts. Therefore, the development of in vitro systems is crucial
for investigating specific details of the splicing process. We
herein describe the establishment of a chloroplast extract-based
system that accurately performs splicing reactions in vitro.
Using this system, we analyzed the splicing of the tobacco atpF
pre-mRNA.We first demonstrated that the EBS1–IBS1 pairing is
essential for splicing, whereas the EBS2–IBS2 pairing is necessary
for efficient splicing but is not required. We then proved that

the first 3′ exon nucleotide (δ′) is not involved in efficient splic-
ing and likely does not contribute to the 3′splice-site selection.
Our results suggest that the mechanism underlying splicing in
higher plant chloroplasts differs partly from that mediating the
self-splicing of group II introns.

Results

Models of atpF intron secondary structures
The atpF gene encodes the ATP synthase CF0 subunit I and has
a 695-bp intron (Bird et al. 1985). The group II introns can be
divided into two main subgroups, group IIA and IIB, based on
specific structural differences (Michel et al. 1989, Pyle 2016).The
atpF intron belongs to group IIA. Amodel of its secondary struc-
ture based on intron alignments (Michel et al. 1989), models
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of the maize atpF intron (Ostersetzer et al. 2005) and the Lac-
tococcus lactis Ll. LtrB group IIA intron (Dai et al. 2008) was
constructed with Mfold (Zuker 2003).

The model consists of six domains (DI to DVI) that radiate
from a central wheel (Fig. 1). Moreover, DI has been further
divided into subdomains IA to ID.The EBS1 and EBS2 sequences
(red) in DID are complementary to IBS1 and IBS2 sequences
(red) at the 3′ terminus of the 5′ exon. DIV is too short (49 nt)
to encode a protein such as a reverse transcriptase and hence
the pre-mRNA lost intron mobility. DV is the most highly con-
served region of the entire intron and is absolutely required
for splicing. One of the most conserved sequences in DV is
the AGC triad (boxed), which is critical for splicing. DVI con-
tains a bulged adenosine (red) that serves as a branch point.
The first G of the excised 5′ exon forms a 2′-5′ bond with this
A, resulting in a lariat intron. Lariat introns were detected in
vivo in atpF pre-mRNAs in higher plant chloroplasts (Kim and
Hollingsworth 1993, Vogel and Börner 2002). The interaction
between the G (blue, δ, boxed) preceding EBS1 and the first U
(blue, δ′, boxed) of the 3′ exon is important for efficient splicing
and the recognition of the 3′ splice-site of self-splicing group IIA
introns (Dai et al. 2008). The overall secondary structure model
is similar to that of the well-characterized L. lactis Ll. LtrB group
IIA intron. We then constructed models of atpF introns from
spinach (Spinacia oleracea), pea (Pisum sativum), Arabidopsis
thaliana and rice (Oryza sativa) because spinach and pea have
long been used for analyses of chloroplast proteins, Arabidop-
sis has been used for the analysis of nuclear genes encoding
chloroplast proteins and rice has a long history for breeding and

genetic analyses (Supplementary Fig. S1). The eudicot mod-
els are similar to each other, whereas the monocot rice and
maize (Zea mays)models are approximately 100 bp longer than
the eudicot models because of extra sequences in the DI stems.
Unlike the tobacco model, the other four models have A in the
δ position, resulting in an A–U pair in the δ–δ′ interaction. The
A–U pair has been detected in many of the other examined
species, from flowering plants to mosses. However, the G–U
pair is also present in at least 19 Solanaceae species (e.g. tomato
and potato) that have been investigated to date.

In vitro splicing system
Sensitive assays are a prerequisite for developing in vitro RNA
splicing systems. Although 32P-labeled pre-RNA substrates have
been widely used, we failed to detect splicing in vitro when
using these substrates because of the substantial background.
Consequently, we designed several different assays, among
which the following reverse transcription polymerase chain
reaction (RT-PCR)-based method is appropriate for our chloro-
plast system.

