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Bacterial group II introns encode maturase proteins required for
splicing. In organelles of photosynthetic land plants, most of the
group II introns have lost the reading frames for maturases. Here,
we show that the plastidial maturase MatK not only interacts with
its encoding intron within trnK-UUU, but also with six additional
group II introns, all belonging to intron subclass IIA. Mapping anal-
yses of RNA binding sites revealed MatK to recognize multiple
regions within the trnK intron. Organellar group II introns are
considered to be the ancestors of nuclear spliceosomal introns.
That MatK associates with multiple intron ligands makes it an
attractive model for an early trans-acting nuclear splicing activity.
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Group II introns are highly structured ribozymes, found in bac-
teria and organellar genomes of plants, fungi, protists, and

some animals. They catalyze their own excision from precursor
RNAs (1). In addition, bacterial group II introns are mobile genetic
elements. These features, as well as structural similarities with
nuclear introns, have led to theproposition that ancestorsofmodern
group II introns have crossed kingdoms from prokaryotes to
eukaryotes via eubacterial endosymbionts, and eventually evolved
into nuclear introns (2). Whereas nuclear introns are removed by a
large ribonucleoprotein complex called the spliceosome, each bac-
terial intron encodes a distinct maturase protein facilitating its
splicing. The evolutionary transition from the highly specific,
maturase-driven splicing toward the complex transacting spliceo-
somal machinery is unclear. Without any “living fossils” with a
protospliceosome, a key question is how the emerging intron
diversification was accompanied by a splicing machinery with the
ability to act onmultiple targets.At least initially, thealready existing
splicing factors encoded by the invading group II introns, i.e.,
modified maturases, may have fulfilled this task.
In present day organelles, maturase genes can be found in

fungal and plant mitochondria as well as in plant chloroplasts.
Although mitochondria are not directly amenable to transgenic
studies, there are a number of plant species, foremost tobacco,
for which directed mutagenesis of chloroplast genomes is pos-
sible (3). All land plant chloroplasts with the exception of some
parasitic species in the genus Cuscuta (4, 5) contain a single
maturase gene called matK in the intron of the lysine tRNA-K
(UUU) gene. matK is expressed at least in green tissue (6–8).
Sequence and structural homologies are found to the RNA
binding motif (domain X) and the reverse transcriptase domain
typically found in bacterial maturases (9, 10). Both domains are
involved in splicing. By contrast, domains required for the
mobility of group II introns are missing in MatK.
The function of matK in chloroplasts is so far unknown, but its

position inside the trnK gene suggests a role for splicing the trnK
precursor. Importantly, it has been suggested that other chlor-
oplast introns are targeted by MatK as well: firstly, several
chloroplast genomes of parasitic plants and ferns have lost trnK,
but have retained a free-standingmatK reading frame, suggesting
additional tasks for MatK, presumably in splicing other introns
(4, 5, 11–13); and secondly, loss of chloroplast translation leads
to loss of splicing for some, but not all chloroplast introns, sug-

gesting that a chloroplast reading frame is required for splicing
these multiple introns (7, 15, 16). As there are no other candi-
dates for RNA processing factors in the well-described and small
chloroplast genome, it was suggested that matK is responsible for
splicing these introns. If true, MatK would be an example of a
group II intron maturase that has left the strict association with
just a single target intron, joined by the group I intron maturase
BI4 from yeast mitochondria, which supports splicing of two
group I introns (17).
Attempts to generate knock-out alleles of matK to more

directly assess a function of MatK in splicing failed: no homo-
plastomic mutant tissue could be obtained, a clear sign for matK
being essential for cell survival (18). We therefore decided to
investigate on a genomewide scale, with which RNAs MatK is
associated in vivo and whether specific target sites can be iden-
tified. We found that MatK associates with seven intron-
containing transcripts and provides evidence that the association
takes place in a manner different from canonical bacterial
maturase proteins.

