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MORF9 increases the RNA-binding activity of
PLS-type pentatricopeptide repeat protein in
plastid RNA editing
Junjie Yan1†, Qunxia Zhang1†, Zeyuan Guan1, Qiang Wang1, Li Li1, Fengying Ruan1, Rongcheng Lin2,
Tingting Zou1 and Ping Yin1*
RNA editing is a post-transcriptional process that modiﬁes the genetic information on RNA molecules. In ﬂowering plants,
RNA editing usually alters cytidine to uridine in plastids and mitochondria. The PLS-type pentatricopeptide repeat (PPR)
protein and the multiple organellar RNA editing factor (MORF, also known as RNA editing factor interacting protein (RIP)) are
two types of key trans-acting factors involved in this process. However, how they cooperate with one another remains unclear.
Here, we have characterized the interactions between a designer PLS-type PPR protein (PLS)3PPR and MORF9, and found that
RNA-binding activity of (PLS)3PPR is drastically increased on MORF9 binding. We also determined the crystal structures of
(PLS)3PPR, MORF9 and the (PLS)3PPR–MORF9 complex. MORF9 binding induces signiﬁcant compressed conformational
changes of (PLS)3PPR, revealing the molecular mechanisms by which MORF9-bound (PLS)3PPR has increased RNA-binding
activity. Similarly, increased RNA-binding activity is observed for the natural PLS-type PPR protein, LPA66, in the presence of
MORF9. These ﬁndings signiﬁcantly expand our understanding of MORF function in plant organellar RNA editing.
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NA editing is a post-transcriptional modiﬁcation process in
which the identity of an RNA molecule is altered by the
addition, deletion or conversion of nucleotides from the
genome-encoded sequence. Different types of RNA editing have
been widely observed in distinct kinds of RNA from divergent
organisms1. These modiﬁcations play crucial roles in multiple
aspects of developmental regulation2, signal transduction3, antivirus
response4, hormone and stress response5, organelle biogenesis6,7 and
cell division7. In humans, dysregulation of RNA editing has been
associated with myriad diseases such as glioblastoma8 and cancer9.
In eukaryotes, the most prevalent RNA editing is exempliﬁed by
two speciﬁc base deaminations, adenine to inosine (A-to-I) and
cytosine to uracil (C-to-U), which are catalysed by several families
of deaminases. A-to-I RNA editing is carried out exclusively by the
enzyme named adenosine deaminase acting on RNA (ADAR).
ADAR family members harbour one to three amino (N)-terminal
double-stranded RNA binding domain(s) (dsRBDs) that form contacts with dsRNA and a carboxy (C)-terminal catalytic domain that
deaminates the target adenine10. The best characterized C-to-U
editing in humans occurs in the nucleus and is catalysed by the
deaminase APOBEC1 and the APOBEC1 complementation factor
(ACF), which together form the editosome. APOBEC1 cannot
function alone and requires ACF, which recognizes the sequence
downstream of the edited cytidine and presents the target site to
APOBEC1 for deamination11. Intriguingly, C-to-U RNA editing in
plants mainly occurs in plastids or mitochondria12–16. More than
600 cytidines that are modiﬁed to uracil in these organelles have
been identiﬁed17; however, the underlying mechanisms for the vast
majority of C-to-U editing events remain largely unknown.
To date, a number of editing factors have been genetically identiﬁed to participate in C-to-U RNA editing in plant plastids and
mitochondria, two of which are the components of the hypothetical
editosome. The ﬁrst is the PLS-type PPR protein, which functions in

target RNA recognition in plant organelles. PPR mutants exhibit
decreased RNA editing efﬁciency, which results in various developmental defects in plants2,18. Characteristic PLS-type PPR proteins
consist of an array of PLS triplets, where the P (the canonical) motif
contains 35 amino acids, the L (long) motif contains 35–36 amino
acids and the S (short) motif contains 31 amino acids19. A number
of studies have described the right-handed superhelical assembly of
canonical P-type repeats20–24; nonetheless, how PLS-type repeats are
organized is still unknown.
The second is MORF (RIP)25,26. In Arabidopsis thaliana, this
family consists of ten members, all of which share a similarly conserved domain without any structural information. MORF2 and
MORF9 are targeted to plastids, MORF1 and MORF3–7 are
located in mitochondria25 and MORF8 are dual-targeted26.
Although morf mutants result in decreased editing efﬁciency25,26,
the molecular functions of MORF members are poorly understood.
Reports have been shown that MORF proteins interact with PPR
proteins in vivo 25,26, yet how these two factors cooperate with each
other requires further investigation.
In this study, we characterized the interactions between an engineered three-PLS triplet, (PLS)3PPR, and MORF9. We also determined the crystal structures of (PLS)3PPR, MORF9, and
(PLS)3PPR in complex with MORF9. We observed that
(PLS)3PPR undergoes notable conformational changes on MORF9
binding, leading to an increase in (PLS)3PPR’s RNA-binding
activity. This ﬁnding provides us new insights into the molecular
function of MORF protein and the assembly of key components
of the hypothetical RNA editosome in plant organellar RNA editing.