Vector for preparing pre-mRNA substrates. We modified the
pBluescript II SK+ vector to clone chloroplast genes contain-
ing introns (Fig. 2). We first surveyed several restriction sites in
all 12 tobacco protein-coding genes containing introns. For the
short coding regions (petB, petD and rpl16), 200- to 400-bp 5′

untranslated regions (UTRs) were included. For the trans-
splicing of 5′ rps12 and 3′ rps12 genes, 800 bp of the flanking
intron sequences were added. All of these sequences lack BssHII,

Fig. 2 Construction of the pIVS vector for preparing pre-mRNAs. (A) A 95-bp cassette was prepared by a PCR amplification involving the 5′

primer containing the BssHII (B) ApaI (A), SacI (SI), SacII (SII) and EcoRI (E) sites and a KS sequence (KS) as well as the 3′ primer with the (E)
KS/T3 sequence (KS/T3), NotI (N) and BssHII (B) sites. The KS/T3 sequence consists of a 17-bp KS primer-binding site and a 20-bp T3 promoter
from pBluescript II SK+ . The primers are complementary between E and KS, and their full sequences are provided in Supplementary Fig. S2.
(B) A 173-bp region [box, including the T7 promoter, the multiple cloning sites (MCS, dots), KS/T3] in pBluescript II SK+ was deleted following
digestion with BssHII. (C) Schematic of the pIVS vector. The SacI site (triangle) is an alternative site for inserting specific gene fragments (rpl16,
rps16, rpoC1, atpF and petB, which have a 5′ UTR with a single SacI site). The NotI (red) is used to linearize the plasmid for transcription, whereas
EcoRI is used to digest the templates.
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ApaI, SacII andNotI sites.Therefore, we designed a cassette con-
taining these restriction enzyme sites as well as SacI and EcoRI
sites (Fig. 2A). Because chloroplast extracts contain diverse
RNA species, including spliced mRNAs (Supplementary
Fig. S3A), we added an artificial sequence (KS/T3, see Fig. 2C)
to the gene fragments to distinguish in vitro spliced mRNAs
from endogenous mRNAs (Supplementary Fig. S3B). A 173-
bp fragment (box, see Fig. 2 legend) in pBluescript II SK+ was
removed via a digestion with BssHII (Fig. 2B), after which the
above cassette was ligated to produce a modified pBluescript II
SK+, which we designated pIVS (Fig. 2C). A variety of chloro-
plast gene fragments can be inserted between the ApaI and
SacII sites of this vector (red triangles).

Pre-mRNA substrates. Fig. 3 presents the steps involved in
preparing substrates, with the tobacco atpF gene used as an
example. The gene fragment was prepared via two successive
PCR amplifications of the tobacco chloroplast DNA (Fig. 3A).
The first PCR involved the atpF 5′ primer (containing the T7
promoter and part of the atpF 5′ exon) and the atpF 3′ primer
(consisting of part of the atpF 3′ exon and a SacII site). The
second PCR was completed with the ApaI/T7 primer (contain-
ing an ApaI site and the T7 promoter) and the pre-existing
3′ primer. The atpF gene fragment was digested with ApaI
and SacII and then inserted into the pIVS vector digested
with the same enzymes. The circular plasmid DNA (atpF.pIVS)
was linearized by NotI and transcribed by T7 RNA polymerase
(Fig. 3C). The resulting pre-mRNA was purified after digesting
the template DNAwith EcoRI and DNase I. We prepared 16 pre-
mRNA substrates from 10 genes (two pre-mRNAs each from
five genes, one pre-mRNA each from four genes and two pre-
mRNAs from clpP-1 as it has two introns, see Supplementary
Table S1).