Results and Discussion
MatK Is a Soluble Stroma Protein Expressed Predominantly in Young
Leaf Tissue. Taking advantage of homologous recombination in
tobacco chloroplast (3), we appended an extension encoding the
hemagglutinin (HA) antigen to the 5′- or 3′-end of thematK gene,
respectively (Fig. 1 A and B). Control transformants without
extensions but with selection markers were also generated. Correct
integration and homoplastomy of the transgenes were verified by
PCR, Southern hybridization, and segregation analysis (Fig. 1C,
Fig. S1). Phenotypes of transplastomic plants were indistinguish-
able fromWTunder standard growth chamber conditions (Fig. S1),
which indicates that neither theN-terminal nor theC-terminalHA-
tag interferes with MatK function.
We verified expression of the tagged matK genes by Western

blotting analysis and demonstrated that MatK is localized in the
soluble fraction, and not the membrane fraction, of chloroplasts
(Fig. 2A). We quantified matK expression during tobacco
development (Fig. 2B). Intriguingly, strongest MatK accumu-
lation was observed at day 7 postimbibition in very young tissue.
In older plants, MatK is barely detectable. This expression pat-
tern is reminiscent of activity patterns of other factors involved in
chloroplast gene expression-like plastid RNA polymerases (19).
It suggests that MatK is instrumental in staging early chloroplast
development, whereas minute levels of MatK suffice for later
maintenance of gene expression.
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MatK Associates with Seven Chloroplast Introns. To identify MatK-
bound RNAs, we immunoprecipitated N- and C-terminally tag-
ged MatK proteins (Fig. 3A), labeled the coprecipitated RNA as
well as the unbound RNA with fluorescent dyes, and hybridized
both fractions competitively to a tobacco chloroplast genome
tiling microarray (RNA coimmunoprecipitation and Chip anal-
ysis, RIP-Chip, refs. 20, 21). Comparison of bound/unbound
ratios for samples and controls enabled calculation of a differ-
ential enrichment ratio, +HA/−HA, which was plotted against
the chromosomal position of each probe on the microarray (Fig.
3B and Table S1). Seven of the eight most strongly enriched
RNAs carry introns from the structurally defined group IIA
intron subclass. Four tRNAs (V-UAC, I-GAU, A-UGC, and K-
UUU) and two RNAs coding for ribosomal proteins (rpl2 and
rps12) were enriched, as was an RNA encoding a subunit of
chloroplast ATPase (atpF). The eighth signal corresponds to 23S
rRNA, but scored much lower in t test analyses than the group
IIA intron containing RNAs (Table S1), suggesting that the
differences observed between +HA and –HA immunoprecipi-
tations for 23S rRNA is not biologically significant. The 23S
rRNA is cotranscribed with trnA-UGC and trnI-GAU. Therefore,
low amounts of 23S rRNA found in the pellet of tagged MatK IPs
are likely coenriched because it is part of the same precursor.
To validate our RIP-Chip findings, we analyzed coimmuno-

precipitated, radiolabeled RNAs by dot-blot hybridization using
membrane-immobilized probes corresponding to the eight most
prominent peaks from RIP-Chip experiments, as well as several
controls including all plastid introns. Signals from replicate
experiments were quantified and normalized enrichment ratios,

+HA/−HA, were calculated. Only the seven RNAs containing
group IIA introns were significantly enriched (Fig. 3C). Neither
group IIB introns nor any of the other RNAs scoring low in t tests
of RIP-Chip experiments including 23S rRNA were enriched in
HA-tagged MatK immunoprecipitations. Our data demonstrate
that MatK interacts specifically with intron-containing RNAs, a
result that is in agreement with the phylogenetically supported
claim that MatK is an intron maturase. The only plastid group IIA
intron not identified in either type of analysis as aMatK target was
the second intron in the clpP mRNA. Further attempts to detect
clpP-intron 2 in slot-blot assays were negative (Fig. S2). The clpP
intron 2 is a structural outsider among group IIA introns (22) and is
retained in parasitic plants that have lost matK (4, 5), suggesting
that it does not requireMatK for splicing. Together, our data show
that MatK is a multivalent RNA-associated protein, which con-
trasts with the monospecific, bacterial group II intron maturases
characterized to date (1).