Results
Design of an artiﬁcial PLS-type PPR protein. We previously
reported the superhelical structure of the P-type PPR protein
PPR10 with or without ssRNA20. Based on these structures and
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Figure 1 | Structural overview of the designer (PLS)3PPR. a, Domain
organization of (PLS)3PPR, which comprises nine repeats containing three
PLS triplets fused to the N- and C-termini of PPR10. The residues from each
P-, L- and S-type motif are shown below the depiction of the domain
organization. b, The structure of (PLS)3PPR in two perpendicular
orientations. The two helices within each repeat are designated helix a and
helix b. c, Structural alignment of the L- and P-type motifs. d, Structural
alignment of the S- and P-type motifs. e, Distance calculation between the
5th and 35th (31st in the S-type motif) residues. The residues and
secondary structures of the P-, L- and S-type motifs are coloured yellow,
pink and slate, respectively. All ﬁgures were prepared using PyMOL.

sequence conservation analysis, we successfully designed four
artiﬁcial P-type PPR proteins that speciﬁcally targeted A, U, G or
C bases. Structures of the designer P-type PPR (dPPR) proteins in
complex with RNA exhibited nearly identical superhelical
assemblies compared with the natural PPR10 structure21. Similar
design strategies for the artiﬁcial P-type PPR proteins have also
been adopted by other groups23,24.
Our initial efforts to determine the structure of PLS-type PPR proteins based on screening dozens of natural PPR proteins expressed in
Escherichia coli were unsuccessful, as all of the recombinant proteins
were prone to aggregation. Thus, a similar design strategy was applied
to the L- and S-type motifs of PLS-type PPR proteins. Brieﬂy, all of
the PLS-type PPR proteins in A. thaliana were collected and analysed
using Prosite. A total of 1,117 31-amino-acid sequences were identiﬁed as S-type motifs (Supplementary Fig. 1a). Sequence alignment
between the P- and L-type motifs revealed obvious differences for
the 24th and 27th residues, with L-type motifs favouring H24 and
P-type motifs favouring M27 (ref. 16). Based on this discrepancy, a
total of 263 sequences were identiﬁed as L-type motifs by restricting
the 24th residue to histidine and the 27th residue to not methionine
(Supplementary Fig. 1a). The P-type motif was used as previously
described21. According to recent motif deﬁnitions27, our designed
P-, L- and S-type motif belong to P1-, L1- and S1 types, respectively.
To optimize the solubility and behaviour of the designed protein, an
2

