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Abstract

Pentatricopeptide repeat (PPR) proteins are crucial for organellar gene expression. To establish a tool for gene expression manipulation in
Arabidopsis plastids and genetically inaccessible mitochondria, we engineered designer (dPPR) proteins to specifically inhibit the translation
of organellar mRNAs by masking their start codons. Unlike prior methods for targeted downregulation of gene expression, which rely on re-
targeting native PPR proteins to RNA sequences closely related to their original targets, our approach employs a synthetic P-type PPR scaffold
that can be designed to bind any RNA sequence of interest. Here, using dPPR-psbK and dPPR-nad7, we targeted the psbK mRNA in chloroplasts
and the nad7 mRNA in mitochondria, respectively. dPPR-psbK effectively bound to psbK mRNA and inhibited its translation with high specificity,
resulting in disrupted PSIlI supercomplexes and reduced photosynthetic efficiency. dPPR-nad” suppressed nad7 translation, affecting NADH
oxidase activity in complex | and growth retardation. Comparing phenotypes with tobacco psbK knockouts and nad” knockdown bir6-2 mutants,
along with quantitative proteomics, showed no clear evidence of physiologically relevant off-target effects. Our findings establish dPPR proteins
as precise tools for targeted translation inhibition, facilitating functional studies of organellar genes and offering a novel approach with potential
for manipulating organellar gene expression in diverse plant species.

Graphical abstract

Introduction ing proteins for the transcription—translation machinery and
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metabolic pathways localized in chloroplasts [1]. Similarly, the
mitochondrial genome of Arabidopsis, containing ~60 genes,
encodes critical components of the respiratory chain, ATP
synthase complexes (I-V), and many proteins of unknown
function. Additionally, it includes genes involved in protein
translocation, cytochrome ¢ biogenesis, ribosomal subunits, as
well as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs)
[2]. A significant number of these genes code for subunits of
large protein complexes, but the mechanisms governing their
biogenesis, assembly, and functionality remain largely elusive.
To address and clarify these unresolved questions, various ap-
proaches have been established to allow genome manipulation
in organelles. Transplastomic technologies have first been em-
ployed in tobacco plastids enabling detailed study of nearly all
chloroplast protein-coding genes, with only a few exceptions
such as PsbK and Ycf5 [3].

Unlike chloroplasts, there are currently no feasible methods
for transforming plant mitochondria. Consequently, indirect
and in most cases laborious strategies have been developed
to manipulate mitochondrial gene expression. For instance,
transcription activator-like effector nucleases (TALENSs) were
used to knockout genes in rice, rapeseed, and tobacco [4-6].
Additionally, the DddA-derived cytosine base editor (DdCBE)
promoted mutagenesis in mitochondria and chloroplasts [7].
Other approaches utilized tRNA-like ribozymes to decrease
the expression of specific mitochondrial genes [8, 9]. Further-
more, the native PPR protein RPF2 was modified by altering
the specificity of just two of its 16 PPR domains, enabling
it to target and cleave segments of two new mRNA targets,
nad6 and atpl, which differ from the natural RPF2 target
sequences located within the 5’-untranslated regions of cox3
and nad9 mRNAs at only two or three positions, respectively
[10-12]. This targeted cleavage led to effective knockdown
in the expression of nadé and atp1; however, this approach
depends on and is restricted to sequence similarities between
the RPF2’ natural RNA targets and the newly targeted tran-
scripts [13]. Here, we developed a different approach to alter
organellar gene expression, employing synthetic customized
pentatricopeptide repeat (PPR) proteins. Synthetic PPRs do
not rely on sequence similarities to any naturally occurring
RNA targets and can therefore be designed to bind virtually
any RNA sequence of interest.

PPR proteins, prevalent in land plants, are RNA-binding
proteins that regulate organellar gene expression at the post-
transcriptional level. By binding to transcripts in a sequence-
specific manner, PPR proteins influence various processes such
as splicing, editing, processing, stability, and translation of
their target RNAs. PPR proteins are defined by degenerate 35-
amino acid repeat that form two antiparallel «-helices. When
arranged in tandem arrays, these repeats create a super-helical
structure that binds RNA in a one-repeat, one-nucleotide
manner. The specificity of PPR protein binding is determined
by two amino acids located at positions 5 and 35 within each
repeat [14]. This understanding led to the development of the
PPR recognition code, enabling the design of the first pro-
grammable synthetic PPR protein that was shown to bind
specifically to its target RNA in vitro [15]. Applying this pro-
tein design, it has been previously demonstrated that synthetic
PPR proteins are also functional i vivo [16, 17] and can sub-
stitute for endogenous PPR or other RNA-binding proteins
[18,19]. In this study, we employed a synthetic PPR scaffold to
create a designer (d)PPR protein designated as dPPR-psbK. By
modifying the two specificity-determining amino acids within