Chloroplast extracts. Intact chloroplasts were prepared from
green tobacco leaves (see the ‘Materials andMethods’ section).
On the basis of published procedures for preparing active
chloroplast extracts for in vitro RNA editing (Hirose and Sugiura
2001), translation (Hirose and Sugiura 1996), transcription
(Orozco et al. 1986) and coupled transcription–translation
systems (Bard et al. 1986) (Supplementary Table S2A,B), we
evaluated various combinations of chloroplast lysis methods,
extraction buffers and dialysis buffers. The isolated chloroplasts
were lysedwith TritonX-100 and a highKCl concentration (2M),
after which the lysate was ultra-centrifuged and dialyzed. We
prepared more than 50 chloroplast extracts.

Reaction conditions. We simultaneously prepared various
reaction mixtures based on published in vitro reaction con-
ditions (Supplementary Table S2C) as well as HeLa cell and
yeast systems (Lin et al. 1985, Mayeda and Krainer 2012). The
reaction mixture components and their concentrations were
systematically varied. For example, we tested reaction mixtures
containing 1–50 fmol pre-mRNA, with reaction temperatures
and times of 28–37◦C and 30–120min, respectively. We then

tried to detect spliced mRNAs using different combinations of
pre-mRNA substrates, chloroplast extracts and reaction con-
ditions. Finally, of the 16 pre-mRNAs, the spliced products of
the expected sizes were clearly detected for the atpF and petD
pre-mRNAs and weakly detected for the clpP-1 and ndhA pre-
mRNAs (Supplementary Fig. S5). Notably, we used short and
long atpF pre-mRNAs (5′ exon only and 5′ exon+UTR, see
Supplementary Table S1), but spliced mRNA was produced
from only the short atpF pre-mRNA. The reason for this is
unclear. We used the short atpF pre-mRNA (hereafter referred
to as atpF pre-mRNA) for further analyses. Its full sequence is
provided in Supplementary Fig. S4.

Detection of spliced mRNAs. A schematic of our assay is pro-
vided in Fig. 3D–F. After the reactions, the total RNA was
extracted and reverse-transcribedwith the KS/T3 3′ primer cor-
responding to KS/T3 (blue) for a PCR amplification involving
the atpF 5′ primer. The resulting PCR products (Fig. 3F) were
separated by 2% agarose gel electrophoresis (see the gel pattern
in Fig. 5A).

Optimization of splicing reactions. After detecting splicing
activity, we optimized the reaction parameters using the atpF
pre-mRNA. The effects of increasing the Mg2+, NH4

+ and K+

concentrations are presented in Fig. 4A–C. The optimal con-
ditions were provided by 10mM Mg acetate, 100mM NH4

acetate and 70mM K acetate. Additionally, the optimal ATP
concentration was 6mM, with higher ATP concentrations sub-
stantially inhibiting splicing reactions (Fig. 4D, see the ‘Dis-
cussion’ section). Splicing was observed over a broad range of
pre-mRNA concentrations (Fig. 4E). The reaction proceeded
linearly for up to 2 h after a 30min time lag and then plateaued
after 4 h (Fig. 4F, see the ‘Discussion’ section). A typical
reaction mixture included the four abovementioned compo-
nents as well as dithiothreitol, polyethylene glycol, glycerol
and an RNase inhibitor in 30mM HEPES-KOH (pH 7.7). The
reaction mixture (10µl) contained 10 fmol atpF pre-mRNA
and 4µl chloroplast extract (5–15µg protein). The reaction
was completed during a 2-h incubation at 28◦C. The opti-
mal reaction conditions varied slightly between chloroplast
extracts.