N-terminal cap (RRQGVAPT) and a C-terminal solvating helix
(ELTYRRVVESYCRAKRFE) from PPR10 were added. Here, the artiﬁcial PLS-type PPR protein (PLS)3PPR was constructed with nine
repeats containing three PLS triplets capped with two termini
(Fig. 1a and Supplementary Fig. 1b). As expected, the engineered
(PLS)3PPR was well expressed in E. coli and puriﬁed to homogeneity
in large quantities for crystallization (Supplementary Fig. 1c).
Crystal structure of the designer (PLS)3PPR. The designer
(PLS)3PPR was crystallized in the P43 space group with two
symmetric PLS triplets in one unit cell. A complete (PLS)3PPR
protein could be assembled from the neighbouring three
asymmetric unit cells (Supplementary Fig. 2). The overall
structure of the designer (PLS)3PPR displays a superhelical
architecture similar to P-type PPR proteins, which have an
approximately 75 Å polar axis and a 45 Å equatorial diameter
(Fig. 1b); the structure of the designer P-type PPR protein
exhibited a longer, 91 Å polar axis and a similar equatorial
diameter of 47 Å23 (Supplementary Fig. 3).
On closer inspection of the structure, each motif consists of two
antiparallel α-helices designated helix a and helix b (Fig. 1b).
Helices a and b from each repeat constitute the concave and convex
surfaces of the superhelical assembly, respectively. Each type of
motif displays identical helical conformations (Supplementary
Fig. 4a–c). To evaluate their conformational variations, the L- and
S-type motifs were each aligned with the P-type motif. In the L-type
motif, helix b clearly rotates outward from the convex surface by
approximately 10° (Fig. 1c). For the S-type motif (31 amino acids),
one helical turn is reduced in helix b but not in helix a or the two
loops (Fig. 1d and Supplementary Fig. 4a,c), which reﬂects the lack
of four residues compared with the P-type motif (35 amino acids).
Based on the structural observation on PPR10, we had proposed
numbering the PPR motif from the ﬁrst amino acid of the ﬁrst
helix20. According to this numbering criterion, the 5th and 35th residues (corresponding to the residues 6 and 1′ in Barkan et al. 28 and to
the residues 4 and ii in Yagi et al. 29) were found to be speciﬁcally
involved in RNA base recognition21,27. To assess whether the L- and
S-type motifs are involved in RNA base recognition, the distance
between 5th and 35th (31st in S-type motif) residues in each motif
was calculated. This value is nearly two times larger in the L-type
motif than in the P-type motif (6.03 Å versus 3.02 Å) (Fig. 1e)
because of the outward shifting of helix b (Fig. 1c), but it is similar
to the S-type motif (3.32 Å versus 3.02 Å) (Fig. 1e), indicating that
the reduced helical turn in helix b has little effect on the conformation
of the last loop (Fig. 1d). These results suggest that the S-type motif is
capable of coordinating the RNA base, whereas the L-type motif is not,
unless there have been substantial conformation changes.
Crystal structure of MORF9 protein. The ten MORF members in
Arabidopsis, which all contain an uncharacterized conserved
domain (Supplementary Fig. 5), are required for RNA editing in
plastids and mitochondria25,26. To uncover the functions of MORF
proteins, we sought to determine the structures of this family. All
of the MORF proteins were expressed, puriﬁed to homogeneity and
subjected to crystallization. After numerous crystallization trials, we
ﬁnally determined the crystal structure of MORF9 (residues 75–196,
C85S/C187S) at a resolution of 2 Å. We traced the conserved
MORF domain, which comprises six core antiparallel β-sheets
ﬂanked by three α-helices and two long loops (Fig. 2a) with a
βααββαβββ topology (Fig. 2b). A search for structural homologues
of MORF9 using DALI (ref. 30) revealed no signiﬁcant matches,
highlighting the structural novelty of the MORF family.
MORF9 increases the RNA-binding activity of (PLS)3PPR.
Previous studies have demonstrated that MORF proteins could
associate with PLS-type PPR proteins in vivo 25,26,31. However,
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Figure 2 | Crystal structure of MORF9. a, Overall structure of MORF9. The
secondary structural elements are labelled. b, Topology diagram of MORF9,
with the secondary structure coloured and labelled as in a.

whether and how MORF proteins directly interact with PPR
proteins remains obscure. We ﬁrst assessed the interaction via size
exclusion chromatography (SEC). The elution volume of MORF9
and (PLS)3PPR were at approximately 16 and 15 ml, respectively
(Fig. 3a, upper and middle panels). On co-incubation, MORF9
and (PLS)3PPR were co-eluted at 12.5 ml, indicating the formation of
a (PLS)3PPR–MORF9 complex (Fig. 3a, lower panel). It is noteworthy
that the stoichiometry of MORF9: (PLS)3PPR was approximately
3:1, which is corroborated by analytical ultracentrifugation (AUC)
described below.
We examined the RNA-binding afﬁnity of (PLS)3PPR, MORF9,
and the binary complex by electrophoretic mobility shift assay
(EMSA). Our previous work had demonstrated that di-residues
ND and SN at 5th and 35th residues in the P-type motif recognize
uracil (U) and adenine (A), respectively21. On the basis of the structural alignment of the three motifs (Fig. 1e) and the other group’s
predictions16, we speculate that both the S-type motif and the L-type
a