each repeat, we designed dPPR-psbK to bind and mask the
start codon of the psbK mRNA in the chloroplast. Further-
more, we designed a second dPPR protein, named dPPR-nad7,
to target a segment located just downstream of the translation
initiation codon of the mitochondrial #zad7 mRNA. Our find-
ings demonstrate that binding of the dPPR proteins directly
or adjacent to the start codon of the target mRNAs efficiently
lower their translation rates. Studying the deleterious effects
of downregulated psbK and nad7 translation revealed a pre-
viously unknown role of PsbK in the formation of PSII super-
complexes in the chloroplast of vascular plants and confirmed
the relevance of Nad7 for efficient NADH oxidase activity in
mitochondria. Thus, targeted translation inhibition can now
be added to the list of applications of dPPRs and represents
a fast and efficient approach for the manipulation of gene ex-
pression in both organelles, chloroplast and mitochondria.

Materials and methods

Plant material and growth conditions

The bir6-2 T-DNA line SALK_00 031 (At3g48250) was used
[20]. All Arabidopsis plants were grown on soil under the
following controlled conditions: 12-h light (20°C)/12-h dark
(18°C) at a PFD of 100 uM photons m~2 s~ 1.

For immunodetection of mitochondrial proteins and RNA
co-immunoprecipitation analysis, mitochondria were isolated
from hydroponic seedling cultures. Seedling cultivation and
mitochondria isolation were carried out as described previ-
ously [21].

Nicotiana tabacum and Nicotiana benthamiana plants
were grown on soil under standard greenhouse conditions
(16-h light/8-h dark cycle; 22°C; in average 200 uM photons
m~2 s 1),

Generation of transgenic lines

The coding sequences of dPPR-psbK and dPPR-nad7 were
codon-optimized for Arabidopsis thaliana (Supplementary
Fig. S2), synthesized, and cloned into pDONR221 by Invit-
rogen. The delivered constructs, pPDONR221:dPPR-psbK and
pDONR221:dPPR-nad7, were then subcloned into pAUL1
[22] vector using LR II clonase (Invitrogen, Thermo Fisher
Scientific) following the manufacturer’s protocol. Agrobac-
terium tumefaciens GV3101 cells transfected with the result-
ing constructs, pAUL1:dPPR-psbK and pAUL1:dPPR-nad7,
were used for floral dip transformation of Col-0 (WT) Ara-
bidopsis plants. Transgenic plants of T1 generation were se-
lected by Basta treatment and the expression of the transgenes
was verified by immunodection with HA antibodies.

For generation of psbK knockouts in tobacco, a 3619 bp
fragment, covering the tobacco chloroplast genome positions
6150 to 9769, and containing the PsbK gene was generated by
BamHI restriction digest of clone B25 obtained from the to-
bacco plastome clone bank [23]. This fragment was inserted
into the BamHI sites of the pBluescript Il KS™ (Stratagene Inc.,
La Jolla, CA). A terminatorless chimeric aadA cassette con-
taining the tobacco 16S rRNA promoter was then cloned into
the naturally occurring Stul site at position 85 of PsbK gene
in reading frame orientation. This clone was used for trans-
formation of tobacco leaves (Nicotiana tabacum cv Petit Ha-
vanna) via particle bombardment [3]. The transformed leaf
pieces were selected, regenerated, and cultured on medium
containing spectinomycin [24]. Three selected lines were then
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backcrossed five times using WT pollen as donor and homo-
plastomy was confirmed by genotyping PCR.