Fine Mapping of the MatK Target Site in the trnK Precursor RNA:
Association with Intronic Domains Excluding the matK Coding Region.
To narrow down the sequences associated with MatK in its target
transcripts, we prepared an array that covers the tobacco trnK gene
with oligonucleotides (Table S2). Similar approaches using oligos in
slot-blot experiments were successfully applied to identify sequence
areas of peak enrichment in Co-IP experiments of chloroplast-
localized RNA-binding proteins (e.g., 21, 23). The oligos used here
are with three exceptions all 50 nucleotides long. RNA isolated from
stroma and incubated during immunoprecipitation is degraded due
to the action of endogenous ribonucleases. This was controlled by
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Fig. 1. Tagging of chloroplast matK. (A) Map of thematK genomic region and description of transformation vectors for N-terminal tagging ofmatK (vectors
pRZN+/pRZN−). Black boxes correspond to exons. Inserts are shown as open boxes. Introns are shown as thin dotted lines connecting exons. aadA, selection
marker; HA, hemagglutinin tag. Bold lines indicate probe used in Southern blot experiment. Numbers refer to positions on the plastid chromosome ofwild-type
(WT) Nicotiana tabacum (acc. no. NC_001879). rec. border, border of chloroplast DNA fragment inserted in the transformation vector. M, MunI restriction sites
relevant for Southernanalysis (seeC). Note that sitesMunI 4629andMunI 4870wereeliminated inpRZN+andpRZN− for cloning strategy reasons. (B) Sameas inA
for C-terminal tagging of matK (vectors pRZC+/pRZC−). (C) Test for homoplastomy of transformed tobacco lines by Southern hybridization. Total DNA was
digested withMunI, separated by agarose gel electrophoresis, blotted, and hybridized to amatK gene-specific probe. (Left) 5′ probe for the detection of the N-
terminal sequence extension ofmatK. (Right) 3′probe for the detection of the C-terminal sequence extension (probe position and restriction sites are shown inA
and B). Identified MunI restriction fragments correlate with calculated sizes (note that Mun1 site 4629 is present in transplastomic plants, i.e., has not been
removed during recombination with vectors pRZN+ or pRZN−). On the basis of these fragment sizes, it can be inferred that line 1 is homoplastomic for both the
selective marker and the HA tag (arrow). Of the lines generated with the pRZC+ construct, numbers 5, 7, and 8 are homoplastomic for tag and cassette (arrows).
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RNA gel blot hybridization, which demonstrated that trnK precursor
transcripts are indeed degraded (Fig. S3). The bulk of the degraded
RNA is in a range of 200 nt to 500 nt. No intact precursor RNAs
beyond that length were detectable. This suggests that fine mapping
of RNAs associated with tagged MatK is possible. Like all group II
introns, the trnK intron can be represented as six secondary structure
domains (DI–VI) emanating from a central wheel (24). The posi-
tions of the oligos relative to these structural elements are given in
Table S2. As controls, 12 oligos were chosen for rrn16, rbcL, psbA,
the ndhB intron, the rpl16 intron, and the petD intron, none of which
associate with MatK. This array was used in RIP-Chip experiments
of N-terminally as well as C-terminally tagged MatK plus nontagged
controls (three experiments for each of the four genotypes). The
differential enrichment ratio (+HA/−HA) for each oligo was cal-
culated and plotted against the oligo’s position within the trnK gene
(Fig. 4A). The nonenriched sequences include the entire matK
ORF, domain V, parts of DVI, and exon sequences. By contrast, all
of the other oligos show enrichment values above control levels (Fig.
4). Enrichment is not a function of different GC content and thus
different labeling or hybridization efficiencies (Fig. S4).
These data suggest that MatK makes contacts with intronic

sequences upstream and downstream of the matK ORF, but
does not interact with the ORF itself. These results are also in
accordance with data from the initial RIP-Chip experiment,
which showed two enrichment peaks corresponding to intron
sequences, but no enrichment of the intervening matK sequences

(Fig. 3B). Importantly, the binding surface of LtrA includes DII
and regions of DI (25, 26). Both are also targets for MatK
according to our RIP-Chip results, suggesting that the general
positioning of MatK on the folded intron has been maintained
from bacteria to chloroplasts.