motif share a similar RNA base recognition mode as the P-type
motif. Thus, di-residues at 5th (N) and 31st (D) in the S-type motif
should also recognize U. As the distance of di-residues at the 5th (S)
and 35th (N) in the L-type motif is notably larger than that of Pand S-type motif (Fig. 1e), there remain some uncertainties whether
the L-type motif can efﬁciently recognize its targeted RNA base A
or not. Accordingly, we used these four kinds of RNA substrates
(5′-(UNU)3-3′, N represents A, G, C or U) for EMSA.
Neither (PLS)3PPR nor MORF9 showed obvious RNA-binding
activity even at high protein concentrations (Fig. 3b and
Supplementary Fig. 6). Intriguingly, increasing band retardation
was detected with increasing amounts of the (PLS)3PPR–MORF9
complex with a substrate preference. The most favoured RNA
substrate of the complex is 5′-(UAU)3-3′ (the underlined letters
indicate the differences of distinct RNA substrate) with an estimated
dissociation constant of approximately 5.0 µM (Fig. 3b); promiscuous
RNA-binding bands was observed for 5′-(UGU)3-3′ (Supplementary
Fig. 6a); and no RNA-binding activity was observed using either
5′-(UCU)3-3′ or 5′-(UUU)3-3′ (Supplementary Fig. 6b,c). These
results suggest that the L-type motif shares the similar RNA base
recognition mode with that of the P-type and the S-type motifs.
Moreover, isothermal titration calorimetry (ITC) experiments
were applied to analyse the RNA-binding afﬁnity of those proteins
targeting to the RNA 5′-(UAU)3-3′. Consistently, only the
(PLS)3PPR–MORF9 complex exhibits remarkable RNA-binding
activity with a disassociation constant of approximately 1.4 µM
(Supplementary Fig. 7). Thus, taken together with the result of the
SEC and the AUC assays, it can be concluded that MORF9 is able
to interact with (PLS)3PPR and increase its RNA-binding activity.
L-type motifs play crucial roles in mediating (PLS)3PPR and
MORF9 interactions. To elucidate the molecular basis of
(PLS)3PPR recognition by MORF9, we attempted to determine
the crystal structure of the (PLS)3PPR–MORF9 complex. After a
series of rigorous explorations, we ﬁnally determined the complex
b
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structure at a resolution of 2.5 Å. After assigning most of the amino
acids, we clearly observed three MORF9 molecules bound to one
(PLS)3PPR, with each MORF9 binding to a single PLS triplet
(Fig. 4a), consistent with the observations from the SEC assay
(Fig. 3a, lower panel). We therefore speculated that a PLS
triplet alone is sufﬁcient for MORF9 binding. To test this hypothesis,
we constructed two additional PPR proteins containing either one
or two PLS triplet(s), designated (PLS)1PPR and (PLS)2PPR. Both
(PLS)1PPR and (PLS)2PPR interacted with MORF9 in SEC assays
(Supplementary Fig. 8a). The molar ratios of these three PPR proteins
and MORF9 were further explored by AUC. As expected, one, two
and three MORF9 molecules were observed to bind (PLS)1PPR,
(PLS)2PPR and (PLS)3PPR, respectively (Supplementary Fig. 8b).
Thus, the biochemical analysis corroborated the structural observations.
In the complex structure, most of the interactions occur on the
convex surface of (PLS)3PPR, which is composed of helices b
from each repeat (Fig. 4a). The interaction of each MORF9–PLS
triplet is primarily mediated by an L-type motif and includes
one hydrogen bond and two networks of extensive hydrophobic
contacts. The hydrogen bond is formed between K29 from the
L-type motif and D164 from MORF9 (Fig. 4b, the middle). A
single mutation at either of these two residues completely abolishes
the interaction (Supplementary Fig. 8c). Four residues (I80, L82,
W160 and L162) from MORF9 that buttress the hydrogen bond
are embedded in two hydrophobic grooves formed by the P-type
(L21, F24) and L-type motifs (L19, I23 and Y26) and the L-type
(H24, I28) and S-type motifs (Y11, L16, V23) (Fig. 4b).
MORF9 induces substantial conformational changes of
(PLS)3PPR. Structural superposition of MORF9 with each
(PLS)3PPR-bound MORF9 reveals few conformational changes
for MORF9, with a root mean squared deviation (r.m.s.d.) value
of approximately 0.5 Å over 97 Cα atoms (Supplementary Fig. 9).
Interestingly, the architecture of (PLS)3PPR undergoes striking
conformational changes upon MORF9 binding (Fig. 5a,b). The
superhelical assembly of MORF9-bound (PLS)3PPR is compressed
4

towards the centre, whereas both the axial length and diameter
are reduced (Fig. 5b). Close structural inspection of the individual
repeats reveals the molecular basis (Fig. 5c–e): both the P- and
S-type motifs exhibit few conformational changes (Fig. 5c,e);
however, the L-type motif shows pronounced conformational
variation, with helix b rotated inward by approximately 6°, placing
the 35th residue closer to the 5th residue (Fig. 5d). This difference
may be gradually ampliﬁed over an increasing number of L-type
motifs, ultimately leading to the prominent compression of the
superhelix, which is likely to favour target RNA binding.