Immunoblot analyses and blue native-PAGE

Thylakoid membrane proteins, isolated as described in the
RNA co-immunoprecipitation and slot blot hybridization sec-
tion, were resuspended in thylakoid resuspension buffer [100
mM Na,COj3 and 10% (w/v) sucrose]. Proteins correspond-
ing to 5 ug of chlorophyll were fractionated using SDS-PAGE
on Tris-Tricine gels. For total protein extraction, 9-mm diam-
eter leaf discs were homogenized in 100 ul of sample buffer
(120 mM Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, 2.5%
B-mercaptoethanol, 0.01% bromophenol blue), and cell de-
bris were pelleted by centrifugation (5 min at room temper-
ature, 21 000 x g). Ten microliters of the supernatant were
separated on SDS-PAGE using 12% Tris-glycine gels. Pro-
teins were transferred onto polyvinylidene fluoride (PVDF)
membranes by wet transfer using blotting buffer (25 mM
Tris, 192 mM glycine, and 20% ethanol). Membranes were
stained with Coomassie Brilliant Blue (CBB) G-250 solu-
tion [0.02% CBB G-250, 25% (v/v) methanol, and 10%
(v/v) acetic acid] to control for efficient transfer and sam-
ple loading. Destained membranes were blocked for 1 h at
room temperature using TBST buffer [25 mM Tris—-HCI, pH
8, 150 mM NaCl, and 0.1% (v/v) Tween 20] supplemented
with 5% (w/v) skim milk powder and incubated overnight
at 4°C in the blocking buffer containing primary antibodies.
Membranes were then washed three times with TBST buffer
and incubated with secondary antibodies in TBST supple-
mented with 2.5% (w/v) skim milk powder. After an addi-
tional three washes with TBST, signals were detected using
SuperSignal West Pico Plus Chemilumescent Substrat (Pierce,
Thermo Fisher Scientific) and read with a Fusion FX7 system
(PeqLab).

Antibodies against Psbl (AS06-158, 1:5000), PsbA (AS0S5-
084, 1:10 000), PsbD (AS06-146, 1:5000), PsaA (ASO-
6172, 1:5000), PsaB (AS10-695, 1:1000), PetB (AS18-4169,
1:5000), Lhcb2 (AS01-003, 1:5000), AOX1/2 (AS04-054,
1:1000), Cox2 (AS04-053A, 1:1000), and AtpB (AS05-085,
1:5000) were obtained from Agrisera. PsbK (PHY4392A,
1:1000) and Nad7 (PHY1077S, 1:1000) were acquired from
PhytoAB; monoclonal HA antibodies (H9658, 1:5000) were
purchased from Sigma-Aldrich and GFP antibodies (50430-2-
AP, 1:2500) from Proteintech. AtpF (1:1000), NdhH (1:1000),
Nad9 (1:10 000), and CS (1:10 000) were kindly provided
by Richard ]. Berzborn (University of Bochum), Klaus Stein-
miiller (University of Diisseldorf), Hans-Peter Braun (Uni-
versity of Hannover), and Iris Finkemeier (University of
Miinster), respectively. The following secondary antibodies
were used: Goat Anti-Rabbit, IgG Antibody, HRP-conjugate
(Sigma—Aldrich, A9169, 1:25 000), and Goat Anti-Mouse IgG
(Jackson Immuno Reasearch, 115-035-062, 1:10 000).

Thylakoid membranes for blue native (BN)-PAGE were iso-
lated and solubilized as described previously [25]. Photosyn-
thetic complexes were separated in the first dimension using
precast NativePAGE™ 3%-12%, Bis-Tris, 1.0 mm, and mini
protein gels (Invitrogen), according to the manufacturer’s in-
structions. Lanes were denatured for 30 min in denaturation
buffer (2% SDS, 66.7 mM Na,; COj3, and 100 mM Dithiothre-
itol (DTT)) and separated in the second dimension using SDS—
PAGE on 12% Tris-Tricine gels. Gels were then stained with
Roti-Blue quick solution (Carl Roth).
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BN-PAGE of mitochondrial respiratory complexes and
subsequent complex I activity staining were performed as de-
scribed previously [26]. Ten-day-old seedlings from hydro-
ponic cultures were used.

Photosynthetic measurements

A pulse amplitude-modulated system (Dual-PAM 100, Walz
Photosynthetic Instruments) was used to measure the PSII
maximum quantum yield (Fv/Fm), the effective PSII quan-
tum yield [®(PSII)], nonregulated nonphotochemical quench-
ing yield [®(NO)], the quantum yield of PSI [®(PSI)], as well
as acceptor [®(NA)], and donor side [®(ND)] limitation at
PSI. Actinic light intensities of 80 umol photons m—2 s~! and
saturating light pulses with a duration of 800 ms and a light
intensity of 6000 pumol photons m~2 s~ were used. Fluores-
cence parameters were taken in the steady state 5 min after
induction. Chlorophyll fluorescence imaging was performed
using the Hexagon-Imaging-PAM (Walz Photosynthetic
Instruments).

Thermoluminescence (TL) measurements were conducted
to assess the impact of PsbK loss on electron transport within
PSIIL. Leaf discs (10 mm) were dark-adapted for 30 min at
20°C, rapidly cooled to —1°C with liquid nitrogen, and then
illuminated with a single-turnover flash to induce charge sep-
aration in PSII centers. The samples were warmed to 60°C at
a rate of 1°C/s, and the B-band light emission was measured
during the heating, which primarily reflects the recombina-
tion of the S2/S3QB-charge pair and typically appears around
30°C in plants [27].