Analysis of in vitro spliced products
The products of the atpF pre-mRNA splicing reactions were
analyzed by gel electrophoresis (Fig. 5). A spliced mRNA of
the expected size (approximately 340 nt) was detected (lane
5 of Fig. 5A). The pre-mRNA bands (approximately 1,040 nt)
were faint or almost undetectable, likely because they were
rapidly degraded during the 2-h incubation. Spliced mRNA
bands were not detected for the reaction lacking the chloro-
plast extract (lane 2). Similarly, a band corresponding to spliced
mRNA was also missing for the reaction mixture lacking pre-
mRNA (lane 4). Because DV comprises the main active site for
splicing, we mutated DV in the atpF pre-mRNA (see Fig. 1
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Fig. 3 Schematic of the in vitro splicing procedures. (A) The atpF fragment was prepared from chloroplast (ct) DNA by a PCR amplification with
the atpF 5′ primer (containing the 21-bp T7 promoter and the first 23 bp of the 5′ exon) and the atpF 3′ primer [containing a mid-3′ exon
sequence (positions 100–137) and a SacII site]. The ApaI/T7 5′ primer was added and the PCR was continued to attach an ApaI site to the 5′

end. (B) The atpF fragment contains an ApaI site (red triangle), T7 (green), 145-bp full 5′ exon (orange), 695-bp intron (bold line), the first 137
bp of the 3′ exon (orange) and a SacII site (red triangle). Both ends (yellow) include either the full ApaI or SacII recognition sequence flanked
by 4 nt (from the primers). The atpF fragment was digested with ApaI and SacII and then inserted into pIVS digested with the same enzymes.
(C)The circular DNA (atpF.pIVS) was linearized byNotI and transcribed by T7 RNA polymerase.The resulting pre-mRNAwas purified after digest-
ing the template DNAwith EcoRI andDNase I. (D)The pre-mRNAwith a 37-bp KS/T3 sequence (blue) was incubatedwith a ct extract, after which
the total RNA was extracted. (E) A RT was completed by adding the KS/T3 3′ primer (30 nt, complementary to KS/T3). A PCR amplification was
then completed with the atpF 5′ primer. (F) The PCR products were separated by 2% agarose gel electrophoresis and stained with ethidium
bromide. The expected sizes of the pre-mRNA (approximately 1,040 bp) and the spliced mRNA (approximately 340 bp) corresponded to the
sequence from the end of the atpF 5′ primer to the end of the atpF 3′ primer. Primers are in Supplementary Fig. S8.

inset) and used the resulting sequence as a control (i.e. non-
splicing pre-mRNA). As expected, no spliced product was
detected when this mutated pre-mRNA was included in the

reaction mixture (lane 6, DVmut). These results clearly indicate
that the approximately 340-nt band (lane 5) was not from an
endogenous spliced mRNA (see Supplementary Fig. S3A) but
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Fig. 4 Optimization of reaction conditions. (A) Mg acetate concentration. (B) NH4 acetate concentration. (C) K acetate concentration. (D) ATP
concentration. (E) Pre-mRNA concentration. (F) Time courses of two independent splicing reactions. Mean values were calculated based on two
experiments.

was generated from the exogenous pre-mRNA substrate. The
band (corresponding to the spliced mRNA) was gel-purified
(lane 5) and the DNA was then directly sequenced, which con-
firmed the accuracy of the splicing (Fig. 5B).

Splice-site selections
As in the secondary structure of the atpF intron (see Fig. 1), the
predicted EBS1 and EBS2 in the DI are complementary to IBS1
and IBS2 in the 5′ exon, respectively (Fig. 6A).We first examined
whether these sequences are required for the atpF pre-mRNA
splicing. We mutated these elements to disrupt possible EBS–
IBS interactions (Fig. 6B, red and lowercase letters indicate
mutated nucleotides), after which themutated pre-mRNA sub-
strates were included in the splicing reactions. We first mutated
EBS1 to mEBS1 and then IBS1 to mIBS1. As indicated in Fig. 6D,
no obvious bands corresponding to the spliced mRNA prod-
uct (approximately 340 nt) were detected for mEBS1 (lane 4)
ormIBS1 (lane 5). Next, wemutated EBS2 tomEBS2 (Fig. 6C). A
spliced product was weakly detected (Fig. 6D, lane 6). We then
deleted the first 5 nt from EBS2 (i.e. the loop of the EBS2 hair-
pin) to produce dEBS2, which also resulted in a faint band for
the spliced product (lane 7). An analysis with Mfold revealed
that dEBS2 did not induce any significant changes to the intron
secondary structure. We also mutated IBS2 to mIBS2. A very
faint band was again observed (Fig. 6D, lane 8).The two spliced
mRNA bands in lanes 6 and 7 were gel-purified, and the cor-
responding reverse-transcribed DNA fragments were directly
sequenced to confirm that both productswere correctly spliced
mRNAs (Supplementary Fig. S6A). We repeated the splic-
ing reactions with different chloroplast extracts and obtained