Discussion
RNA editing has received particular attention because it challenges
the central dogma of molecular biology by changing genetic information at the transcript level. RNA editing is a dynamic and precisely regulated process. Recent progress, mostly via genetic
studies, has revealed two types of key players in C-to-U RNA
editing in plant organelles as the two components of the hypothetical RNA editosome: PLS-type PPR proteins6,32 and MORF proteins25,26. Here, we successfully designed an artiﬁcial PLS-type
PPR protein, (PLS)3PPR (Fig. 1a), and reconstituted the interaction
between (PLS)3PPR and MORF9 (Fig. 3a). Moreover, we identiﬁed
the obvious RNA-binding activity of the complex (Fig. 3b). We also
determined the crystal structures of (PLS)3PPR (Fig. 1b), MORF9
(Fig. 2a) and the binary complex (Fig. 4a). Structural alignment of
free (PLS)3PPR with MORF9-bound (PLS)3PPR and a RNAbound dPPR21 revealed distinct degrees of compactness for each
individual superhelical assembly. RNA-bound dPPR and (PLS)3PPR
displayed the most and least compact assembly, respectively,
whereas MORF9-bound (PLS)3PPR ranked in the middle (Fig. 6a).
This structural disparity may explain why MORF9-bound (PLS)3PPR
has increased RNA-binding ability compared with free (PLS)3PPR.
On the basis of these ﬁndings, we propose a working model for how
MORF9 functions in plant organellar RNA editing. In the absence of
MORF9, PLS-type PPR protein alone retains weak RNA-binding
activity. However, in the presence of MORF9, PLS-type PPR protein

NATURE PLANTS 3, 17037 (2017) | DOI: 10.1038/nplants.2017.37 | www.nature.com/natureplants

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

ARTICLES

NATURE PLANTS
a

b

90°

N

N

C

(PLS)3PPR
MORF9–(PLS)3PPR

c

P type

MORF9 unbound
MORF9 bound

d

L type

MORF9 unbound
MORF9 bound

e

S type

MORF9 unbound
MORF9 bound

Figure 5 | Structural alignment of free (PLS)3PPR with MORF9-bound (PLS)3PPR. a, Conformational changes in (PLS)3PPR on MORF9 binding. MORF9,
MORF9-bound (PLS)3PPR and free (PLS)3PPR are coloured grey, slate and yellow, respectively. b, Conformational changes in (PLS)3PPR upon MORF9
binding. MORF9 has been removed for clarity. c–e, P-type motif (c), L-type motif (d) and S-type motif structural superimposition (e) upon MORF9 binding.

undergoes compressed conformational changes; speciﬁcally, helix b
from the L-type motif moves towards the RNA-binding face. This
change results in increased RNA-binding activity of PLS-type PPR
proteins (Fig. 6b).
Usually, PLS-type PPR proteins retain RNA-binding activity. It
is, however, interesting that the designer (PLS)3PPR does not bind
to RNA obviously (Fig. 3b and Supplementary Fig. 6). On the
basis of structural alignment of the L-type motif with the P-type
motif (Fig. 1e), we speculate that, without other factors, the diresidues (the 5th and 35th) responsible for RNA base recognition
in the L-type motif of (PLS)3PPR could inefﬁciently coordinate
the base. And the remaining inconsecutive six repeats (three
P-type and three S-type motifs) in (PLS)3PPR might be not efﬁcient
for RNA binding, which is reminiscent of the dPPR proteins23,33.
The MORF protein family comprises ten members in
Arabidopsis. Functional studies have revealed that different morf
mutants result in distinct RNA editing deﬁciencies25, implying
unique roles for each MORF protein. Although the centrally conserved MORF domains in this family indicate their similar structural folds (Supplementary Fig. 5) and similar roles in binding to
PLS-type PPR proteins, whether individual MORF members
display functional divergence remains to be investigated. Multiple
sequence alignments using the designed PLS triplet and all chloroplast PLS-type PPR proteins from Arabidopsis revealed that a
number of natural PLS-type PPR proteins featured prominent
sequence conservation. Thus, these natural PLS-type PPR proteins
may be able to interact with different MORFs.
To further validate this working model, we have screened a series
of plastid PLS-type PPR proteins interacting with MORF9 via
co-expression strategy. After tedious trials, the LPA66–MORF9
complex could be puriﬁed to homogeneity (Supplementary Fig. 10a)
for further biochemical validation. The LPA66 is involved in the
RNA editing event of psbF (ref. 34). Then we examined the
RNA-binding activity of MORF9, LPA66 and LPA66-MORF9
complex against psbF (Supplementary Fig. 10b) by EMSA. No
RNA-binding ability was observed for MORF9 (Supplementary
Fig. 10c). Both LPA66 and LPA66-MORF9 complex exhibit RNAbinding ability, but the binding afﬁnity of the LPA66–MORF9
complex is notably stronger than that of LPA66 alone