Protein purification and EMSA

The coding sequences of dPPR-psbK and dPPR-nad7, exclud-
ing the transit peptides, were PCR amplified using primers
Fw dPPR-psbK /-nad7 BamHI and Rev dPPR-psbK /-nad7 Bcll
(primer details are provided in Supplementary Table S1). The
PCR products were digested with BamHI/Bcll and cloned
into the BamHI/Sall restriction sites of the pMAL-Tev vec-
tor (generously provided by Alice Barkan, University of Ore-
gon). The resulting constructs were transformed into Rosetta
2 (DE3) cells (Merck). Cultures were grown to an ODgg of
0.5, and recombinant protein expression was induced with
1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells
were grown for 3 h at 20°C with shaking (200 rpm), then har-
vested by centrifugation (15 min at 4°C, 5000 x g) and lysed
in lysis buffer [30 mM Tris-HCI, pH 7.5, 450 mM NaCl, §
mM p-mercaptoethanol, and cOmplete™ EDTA-free Protease
Inhibitor Cocktail (Roche)] via sonication. The lysates were
cleared by centrifugation (15 min at 4°C, 21 000 x g) and in-
cubated with amylose resin (NEB) for 1 h at 4°C with rotation
(10 rpm). The resin was washed three times with lysis buffer,
and proteins were eluted in the same buffer supplemented with
150 mM maltose.

Proteins were further purified using the Akta pure system
with a Superdex® 200 Increase 10/300 GL column and run-
ning buffer (100 mM Tris—=HCI, pH 7.5, 150 mM NaCl, 1 mM
EDTA, and 5 mM B-mercaptoethanol). Fractions containing
the purified proteins were concentrated, supplemented with
50% glycerol, and stored at —80°C until use.

Electrophoretic mobility shift assays (EMSAs) were per-
formed as described previously [18], with the modification
that gels were not dried but frozen at —80°C while exposed
to phosphor imaging screens.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf222#supplementary-data

4 Manavski et al.

Subcellular localization analyses

For subcellular localization studies, pPDONR221:dPPR-psbK
and pDONR221:dPPR-nad7 were cloned into pB7FWG2 us-
ing LR clonase II (Invitrogen, Thermo Fisher Scientific). To-
bacco leaf infiltration and protoplast isolation was carried out
as described previously [18]. The Axio Imager fluorescence
microscope (Zeiss) was used to detect chlorophyll autofluo-
rescence, eGFP signals, and to capture bright-field images of
protoplasts.

Polysome loading analysis

Polysome analysis of chloroplast transcripts was performed
using 2-week-old plants, while polysome loading of mito-
chondrial mRNAs was examined in 10-day-old seedlings
grown in hydroponic culture (see above). Experiments
were conducted as previously described [28]. Recovered
RNA was resuspended in gel loading buffer [6% (v/v)
formaldehyde, 42% (v/v) deionized formamide, 1x 3-(N-
Morpholino)propanesulfonic acid (MOPS) buffer, pH 8.0,
0.01% (v/v) bromophenol blue, and 0.01% (v/v) xylen-
cyanol] and denatured for 5 min at 70°C. RNA was then
separated on 1.2% agarose gels prepared with 1x MOPS
buffer (pH 8.0) and 6% (v/v) formaldehyde, using a running
buffer containing 1x MOPS buffer (pH 7.0) and 3.7% (v/v)
formaldehyde. RNA was transferred onto Hybond-N + mem-
brane (GE Healthcare) overnight by capillary transfer using
20x SSC buffer and immobilized by UV crosslinking.

For the detection of chloroplast transcripts, 80-mer DNA
oligos were 5'-end radiolabeled using T4 polynucleotide ki-
nase (NEB), according to the manufacturer’s instructions. Mi-
tochondrial mRNAs were detected using radiolabeled iz vitro
transcripts complementary to the target mRNAs. These tran-
scripts were generated using T7 RNA polymerase with PCR
templates containing a T7 promoter and [«32P] UTP, follow-
ing the manufacturer’s protocol (Thermo Fisher Scientific).

Blots were hybridized overnight either at 55°C (for DNA
oligos) or at 68°C (for in vitro transcripts) in PerfectHyb™
Plus hybridization buffer (Merck). The blots were then
washed twice in washing buffer (1x SSC and 0.1% SDS) and
exposed to phosphor imaging screens.