Peak Enrichment of RNA Coprecipitated with MatK Is Found in
Sequence Elements Inside trnK Intron Domains II and IV. In the Lac-
tococcus lactis L1.LtrB intron, the DIVa arm contains the
maturase start codon and Shine-Dalgarno sequence and has
been identified as a high-affinity binding site for LtrA (27).
Binding of LtrA to DIVa is considered to be the first contact of
LtrA with the intron and impacts splicing efficiency (28). In
addition, this interaction represses translation of the LtrA
reading frame (29) and has been suggested to be more important
for intron mobility than for splicing (30). We see no strong
association of the area surrounding the matK start codon or of
any sequences between DIII and DIV with tagged MatK (Fig.
4A; oligos trnK-16 through -19). Thus, if MatK autoregulation is
maintained in chloroplasts it is not likely to occur via docking to
the translational start of MatK. Possibly, loss of binding in this
area was tolerable, because the DIVa–maturase interaction was
more important for intron mobility than for splicing (30), a
feature definitely lost in chloroplasts.
Instead of enrichment of RNA close to the start codon, we

find enrichment for an area corresponding to the 3′-end of DIV,
downstream of the matK ORF (oligo trnK-39 and -40). Possibly,
this area downstream of the matK ORF is a binding site for
MatK. Speculatively, this binding could influence matK gene
expression, as it is known that 3′-UTRs of plastid mRNAs are
important determinants of RNA stability and often associate
with regulatory RNA binding proteins (31).
The prime peak for enrichment of RNA in tagged MatK RIP-

Chip experiments using the trnK oligo array corresponds to the
oligo trnK-11. trnK-11 covers the 5′-part and the terminal loop
of DII as well as D1(i) and D1(ii) (Table S2). In vitro binding
studies will be needed in the future to decide on the exact
binding site at a per-nucleotide resolution. Also, such in vitro
work would clarify whether the associated RNA regions deter-
mined here are due to a direct interaction with tagged MatK or
come about because of additional associated factors. Indeed, the
nuclear-encoded RNA binding proteins WTF/RNC1 and OTP51
are known to be involved in trnK splicing (32, 33) and thus might
interact with MatK. RNA recovered in pellets of tagged MatK
immunoprecipitations could thus potentially be coprecipitated
via a protein bridge. However, as other maturases bind RNA
directly, it is more parsimonious to assume that the observed
enrichments in tagged MatK RIP-Chip experiments are the
result of direct MatK–RNA interactions. Another caveat of the
analysis presented here is that it is not time resolved: Possibly the
MatK–RNPs enriched during immunoprecipitation represent a
collection of different MatK–RNA interactions caught at dif-
ferent stages of splicing. The contacts uncovered must therefore
not necessarily take place at the same time, but could be con-
secutive. A dynamic role for bacterial maturases during splicing
has indeed been proposed (25).
Among the intron elements with highest affinity for tagged