(Supplementary Fig. 10d,e). Furthermore, the RNA-binding activity
of LPA66 is strikingly improved with the increased amount of MORF9
(Supplementary Fig. 10f). These results corroborate the working model
that MORF9 functions in plant plastid RNA editing by increasing the
RNA-binding ability of PLS-type PPR proteins.
Unlike their progenitor TPR (tetratricopeptide repeat) proteins,
which are known to mediate protein–protein interactions, PPR proteins are generally recognized to be RNA-binding proteins. The
complex structure from this study reveals important new insights
into PPR protein molecular architecture, particularly the interaction
of PLS-type PPR proteins with MORF proteins through their convex
surface (Fig. 4a), which represents a novel mode of protein–protein
interaction. During the preparation of our manuscript, a study
reported that the P-type PPR protein from human mitochondria,
LRPPRC, interacts with another protein, SLIRP, by means of residues involved in RNA recognition at the concave surface35. To
our knowledge, these are the ﬁrst two examples of interactions
between PPR proteins and other proteins. Here, the structural
study expands our knowledge that the concave surface of the PLS-type
PPR proteins attach to the target RNA, and the convex surface is
accessible to protein–protein interactions. Previous studies have
demonstrated that other editing factors such as ORRM1/2/3 (refs 36
and 37), PPO1 (ref. 38), OZ1 (ref. 39) affect the RNA editing and
interact with either MORF or PLS-type PPR proteins in plant plastids
or mitochondria. Thus, we speculate that PLS/PPR–MORF protein
complex could potentially function as a scaffold to recruit other
editing factors facilitating the functional RNA editosome assembly
in vivo.
The identity of the enzyme that catalyses the C-to-U conversion
in plant plastids and mitochondria has been a longstanding question. In Arabidopsis, nearly half of all PLS-type PPR proteins
contain C-terminal DYW domains. The DYW domain is thought
to contribute to cytidine deaminase activity, as it contains a
highly conserved signature HxE(x)nCxxC motif that resembles the
zinc-binding active site motif in known cytosine deaminase40.
Functional studies revealed that the DYW domain is dispensable
for a number of PPR proteins such as CRR22 and CRR28
(ref. 41), but is required for other PPR proteins, such as QED1
and RARE1 (ref. 42). Moreover, DYW1, which consists of no
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Figure 6 | Proposed working model of MORF9 in plant plastid RNA editing. a, Structural alignment of free (PLS)3PPR, MORF9-bound (PLS)3PPR and
RNA-bound dPPR (PDB ID: 5I9G). RNA, RNA-bound dPPR, free (PLS)3PPR and MORF9-bound (PLS)3PPR are coloured green, brown, yellow and slate,
respectively. b, The proposed working model of the improved RNA-binding activity of (PLS)3PPR upon MORF9 binding.

more than a DYW domain without any PPR repeats, functions in
RNA editing in conjunction with CRR4, which lacks the DYW
domain43. These cases suggest that DYW domains have evolved
divergently. Based on the observation that MORF proteins can
form homodimers or heterodimers in vivo 25 and interact with
PLS-type PPR proteins in our study (Figs 3a and 4a), we speculate
that MORFs might mediate connections to different PLS-type
PPR proteins to constitute the functional editosome. As a result,
the potential catalytic DYW domains could be supplied in trans if
absent from some PLS-type PPR proteins. Taken together, our
results offer new insights into the molecular function of MORF
proteins in plant organellar RNA editing.