similar results (Supplementary Fig. S7). Accordingly, we exper-
imentally confirmed that the EBS1–IBS1 pairing is essential for
splicing and is likely crucial for selecting the appropriate 5′

splice site. Additionally, the EBS2–IBS2 pairing is important for
efficient splicing but may not always be required for splicing.

Next, we replaced the terminal U (δ′, blue) of the 3′ exon
(see Fig. 1) with A, C or G. All three mutations had no apparent
effects on splicing reactions (Fig. 6D, lanes 9–11). The sequenc-
ing of these spliced products confirmed that all were accurately
spliced (Supplementary Fig. S6B). These results imply that the
U nucleotide (δ′) minimally influences the splicing efficiency
and the selection of the 3′ splice site. In self-splicing group IIA
introns, δ′ interacts with the δ (G) preceding EBS1, and the δ–δ′

interaction is critical for the 3′ splice-site selection. Hence, our
finding may reflect a novel process in the splicing of chloroplast
group II–type introns.

Discussion

In this study, we developed a method for the accurate splicing
of atpF pre-mRNA with a chloroplast extract. A long lag period
(approximately 45min) was observed in an earlier study regard-
ing the application of a HeLa cell nuclear extract for in vitro
splicing (Krainer et al. 1984). In the current study, our chloro-
plast extract system also included a long lag period (>30min)
(see Fig. 4F). However, our previously developed in vitro transla-
tion system (Hirose and Sugiura 1996) and in vitro RNA editing
system (Hirose and Sugiura 2001) did not have a similar time lag.
Hence, this lag seems to be unique to splicing and may reflect
the time required for the splicing complexes to assemble. The
in vitro self-splicing of group II introns does not require ATP
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Fig. 5 Detection of spliced atpFmRNA products after the in vitro splic-
ing reactions. (A) Gel patterns of spliced mRNA products after the 2-h
incubation at 28◦C. The bands represent the double-stranded DNA
produced from the respective mRNAs by RT-PCR amplification (see
Fig. 3F). The pre-mRNA (approximately 1,040 nt) and the synthesized
spliced mRNA (approximately 340 nt) were used as size markers (lanes
2 and 3). The reaction without the pre-mRNA (lane 4). The spliced
mRNA after the reaction (lane 5). No splicing for the pre-mRNA with
a mutated Domain V (DVmut, lane 6). (B) Sequencing of the DNA
reverse-transcribed from the spliced mRNA (lane 5). A portion of the
sequence is presented. The splice site is indicated with an arrow.

(Pyle 2016). In contrast, ATP is essential for our in vitro system
(see Fig. 4D). The optimal ATP concentrations in our in vitro
translation and RNA editing systems are reportedly 1–2mM
(Hirose and Sugiura 1996, 2001). Mammalian in vitro splicing
systems require 0.04–0.5mM ATP (Krainer et al. 1984, Mayeda
and Krainer 2012). Similarly, the yeast system needs at least
0.5mMATP (Lin et al. 1985). Comparatively, our in vitro chloro-
plast system requires an unusually high ATP concentration.
However, in our system, splicing was essentially undetectable
in the presence of 10mM ATP. Such a sharp inhibition was not
observed inHeLa cell and yeast systems, but the reason for this is
unknown.