RNA co-immunoprecipitation and slot blot
hybridization

Chloroplasts were prepared from 2-week-old WT and dPPR-
psbK plants. Leaves were homogenized in extraction buffer
[0.45 M Sorbit, 20 mM Tricine, pH 8.4, 10 mM EDTA, 10
mM NaHCOj3, and 0.1% (w/v) BSA] using a Waring blender.
The homogenate was filtered through two layers of Mira-
cloth and then centrifuged at 1500 x g for 7 min at 4°C.
Chloroplasts were washed in washing buffer (0.3 M Sorbit,
20 mM Tricine pH 8.4 KOH, 2.5 mM EDTA, and 5 mM
MgCl,), resuspended in lysis buffer (30 mM HEPES pH 7.7,
10 mM MgAct, 60 mM KAct, 1 mM DTT, supplemented with
Protease Inhibitor Cocktail [Roche]) and incubated for 30
min on ice with occasional vortexing. Lysates were cleared
by centrifugation (4°C, 15 min, 21 000 x g). Pellets con-
taining thylakoids were used for immunoblot analyses (see
“Immunoblot analyses and BN-PAGE” section), while super-
natants containing stroma proteins were used for RIP analy-
sis. Five hundred micrograms of stromal extract was mixed
with an equal volume of co-immunoprecipitation buffer [20
mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.5% (v/v)

Nonidet P40, and Protease Inhibitor Cocktail (Roche)] and
incubated with 2 pl of anti-HA antibodies for 1 h at 4°C with
rotation at 10 rpm. After adding 100 ul of Protein A Mag-
netic Beads (NEB), samples were incubated for another hour
at 4°C with rotation at 10 rpm. Following five washes with
co-immunoprecipitation buffer, the beads were resuspended
in 100 ul of co-immunoprecipitation buffer (without protease
inhibitors), supplemented with 0.1% (v/v) SDS and Proteinase
K (0.1 pg/ul), and incubated for 30 min at 37°C. RNA was
then purified by phenol-chloroform extraction and ethanol
precipitation.

Mitochondria isolated from dPPR-nad7 plants were lysed
in lysis buffer [10 mM HEPES-KOH, pH 7.7, 100 mM KCI, §
mM MgCl,, 0.5% (v/v) Triton X-100, and 2 mM DTT, sup-
plemented with Protease Inhibitor Cocktail (Roche)] for 30
min on ice with occasional vortexing. Lysates were cleared by
centrifugation (4°C, 15 min, 21 000 x g) and diluted with an
equal volume of co-immunoprecipitation buffer [20 mM Tris
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 5§ mM MgCl,, 0.5%
(v/v) Nonidet P40, and Protease Inhibitor Cocktail (Roche)].
Five hundred micrograms of aliquots were incubated with ei-
ther 2 pl of anti-HA antibodies or control IgGs (not recogniz-
ing Arabidopsis mitochondrial proteins) for 1 h at 4°C with
rotation at 10 rpm. Antibody capture and RNA purification
followed the same method as described above.

For slot blot analysis, the recovered RNAs were resus-
pended in 2 x SSPE buffer (20 mM NaH;PO4, 300 mM NaCl,
and 2 mM EDTA, pH 7.4), denatured for 10 min at 70°C, and
blotted onto a Hybond-N + membrane (GE Healthcare) using
a slot-blot device (Bio-Rad). RNA was immobilized by UV
crosslinking. Probe generation and RNA hybridization were
carried out as described in the polysome loading analysis.

Quantitative proteomics

Protein extraction and preparation for proteomics samples
followed previously established methods [29]. Briefly, frozen
rosette leaf tissue was ground, and 50 mg of the resulting
powder was resuspended in extraction buffer containing 100
mM HEPES (pH 7.5), 150 mM NaCl, 10 mM DTT, 6 M
guanidine Chloride, and Roche cOmplete™ Protease Inhibitor
Cocktail. Samples were sonicated using a Branson Sonifier B-
12 (Branson Ultrasonics, Danbury, USA) followed by incuba-
tion at 60°C for 10 min. After centrifugation at 10 000 x g
for 15 min, proteins were precipitated using a chloroform-
methanol method. The protein precipitate was collected and
washed with methanol, dried and resuspended in 3 M Urea,
2 M thiourea, and 50 mM HEPES (pH 7.8). Protein concen-
tration was quantified using the Pierce 660 nm Protein Assay
Kit (Pierce, Thermo Fisher Scientific). For downstream pro-
cessing, 100 pg of protein was reduced with 10 mM DTT at
37°C for 30 min, followed by alkylation with 50 mM iodoac-
etamide (IAA) in darkness at room temperature for 20 min.
Proteins were then digested overnight at 37°C with 1 ug of
Trypsin (Pierce, Thermo Fisher Scientific). The resulting pep-
tides were purified using homemade C18 stage tips [30], and
200 ng of purified peptides was used for LC-MS/MS analysis.
Four biological replicates per genotype were analyzed.
Liquid chromatography—tandem mass spectrometry (LC-
MS/MS) was performed on a nano-LC system (nanoElute2,
Bruker Daltonics) coupled to a timsTOF HT mass spectrome-
ter (Bruker Daltonics) using a CaptiveSpray nano electrospray
ionization (ESI) source. The nano-LC system was equipped