Methods
Sequence design and molecular cloning. All the PLS-type PPR proteins in
Arabidopsis were collected and submitted to Prosite online analysis. A total of
1,117 sequences of 31-amino-acid sequences were identiﬁed as the S-type motif.
Sequence alignment between the P- and L-type motifs revealed their distinct
preference at the 24th and 27th residues. Based on this discrepancy, we restricted the
24th residue to histidine and the 27th residue to not methionine for L-type motif. As
a result, a number of 263 sequences were obtained. Sequence logos were constructed
using WebLogo44. The consensus sequence for the S-type motif is
VVVYNALIDMYSKCGLLEEARKVFDEMPEKD; and for the L-type motif,
EFTFSSVLKACARLGALELGKQIHGYVIKSGFESD; the P-type motif was used as
previously described21: VVTYNTLIDGLCKAGKLDEALKLFEEMVEKGIKPD. To
improve the solubility of the protein, an N-terminal cap comprising residues
RRQGVAPT and a C-terminal solvating helix comprising residues
ELTYRRVVESYCRAKRFE from maize PPR10 were added. In this study, we
constructed one, two and three PLS triplets with the same two termini, designated
(PLS)1PPR, (PLS)2PPR and (PLS)3PPR. The DNA coding sequences were
optimized, synthesized by Genewiz (Suzhou, China) and sub-cloned into pET21
vector (Novagen) for expression.
The full length of MORF9 was ampliﬁed from Arabidopsis cDNA and subcloned into pET21 (Novagen). Severe protein degradation was observed for the fulllength MORF9 protein. Mass spectrometry was used to identify the enriched protein
fragment from the 59th residue of MORF9, which is far away from the signal
cleavage site of residue 23–24 predicted by SignalP 3.0 (ref. 45). Thus, MORF9
(residues 59–232) was sub-cloned into pET21 (Novagen) or no-tagged vector
pBB75. The mutant constructs were generated using the two-step PCR method.
LPA66 (At5g48910.1) was ampliﬁed from genomic DNA without a signal peptide
sequence and DYW domain (residues 35–515), and cloned into the modiﬁed vector
pET15-MBP, generating MBP-tagged protein. All the constructs were veriﬁed by
DNA sequencing.
Protein expression and puriﬁcation. The sequenced plasmid was transformed into
E. coli BL21 (DE3). Lysogeny broth medium (1 l) supplemented with 100 mg ml−1
ampicillin was inoculated with a transformed bacterial pre-culture and shaken at
37 °C until the cell density reached an A600 of 1.0–1.2, protein expression was
induced with 0.2 mM isopropyl-β-D-thiogalactoside at 16 °C for 12 h. The cells were
collected by centrifugation, homogenized in buffer A (25 mM Tris–HCl, pH 8.0,
150 mM NaCl) and lysed using a high-pressure cell disrupter (JNBIO, China). Cell
debris was removed by centrifugation at 20,000g for 1 h at 4 °C, and the supernatant
was loaded onto a column equipped with Ni2+ afﬁnity resin (Ni-NTA, Qiagen),
washed with buffer B (25 mM Tris–HCl, pH 8.0, 150 mM NaCl, 15 mM imidazole)
6