In group IIA self-splicing introns, EBS1–IBS1 and EBS2–IBS2
interactions are necessary for defining the 5′ splice site, and

δ–δ′ interactions are important for selecting the 3′ splice site
(Pyle 2016). Our mutation analyses indicate that the EBS1–IBS1
interaction is essential for splicing and selecting the 5′ splice
site, whereas EBS2–IBS2 ensures efficient splicing but is not
always crucial for splicing (see Fig. 6). We then observed that
mutations to the δ′ nucleotide, which disrupt the expected
δ–δ′ interaction, do not influence the splicing efficiency or the
selection of the 3′ splice site.These results imply that themech-
anism underlying chloroplast splicing varies from those medi-
ating the self-splicing of specific group II introns. We speculate
that trans-acting factors, such as proteins, RNAs and/or RNA–
protein complexes, are involved in the 3′ splice-site selection in
chloroplasts.

A major advantage of the in vitro splicing system is that it
enables a systematic analysis of the predicted cis-elements. Gen-
erally, mutations to exons (i.e. protein-coding regions) lead to
amino acid changes in the encoded proteins and often pro-
duce premature stop codons in spliced mRNAs. For example,
replacing the atpF δ′ (U) with one of three other nucleotides
changes the original UUA (leucine) codon to UAA (stop),
UCA (serine) and UGA (stop). Thus, mutations to IBSs and
δ′ need to be carefully considered. Therefore, our in vitro sys-
tem may be a viable option for such assays. The results of this
study may form the basis of future research aimed at eluci-
dating the biochemical mechanism underlying chloroplast pre-
mRNA splicing. Because relatively large amounts of chloroplasts
can easily be extracted from tobacco leaves, further elabora-
tions of our system may help researchers search for protein
and RNA factors required for the various steps of the splicing
process.

Materials and Methods

Isolation of chloroplasts and preparation of
extracts
Tobacco (Nicotiana tabacum var. Bright Yellow 4) plants in soil were grown for
6 weeks in a growth room at approximately 26◦C with a 16-h white light/8 h
dark cycle. Intact chloroplasts were isolated as previously described (Sugiura
et al. 1986), with minor modifications. Leaves were collected during the light
period. About 40 g expanded leaves (10–13 cm long) were added to 100ml
MCB1 [0.3Mmannitol, 50mMHEPES-NaOH, pH8.0, 2mMethylenediaminete-
traacetic acid (EDTA), 10mM β-mercaptoethanol, 0.1% (w/v) bovine serum
albumin and 0.6% polyvinylpyrrolidone (MW approximately 40,000)] and then
disrupted with the TML14 householdmixer (Tescom, Tokyo, Japan) or the Poly-
tron PT10-35 homogenizer (Kinematica, Luzern, Switzerland).The homogenate
was filtered through four layers of cotton gauze, after which the filtrate was cen-
trifuged at 900 × g for 3min at 4◦C. The resulting green pellet was suspended
in 6ml MCB1 and then added to two discontinuous Percoll gradients (20%
6ml, 50% 12ml and 80% 12–18ml Percoll in MCB1). After a centrifugation at
8,000 × g for 9min at 4◦C, the lower green bandwas collected andmixed with 3
volumes of MCB2 (0.32Mmannitol, 50mM HEPES-NaOH, pH 8.0, 2mM EDTA
and 7–10mM β-mercaptoethanol). Intact chloroplasts were precipitated by
centrifugation at 1,000 × g for 2–3min at 4◦C and thenwashed once with 35ml
MCB2. The pellet was suspended in 2.5 volumes of chilled extraction buffer
(30mM HEPES-KOH, pH 7.7, 10mM Mg acetate, 2M KCl, 0.2% Triton X-100
and 10mM dithiothreitol). After a 15-min incubation on ice with gentle agita-
tion, the viscous lysate was transferred to a 2-ml microtube and centrifuged at
16,000 × g for 30min at 4◦C. The supernatant was dialyzed twice (1.5 h each)
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Fig. 6 Effects of mutations to the EBS–IBS pairings and to δ′ (U) on the splicing of the pre-mRNA substrate. (A) Pairings between wild-type EBS1
and IBS1 (top) and wild-type EBS2 and IBS2 (bottom). (B) EBS1 mutated to mEBS1 and IBS1 mutated to mIBS1 (red letters indicate mutated
nucleotides). (C) EBS2 mutated to mEBS2 (left), deletion of EBS2 to dEBS2 (middle, red bars indicate deleted nucleotides) and IBS2 mutated to
mIBS2 (right). (D) Gel patterns of spliced products from atpF pre-mRNA. Lane 1: pre-mRNA, lane 2: synthetic spliced mRNA, lane 3: wild-type
pairing, lane 4: mEBS1–IBS2 pairing, lane 5: EBS1–mIBS1 pairing, lane 6: mEBS2–IBS2 pairing, lane 7: dEBS2–IBS2 pairing, lane 8: EBS2–mIBS2
pairing, lane 9: U to a (red), lane 10: U to c (red), and lane 11: U to g (red) at the δ′ nucleotide (U). M: size markers.