with an PepMap Neo 5 uM trap column (C18, 300 pm x §
mm, Thermo Fisher Scientific) and a PepSep Ultra separation
column (C18,25 cm x 75 um x 1.5 um, Bruker Daltonics).
The peptide mixture was separated over a 60-min linear gra-
dient of 5%-37% (v/v) acetonitrile at a constant flow rate
of 250 nl min~!. The column was kept at 50°C in a column
oven throughout the run. Data independent acquisition (DIA)
was performed using the method DIA PASEF-short gradient
with the following settings: mass range: 100-1700 /z, ion
mobility range: 0.85-1.3 Vs/cm?, ramp time: 100 ms.

Raw files were processed using DIA-NN v1.9.1 [31]. A
library free search was performed against the Arabidopsis
reference proteome including contaminants (Uniprot, www.
uniprot.org, version April 2024) with default settings and
match-between runs enabled. The DIA-NN output was pro-
cessed with DIAgui [32]. Contaminates were removed, pro-
teins and protein groups were filtered at a Q-value of 0.01
and log, label-free quantification (LFQ) using the MaxLFQ
algorithm [33] was performed. Downstream statistical anal-
ysis was performed using Perseus version 2.0.11 [34], and
graphs were prepared with R and RStudio v4.4.1 [35, 36].
All biological replicates were grouped and log, LFQ intensi-
ties were filtered to contain valid values in at least three of
the four replicates in at least one group. To enable statistical
evaluation, missing values were imputed with random num-
bers drawn from a normal distribution. Enrichment analysis
was performed with ShinyGO 0.82 (Ge and Yao 2020).

The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD060146.
Proteins identified by mass spectrometry and statistical anal-
ysis can be found in Supplementary Table S2.

Results

dPPR-psbK

The start codon signals the initiation of protein synthesis, serv-
ing as the site where ribosomes begin translating mRNAs into
proteins. To inhibit translation initiation in a specific, targeted
manner, a designer pentatricopeptide repeat (dPPR) protein
was engineered to bind to and mask the start codon of the
chloroplast psbK mRNA, following the design of synthetic
PPR proteins described previously [18]. In short, the dPPR
protein, named here dPPR-psbK, consists of 13 consecutively
arranged consensus PPR domains that are flanked by the N-
and C-terminal domains of the PPR10 protein from maize
(Supplementary Figs S1 and S2). According to the PPR code,
the amino acids at positions 5 and 35 within each PPR re-
peat were modified to program the dPPR-psbK protein to rec-
ognize a 13-nucleotide region of the psbK mRNA including
the start codon (position —2 to +11, relatively to the AUG).
The dPPR-psbK construct was further equipped with the N-
terminal transit peptide of RecA, enabling the protein to tar-
get chloroplasts, and a C-terminal HA tag for biochemical
analyses.

First, the ability of dPPR-psbK to recognize its intended tar-
get was validated iz vitro. Increasing concentration of E. coli-
purified dPPR-psbK, lacking the RecA transit peptide, was
used in an EMSA utilizing the target RNA sequence of psbK
or a control RNA of an unrelated sequence. The dPPR-psbK
protein bound to the psbK RNA with high affinity but, as
expected, failed to bind to the control RNA (Fig. 1A), indi-
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cating that dPPR-psbK is indeed capable of specifically rec-
ognizing its destined target RNA sequence. Next, the subcel-
lular localization of dPPR-psbK was examined. To this end,
a dPPR-psbK-eGFP construct was transiently expressed in N.
benthamiana leaves and the localization of dPPR-psbK-GFP
to the chloroplast was confirmed by fluorescence microscopy
of isolated protoplasts (Fig. 1B).

Given the specific in vitro RNA binding and correct sub-
cellular localization, transgenic lines expressing dPPR-psbK
under the control of the strong cauliflower mosaic virus 35S
promoter were then generated in A. thaliana Col-0 (wild-type,
WT) background. Three independent Basta-resistant primary
transformants (T1 generation), dPPR-psbK #1-3, showing re-
tarded plant growth and a pale green phenotype were selected
for further phenotypic and molecular analyses (Fig. 1C). The
expression of the transgene in dPPR-psbK #1-3 lines was con-
firmed by immunodetection and it remained stable over four
generation (T4) (Supplementary Fig. S3).