MatK were sequences that are considered defining features of
group IIA introns versus group IIB introns (24, 34), namely DI(i),
the DI–II junction nucleotides as well as the DIV–DV junction.
Specific contact with these areas could explain how MatK dis-
tinguishes between group IIAand group IIB introns. The exclusive
association with group IIA introns is in agreement with earlier
studies that reported a specific block in group IIA intron splicing
upon disruption of chloroplast translation in monocotyledonous
plants and suggested MatK as the responsible plastid-encoded
factor (7,15,16). In dicotyledonous tobacco, plastid translation is
essential for cell development, and targeted disruption ofmatK is
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Fig. 2. Expression Analysis of tagged MatK (A) Immunological detection of
HA-tagged MatK protein. Chloroplasts isolated from transplastomic or WT
lines were lysed and fractionated into membranes and soluble stroma. Frac-
tions were separated by SDS-PAGE on a 12%gel, blotted and probed using an
antiserum against the HA-epitope (Sigma). Arrow heads point to where an
irrelevant marker lane has been removed from the images. RbcL = large sub-
unit of RuBisCo detected by Ponceau staining. (B) TaggedMatK accumulation
during tobacco development. Total protein was extracted from tobacco seeds
or plants at different ages (41). Protein concentrations were determined and
equal amounts of protein were subject to Western analysis. From top to bot-
tom: a. Phenotypes of plants at different ages. b. Example Ponceau stain after
transfer of proteins to a nylonmembrane showing RbcL in green tissue, while
this protein is absent in seeds and germinating seedlings. c. Exemplary che-
molimunogram after detection of taggedMatK with an anti-HA antiserum in
the eight tissues analyzed. d. Chemoluminescence signals from three inde-
pendent Western analyses were quantified using a Lumi-Imager (Roche),
analyzed with Quantity One software (Biorad) and plotted relative to the
maximum signal obtained for 7d old plants (set to 1). Standard deviations are
given as vertical bars.
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not possible (18). Also, our own attempts to introduce point
mutations into thematK reading frame to generate hypomorphic,
viable mutants resulted exclusively in plants that retained the
selective marker, but had lost the point mutations (Fig. S5). The
MatK–RNA association data presented here suggest that this is
attributable to the fact that MatK is required for splicing of
essential plastid RNAs (four tRNA and two mRNA precursors

coding for ribosomal subunits). Plastid tRNAgenes and ribosomal
protein genes are known to be essential in tobacco (35–37).
Our data support a model whereMatKmakesmultiple contacts

with its target intron, which suggests a large interacting surface.
Such a large interacting protein–RNA interface could be instru-
mental for accommodating multiple introns by using different
attachment points for each individual intron (28). The common

D
i
f
f
e

r
e

n
t
i
a
l
 e

n
r
i
c
h

m
e

n
t
 (
+

H
A

/
-
H

A
)

0.25

0.5

1

2

4

8

16

32

R
e
l
a

t
i
v

e
 e

n
r
i
c

h
m

e
n

t
 

N+/N-

C+/C-

C

no intron

64

group IIA introns group IIB introns group I

intron

B

0.5

1

2

4

8

16

32

0 50 100 150 200

Genome position

rp
l2

tr
n
K

-UUU

tr
n
V

-UAC

a
tp
F

tr
n
I-G

AU

tr
n
A

-UGC

3
´
-
r
p
s
1
2

rr
n
2
3

35
40
55
70

100

P S P S P S P S
N+ C+C-N-

55

kD

RbcL

A

Fig. 3. MatKspecifically coimmunoprecipitateswith sevengroup IIA introns. (A) Immunological analysis of aliquots frompelletand supernatant fractionsof tagged
MatK immunoprecipitations from transplastomic plants using a peroxidase-linked HA antiserum (Sigma). A 35th of the total supernatant and a 10th of the pellet
fraction were loaded on the gel. P, pellet; S, supernatant; RbcL, large subunit of RuBisCo. (B) Identification of RNAs associated with HA-taggedMatK in chloroplast
stroma by RNA coimmunoprecipitation and microarray analysis (RIP-Chip). The enrichment ratios (F635:F532) were normalized between four assays with C+ lines,
three assays with N+ lines, three control experiments with C− lines, and three control experiments with N− lines. The background-corrected, median-normalized
values for replicate spots fromthe taggedMatKassaysweredividedby those fromthecontrol assaysandplottedaccording to their chromosomalposition. Scale for y-
axis is logarithmic. Corresponding data can be found in Table S1. (C) Validation of RIP-Chip data by dot-blot hybridization of radiolabeled RNAs that coimmuno-
precipitatedwithHA-taggedMatK.RNA that coimmunoprecipitatedwithHA-taggedMatKwas reverse transcribed in the presenceof labeleddeoxynucleotides and
random primers, and hybridized to DNA probes on a nylon filter. For each experiment, signals were normalized to the psbE signal. (Normalization to other probes
including psbA, rrn16, and rrn23 yielded similar results.) Normalized values from two C+ replicates were compared to two C− replicates to yield the relative
enrichment ratios shown here (with standard deviations). The same analysis was done for one pair of N+/N− experiments. Scale for y-axis is logarithmic.