against 500ml dialysis buffer [30mM HEPES-KOH, pH 7.7, 3mM Mg acetate,
45mM K acetate, 30mM ammonium acetate, 10% (v/v) glycerol and 8mM
dithiothreitol] at 4◦C.Thedialysis was completedwith the Slide-A-LyzerDialysis

cassette (10 K MWCO) (Pierce Biotechnology, Rockford, IL, USA). The resulting
chloroplast extracts were rapidly frozen in liquid nitrogen and stored at−80◦C.
The chloroplast extracts remained active for at least for 6months.
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Construction of a modified vector
The pBluescript II SK+ vector (Stratagene, La Jolla, CA, USA) was modified
for cloning chloroplast genes (see Fig. 2). The cassette was first prepared by
PCR with the 5′ primer and its partially complementary 3′ primer (sequences
in Supplementary Fig. S2) and the Pyrobest DNA polymerase kit (including
the buffer and a deoxynucleotide triphosphates (dNTP) mixture, TaKaRa Bio,
Kusatsu, Shiga, Japan). The amplified sequence was digested with BssHII (Fig.
2A). The pBluescript II SK+ vector was also digested with BssHII to replace the
173-bp fragment from positions 620 to 792 (see Fig. 2B), with the abovemen-
tioned cassette to produce the pIVS vector (Fig. 2C). The resulting construct
was amplified in Escherichia coli XL-1 Blue and isolated by Wizard Plus SV
Minipreps DNA Purification System (Promega, Madison, WI, USA). The clone
was sequenced to confirm it was correctly generated. (Similarly, atpF.pIVS and
its mutant constructs in the next paragraphs were also amplified.)

Preparation of atpF pre-mRNAs
The atpF gene fragment was amplified from tobacco chloroplast DNA (Sugiura
et al. 1986) by PCR as described in the ‘Results’ section using the above DNA
polymerase kit (Fig. 3A, B). The PCR fragment was ligated to the pIVS vector as
mentioned in the ‘Results’ section (Fig. 3C).The resulting clone (atpF.pIVS) was
sequenced to confirm it was correctly generated. The plasmid was linearized
with NotI. The pre-mRNA was synthesized from the linearized DNA with the
AmpliScribe T7-Flash Transcription Kit (Epicentre Biotechnologies, Madison,
WI, USA) (Fig. 3C). The resulting reaction mixture was treated with EcoRI and
RNase-free DNase I (TURBO DNA-free™, Ambion, Austin, TX, USA) at 37◦C for
30min. The total RNA was extracted with a phenol/chloroform solution and
then precipitated with sodium acetate/ethanol (Fig. 3D).The RNA pellets were
dissolved in RNase-free water and stored at−80◦C.