In addition, three photoautotrophic psbK knockout mu-
tants were generated in N. tabacum using a transplastomic
approach, and homoplastomy was confirmed by genotyping
PCR and immunodetection (Supplementary Fig. S4). Trans-
genic dPPR-psbK lines in Arabidopsis were then compared
with ApsbK tobacco mutants. All transformants showed sig-
nificantly reduced and comparable Fv/Fm values, indicating
primary defects in photosystem II (PSII) (Fig. 2A and B). This
was concomitant with a reduced ®(PSII) and an increased
®(NO), reflecting decreased photosynthetic efficiency and el-
evated oxidative stress, respectively. Increased ®(NO) val-
ues are associated with unregulated, nonphotochemical en-
ergy dissipation in closed PSII reaction centers, indicating a
plant’s inability to protect itself from light-induced damage
and its susceptibility to PSII photoinactivation [37]. Addi-
tionally, there was a concurrent reduction in ®(PSI) and se-
vere donor-side limitation due to restricted PSII activity, while
acceptor-side limitation remained unaffected in all transfor-
mants (Fig. 2B). Importantly, both Arabidopsis and tobacco
ApsbK mutants behaved almost identically in all respects, in-
dicating that the phenotype observed in dPPR-psbK lines was
due to the specific targeting of psbK, making relevant off-
target effects unlikely.

PsbK has been reported to pay a role in the formation
of the PSII reaction center complex and to be essential for
photoautotrophic growth in Chlamydomonas [38]. In con-
trast, psbK mutants in Synechocystis sp. PCC 6803 and Ther-
mosynechococcus elongatus BP-1 did not exhibit impaired
phototrophic growth or oxygen-evolving activity of PSII [39,
40]. The role of PsbK as a photosystem II subunit in vas-
cular plants has not been elucidated yet. To gain insights
into the function of PsbK and to assess whether the simi-
lar phenotypes observed in Arabidopsis dPPR-psbK and to-
bacco ApsbK share the same molecular basis, BN-PAGEs of
photosynthetic thylakoid complexes were conducted. In the
first BN dimension, a distinct reduction in the levels of PSII
supercomplexes—composed of PSII core dimers associated
with a variable number of light-harvesting complex I (LHCII)
trimers—was evident (Fig. 3A and B). Resolution of photosyn-
thetic complexes in the second dimension confirmed impaired
formation of PSII supercomplexes and revealed a concomi-
tant accumulation of free LHCII trimers/assembly complexes.
These findings suggest that PsbK is required for the formation
of PSII supercomplexes and seems to facilitated the attach-
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Figure 1. /n vitro binding, subcellular localization, and phenotype of dPPR-psbK mutant plants. (A) EMSA with increasing concentrations of purified
dPPR-psbK fused to maltose-binding protein (MBP) and radiolabeled RNA containing the target psbK-binding site (highlighted in bold). A control EMSA
with RNA of unrelated sequence demonstrates binding specificity. Reactions using purified MBP protein show that MBP alone does not bind RNA. The
purity of MBP-dPPR-psbK was confirmed by SDS-PAGE followed by CBB staining. B represents bound, and U represents unbound RNA. (B) Chloroplast
localization of transiently expressed dPPR-psbK-GFP in isolated N. benthamiana protoplasts. Images show eGFP fluorescence, chlorophyll
autofluorescence, a merged image of both signals, and a bright-field image of the protoplast. (C) Phenotypic comparison of three independent
dPPR-psbK transgenic lines grown alongside WT plants, shown at 3 weeks of age.

ment of PSII antenna to the PSII core complexes, which appear
capable of forming even in the absence of PsbK. TL measure-
ments further support this, showing that the B bands were not
shifted in dPPR-psbK and ApsbK lines, indicating that PSII
energetics and electron transfer are largely unaffected by the
mutations, and PsbK is likely involved in antenna attachment
or exciton transfer, rather than the core reaction center func-
tionality (Supplementary Fig. S4).