3248 | www.pnas.org/cgi/doi/10.1073/pnas.0909400107 Zoschke et al.

http://www.pnas.org/cgi/data/0909400107/DCSupplemental/Supplemental_PDF#nameddest=sfig05
http://www.pnas.org/cgi/data/0909400107/DCSupplemental/Supplemental_PDF#nameddest=st01
www.pnas.org/cgi/doi/10.1073/pnas.0909400107


and specific ways MatK associates with diverse group IIA introns
can be addressed by using smaller tiling arrays for other MatK
targets like those shown here for the trnK precursor or by in vitro
binding studies. Our finding that a bacterial-type maturase is
capable of diversifying its target intron range has intriguing ram-
ifications for the evolution of nuclear introns. They show that a
single organellar maturase could have served a multitude of
introns after transfer of group II introns from organelles into the
nuclear genome. Thus, MatK is a model for an early proto-
spliceosomal activity during the arrival and initial spread of group
II introns through the eukaryotic genome. Therefore, under-
standing how MatK accommodates multiple introns has the
potential to help understand the mode of action of trans-acting
proteins in the spliceosome.

Methods
Cloning and Generation of Transplastomic Lines. Vector pRZN+: The target
region for homologous recombination was amplified from purified chlor-
oplast DNA using primers 5′matKAu1 and 5′matKAu2 and cloned into
pBluescript II SK+ (Stratagene) via SalI linkers. A point mutation in primer
5′matKAu1 eliminated a first MunI site. A second MunI site in the intergenic
matK-rps16 spacer was eliminated by restriction of the site, subsequent
blunting with Pfu polymerase (Phusion; Finnzymes) and religation. The
aadA-selective marker was introduced blunt-end into a blunted Bsp119I site.
The matK start codon was changed to a leucine codon by site-directed
mutagenesis and replaced with a MunI site, which required replacement of
an A by a T using primers 5′matKIn1 and 5′matKIn2. A DNA fragment with
MunI linkers encoding the hemagglutinin epitope was introduced into this
MunI site. Vector pRZN− is identical to pRZN+, but lacks the HA tag and
carries instead the wild-type matK 5′ terminus.

Vector pRZC+: The target region for homologous recombination was
amplified from purified chloroplast DNA using primers 3′matKAu1 and 3′
matKAu2, and cloned into pBluescript II SK+ (Stratagene) via SalI linkers and
sequenced. The aadA-selective marker cassette was inserted into a blunted
BglII site (38). The matK stop codon was eliminated by site-directed muta-
genesis and replaced with a MunI site, which required addition of a single T
using primers 3′matKIn1 and 3′matKIn2. A DNA fragment with MunI linkers
coding for the hemagglutinin epitope was introduced into this MunI site.
Vector pRZC− is identical to pRZC+, but lacks the HA tag and carries instead
the wild-type matK 3′ terminus. The sequences of all four final trans-
formation vectors have been deposited in GenBank (FN396957-FN396960).

Tobacco plastids were transformed by particle bombardment as described
previously (3). Plastid transformants were analyzed for correct integration of
the aadA cassette by PCR using the primer pairs, N+psbArev2 and aadA-RB-
for or 5′matK-test-rps16 and aadA-LB-rev. Presence of the HA tag was
verified by Southern blot, PCR, and immunologically.