Mutagenesis of atpF.pIVS
The plasmid DNA was denatured and annealed with a pair of primers (i.e.
a primer with the desired mutation and the complementary primer) (see
Supplementary Fig. S8). After completing a PCR, the wild-type plasmid was
digested with DpnI, whereas the mutated plasmid was inserted into compe-
tent cells. The atpF.pIVSs with mutagenized EBS1, EBS2 and DV were prepared
with the Pyrobest DNA Polymerase kit. The atpF.pIVSs with mutagenized IBS1,
IBS2 and U at the δ′ nucleotide were prepared with Phusion High-Fidelity DNA
polymerase (Thermo Scientific, Waltham, MA, USA).The buffer and dNTPmix-
ture were prepared according to the manufacturer’s protocol. Part of EBS2 was
deleted with a forward primer (atpF.EBS2 del.F) and a reverse primer (atpF.EBS2
del.R) flanking the EBS2 sequence and the Pyrobest DNA Polymerase kit. The
mutant constructs were checked by DNA sequencing.

In vitro RNA splicing reaction
The 10-µl reaction mixture contained 30mM HEPES-KOH, pH 7.7, 10mM Mg
acetate, 70mM K acetate, 100mMNH4 acetate, 6mMATP, 3.2mM dithiothre-
itol, 3.25% polyethylene glycol 8000, 4% glycerol, 12 U RNase inhibitor HPRI
(TaKaRa Bio), 10 fmol atpF pre-mRNA and 4µl chloroplast extract (5–15µg
protein). After a 2-h incubation at 28◦C, 90µl water was added to the mixture
to stop the reaction.

Detection of pre-mRNAs and spliced mRNAs
To extract the total RNA, 100µl phenol/chloroform was added to the reaction
mixtures, which were then vigorously vortexed (Fig. 3D). The suspension was
centrifuged at 16,000 × g for 5min at room temperature. The aqueous phase
was transferred to a new tube, to which 10µl 3M Na acetate and 250µl 99.5%
ethanol were added. The mixture was incubated at−20◦C for 5min. The RNA
was pelleted by centrifugation at 16,000 × g for 15min at 4◦C and then washed
oncewith 70% ethanol.The RNApellet was dried briefly and dissolved in 1.25µl
water and 5µl 2× Bca 1st Buffer from the BcaBEST™ RNA PCR Kit (version

1.1) (TaKaRa Bio). The resulting RNA solution was used as the substrate for
amplifying pre-mRNAs and spliced mRNAs with the BcaBEST™ RNA PCR kit
(version 1.1) (Fig. 3E). The KS/T3 3′ primer was used for RT. The atpF 5′ and
KS/T3 3′ primers were used for the PCR amplification. The 10µl RT reaction
mixture comprised 1–10 fmol RNA, 25 pmol KS/T3 3′ primer and 8.25µl kit
RT components. The RT conditions were as follows: 65◦C for 1min, 30◦C for
5min, gradual increase to 65◦C for 15min, 65◦C for 15min, 98◦C for 5min and
5◦C for 5min. After the RT reaction, 0.2µM atpF 5′ primer and 40µl PCR solu-
tion (1× Bca 2nd Buffer, 2.5mMMgSO4 , 1.25 U/50µl Bca-Optimized Taq) were
added to the RTmixture. The PCR conditions were as follows: 30 cycles of 94◦C
for 30 s, 60◦C for 30 s and 72◦C for 50 s. ReverTra Ace (TOYOBO) and Phusion
High-Fidelity DNA polymerase (Thermo Fisher Scientific) were also used for RT-
PCR. Twenty-four cycles yielded sufficient products (Figs. 5, 6, Supplementary
Figs. S6, S7). After the PCR amplification, 10µl PCR products were separated
on a 2% agarose gel and stained with ethidium bromide (Fig. 3F). To exclude
potential artifacts, we followed the kit-attached instructions.

Details regarding the primers are provided in Supplementary Fig. S8.
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