and eluted with buffer C (25 mM Tris–HCl, pH 8.0, 250 mM imidazole). The
protein was then separated by anion exchange chromatography (Source 15Q,
GE Healthcare) using a linear NaCl gradient in buffer A. The puriﬁed protein was
concentrated and subjected to gel ﬁltration chromatography (Superdex-200 Increase
10/300 GL, GE Healthcare) in a buffer containing 25 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 5 mM dithiothreitol. Purity of the proteins was examined using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) and visualized by
Coomassie blue staining through all puriﬁcation processes. The peak fractions were
pooled for crystallization immediately or stored at −80 °C. Selenomethioninelabelled (PLS)3PPR or MORF9 and the mutant proteins were puriﬁed similarly as
the wild-type proteins. For co-expression analysis, the pET15–MBP–LPA66 plasmid
and pBB75–MORF9 plasmid were co-transformed into E. coli BL21 (DE3). Protein
induction and puriﬁcation was performed as described above.
Size exclusion chromatography. To examine the interaction between the PLS
triplets and MORF9 protein, the recombinant (PLS)1PPR, (PLS)2PPR, (PLS)3PPR
was individually incubated with MORF9 protein for an hour at 4 °C and further
puriﬁed by SEC (Superdex-200 Increase 10/300 GL, GE Healthcare) in a buffer
containing 25 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM dithiothreitol.
Fractions at same elution volume from individual injections were examined by
SDS–PAGE. The peak fractions of (PLS)1PPR–MORF9, (PLS)2PPR–MORF9 and
(PLS)3PPR–MORF9 were subjected for AUC analysis.
Crystallization. Protein was concentrated to 10 mg ml−1 before crystallization trials.
Crystallizations were performed using the sitting-drop vapour diffusion method at
18 °C by mixing equal volumes (1 µl) of protein with reservoir solution. The rod-like
crystal of (PLS)3PPR protein appeared overnight and grew to full size within
three days in the well buffer containing 0.1 M sodium HEPES, pH 7.0, 0.1 M
magnesium chloride, 15% (v/v) polyethylene glycol 4,000. As our initial attempts to
crystallize MORF9 (residue 59–232) were unsuccessful, a series of truncations and
cysteine mutations were performed. After several rounds of optimization, the
needle-shaped crystal of MORF9 (residue 75–196, C85S/C187S) appeared in the well
buffer containing 0.1 M MES, pH 5.9, 0.1 M sodium bromide, 0.2 M sodium
thiocyanate, 22% (v/v) polyethylene glycol 3,350. The fusiform crystal for the
(PLS)3PPR–MORF9 complex appeared in the well buffer containing
0.1 M sodium acetate, pH 5.3, 1% (v/v) polyethylene glycol 4,000, 17% (v/v)
2-methyl-2,4-pentanediol. These crystals were ﬂash-frozen in liquid nitrogen
and cryoprotected by adding glycerol to a ﬁnal concentration of 10–20%.
Data collection and structure determination. All the diffraction data were collected
at Shanghai Synchrotron Research Facility (SSRF) on beamline BL17U or BL19U,
integrated, and processed with the HKL2000 program suite and XDS packages46.
Further data processing was carried out using CCP4 suit47. The structure of MORF9
and (PLS)3PPR were solved via single-wavelength anomalous diffraction (SAD)
method. The structure of (PLS)3PPR–MORF9 was solved by molecular replacement
with the newly solved apo (PLS)3PPR and MORF9 as the search model using the
program PHASER48. All the structures were iteratively built with COOT49 and
reﬁned with PHENIX program50. Data collection and structure reﬁnement statistics
are summarized in Supplementary Table 1. All ﬁgures were generated using the
program PyMOL (http://www.pymol.org/).
Electrophoretic mobility shift assay. The ssRNA oligonucleotides (5′-g(UNU)3uc-3′,
N represents A, G, C or U) were radiolabelled at the 5′ end with [γ-32P]ATP
(PerkinElmer), catalysed by T4 polynucleotide kinase (Takara). The labelled RNA
was puriﬁed by centrifugation through a 2 cm bed of G-25 size exclusion resin
packed in a mini-spin column (GE Healthcare) and centrifuged at 750g for 2 min.
For EMSA, proteins were incubated with approximately 2 nM 32P-labelled probe in
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ﬁnal binding reactions containing 25 mM Tris-HCl, pH 8.0, 5 mM MgCl2 , 40 mM
NaCl, 50 ng ml−1 heparin and 10% glycerol for 30 min at 25 °C. Then the reactions
were resolved on 6% native acrylamide gels (37.5:1 acrylamide:bis-acrylamide) in
0.5× Tris-glycine buffer under an electric ﬁeld of 15 V cm−1 for 1.5 h. Gels were
visualized on a phosphor screen (Amersham Biosciences) using a Typhoon Trio
Imager (Amersham Biosciences). The results are representative of three independent
experiments. The dissociation constant (Kd) was determined from the concentration
of protein at which 50% of the RNA probe was bound.
Isothermal titration calorimetry. ITC experiments were performed at 25 °C using
Auto-iTC200 titration calorimetry (MicroCal). To assess the RNA-binding afﬁnity
of proteins, RNA (250 µM) was dissolved in reaction buffer containing 20 mM
HEPES, pH 7.5, and 150 mM NaCl (40 µl) and titrated against 20 µM protein in the
same buffer (200 µl). To analyse the binding ability of (PLS)1PPR to MORF9,
MORF9 or its mutant (100 µM) was dissolved in reaction buffer containing 25 mM
Tris-HCl, pH 8.0, and 150 mM NaCl (40 µl) and titrated against 10 µM (PLS)1PPR
in the same buffer (200 µl). The ﬁrst injection (0.5 µl) was followed by 19 injections
of 2 µl. The heat of dilution values was measured by injecting RNA or MORF9 into
buffer alone in each experiment. The values were subtracted from the experimental
curves before data analysis. The stirring rate was 750 r.p.m. The MicroCal ORIGIN
software supplied with the instrument was used to determine the site-binding model
that produced a good ﬁt (low × 2 value) for the resulting data.
Analytical ultracentrifugation. The stoichiometry of MORF9 in complex with
(PLS)1PPR, (PLS)2PPR or (PLS)3PPR were investigated by AUC experiments, which
were performed in a Beckman Coulter XL-I analytical ultracentrifuge using
two-channel centrepieces. MORF9–(PLS)1PPR, MORF9–(PLS)2PPR and MORF9–
(PLS)3PPR were in solutions containing 25 mM Tris-HCl, pH 8.0, 150 mM NaCl.
Data were collected by absorbance detection at 18 °C for proteins at a concentration
of 0.8∼1 mg ml−1 at a rotor speed of 45,000 r.p.m. The SV-AUC data were globally
analysed using the SEDFIT program and ﬁtted to a continuous c(s) distribution
model to determine the molecular mass of each complex.
Data availability. Coordinates and structure factors have been deposited in the
Protein Data Bank under accession codes 5GI0 (MORF9), 5IZW ((PLS)3PPR) and
5IWW ((PLS)3PPR–MORF9 complex).
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