Analysis of Coprecipitated RNA. RIP-Chip analysis of HA-tagged MatK was
performed essentially as described previously (21) using a full-genome
tobacco chloroplast microarray (20) or a custom-made oligonucleotide array.
Five microliters of anti-HA antiserum (Sigma) were used for each immuno-
precipitation. Full-plastome RIP-Chip: Hybridization was carried out with the
hybridization buffer III (Perkin-Elmer ASAP micromax labeling kit) at 50 °C
overnight. Washes were done for 15 min in 0.01% SDS/0.5× SSC; 15 min
0.01% SDS and 0.06× SSC; and 15 min 0.06× SSC (all at room temperature,
RT). After scanning in a Scanarray Gx unit (Perkin-Elmer) and extraction of
raw data with the GenePix 6.0 software (Axon), enrichment ratios of signals
from pellet fractions to supernatant fractions were determined for seven
biological replicates—three from N-terminally tagged plants and four from
C-terminally tagged plants. For each tag, 3 control RIP-Chip experiments
were analyzed as well. All 13 experiments were normalized and cleaned for
low signals or poor spots (21). Only probes for which more than half of all
spots passed these citeria were further considered. trnK-oligo RIP-Chip: the
analysis was carried out similarly to the full-genome array with the following
modifications: Hybridization was done at 40 °C. Washes were done each for
8 min in 0.02% SDS/1× SSC (40 °C), 1× SSC (RT), 0.2× SSC (RT), and 0.05× SSC
(RT). Altogether 12 experiments form the basis for the analysis, 3 for each
genotype (C+, C−, N+, and N−).

Dot-blot analysis of RNA coimmunoprecipitated with HA-tagged MatK:
Chloroplast genes were amplified by PCR. Amplification products (1 μg) were
denatured with 0.5 M NaOH before spotting on Hybond-N+ membranes
(Amersham) using a vacuum manifold. The DNA was fixed to the membrane
by UV-crosslinking (250 mJ/cm2). RNA coprecipitated with HA-tagged MatK
was DNase digested and reverse transcribed using the Quantitect reverse
transcriptase kit (Qiagen) in the presence of α32P-dCTP, α32P-dGTP, and α32P-
dATP. cDNA products were purified by gel filtration using Microspin G50
columns (Amersham), then denatured for 5 min at 96 °C and hybridized to
spotted probes at 48 °C overnight in Church buffer (39). Blots were washed
(10 min/wash) at 48 °C as follows: twice with 1× SSC/0.5% SDS, once with
0.5× SSC/0.1% SDS, and twice with 0.2× SSC/0.1% SDS. Signals were detected
using a phosphorimaging system (Personal Molecular Imager FX; Bio-Rad)
and quantified using the Quantity One software (Bio-Rad). Fig. 3C is based
on IPs from a total of six independent experiments: two C+ extracts, two C−
(negative) controls, one N+ extract and one N− (negative) control. For each
blot, all spots were normalized to the psbE signal.

Slot-blot analysis of RNA coimmunoprecipitated with tagged MatK was
carried out as described previously (21).

Analysis of Proteins. Chloroplasts were prepared as previously described (40).
Chloroplasts were lysed by incubation 10 min on ice in hypotonic lysis buffer
(30 mM hepes–KOH pH 7.7, 10 mM Mg acetate, 200 mM K acetate, 2 mM
DTT, and a mixture of protease inhibitors) and pulled 30 times through a
21G 1.5 gauge needle. Membranes were pelleted by centrifugation for 30
min at 30,000 g and 4 °C in a Sorvall RC6 centrifuge (SS34 rotor). Aliquots of
the membrane fraction resuspended in lysis buffer were used directly in
standard Western blot analysis. The supernatant constitutes the stromal
fraction used for RIP-Chip experiments.
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Fig. 4. Mapping of tagged MatK binding sites on the trnK precursor. (A)
Identification of trnK RNA segments associated with HA-tagged MatK in
chloroplast stroma by RIP-Chip analysis. The enrichment ratios (F635:F532)
were normalized between three assays for each genotype (C+, N+, C−, and
N−). The background-corrected, median-normalized values for replicate
spots from the tagged MatK assays were divided by those from the control
assays and plotted according to their position within the trnK gene. Intron
domains are marked below. (B) Enrichment values for control oligos corre-
sponding to genes not identified in intial RIP-Chip experiments. B is based on
the same set of experiments as described in A.
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