Next, we confirmed the specific in vivo association of dPPR-
psbK with psbK mRNA by RNA co-immunoprecipitation
coupled with slot blot hybridization (RIP-slot blot). As ex-
pected, psbK was the most enriched RNA among all tested
transcripts (Supplementary Fig. S5). To determine whether
the binding of dPPR-psbK to the psbK start codon region ef-
fectively inhibits its translation, we examined PsbK steady-
state levels of. In the three mutant lines expressing dPPR-
psbK, PsbK proteins were undetectable in total protein ex-
tracts using PsbK-specific antibodies, with only trace amounts
observed in isolated thylakoids (Fig. 4A). Other photosyn-
thetic subunits of thylakoid membrane complexes accumu-
lated to normal WT levels, indicating a specific translation in-
hibition of the psbK message (Fig. 4A). A more direct evidence
for the specific translation inhibition of psbK was provided

by polysome loading analysis. Generally, mRNAs with lower
translation rates are less associated with polysomes, making
them lighter and preventing them from migrating deeper into
the sucrose gradient. Consequently, such mRNAs are found
in the lighter fractions. PsbK is co-transcribed with psbl and
trnS as tricistron and it is post-transcriptionally processed into
two other isoforms: the dicistron psbK-psbl and the mono-
cistron psbK. If psbK translation is successfully inhibited, all
three RNA isoforms should exhibit reduced polysome load-
ing. Indeed, psbK transcripts in the WT migrated far deeper
into the gradient as compared to the psbK transcripts from
the dPPR-psbK mutant (Fig. 4B). Notably, the monocistronic
isoform of psbK in the WT reached the bottom of the gradi-
ent with peak signals in fractions 6 and 7, while in the dPPR-
psbK mutant, monocistronic psbK remained only in the first
three fractions. Translation initiation on the psbl message ap-
pears to occur independent of that of psbK, as psbl containing
isoforms are loaded with polysomes, consistent with the unaf-
fected Psbl protein accumulation in dPPR-psbK lines (Fig. 4A).
Polysome loading of the control transcripts psbA and psaA
was comparable to the WT, demonstrating that the observed
translation impairment is specific and restricted to the psbK
mRNA.
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Figure 2. Phenotype comparison and photosynthetic performance of Arabidopsis dPPR-psbK lines and tobacco psbK knockout plants. (A) Images of
3-week-old Arabidopsis and tobacco plants with corresponding chlorophyll fluorescence imaging (Fv/Fm) below. Plant genotypes are labelled. Effective
quantum yields of PSII are displayed on a false-color scale. (B) Photosynthetic parameters Fv/Fm, ®(Il), ®(NO), ®(l), ®(ND), and ®(NA) calculated for the
plants shown in (A). Statistically significant differences from the WT are determined using Student’s t-tests (**P < 0.01, ***P < 0.001).
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dPPR-nad7

To underscore the general application of dPPRs as a reli-
able tool for targeted inhibition of organellar translation, we
targeted another transcript to provide an independent ex-
ample. Given the lack of feasible methods for manipulating
mitochondrial gene expression to date, we chose to inhibit
the translation of #ad7 mRNA in mitochondria. If success-
ful, this would represent a highly valuable, rapid, and effec-
tive approach for manipulating mitochondrial gene expres-
sion. Following the design described for dPPR-psbK, we re-
programmed the dPPR protein to recognize a 13-nucleotides
segment within the coding sequence of #ad7 in the region +4
to +16 adjacent to the start codon (Supplementary Fig. S1).
Additionally, we introduced the mitochondrial targeting sig-
nal of the ATPase 3 subunit to direct dPPR-#ad7 to the mi-
tochondria. We chose not to mask the start codon with dPPR-
nad7 binding to avoid losing mutants if complete inhibition
of nad7 translation results in a lethal phenotype.
Experiments analogous to those performed with dPPR-
psbK were conducted with dPPR-nad7. In brief, in vitro bind-
ing studies and subcellular localization analysis confirmed
specificity of binding (Fig. SA) and the mitochondrial local-

ization of dPPR-nad7 (Fig. 5C). Following the transformation
of WT plants, three independent dPPR-72ad7 transgenic lines
(#1-3) expressing the dPPR-nad7 at different levels and show-
ing varying degrees of growth retardation were selected (Fig.
5B and D). The levels of dPPR-nad7 expression correlated
with the extend of 7ad7 translation suppression and with the
degree of growth impairment (Fig. 5B and D). The phenotypes
of the dPPR-72ad7 lines were compared with the WT and with
the nad7 knockdown mutant bir6-2. Bir6-2 is a T-DNA inser-
tion line disrupted in the At3g48250 locus, which encodes a
PPR protein required for the efficient splicing of intron 1 of the
mitochondrial #ad7 transcript [20]. Among the three mutant
lines, dPPR-nad7 #1 expressed the transgene at the highest
levels and most efficiently suppressed #ad7 translation. dPPR-
nad7 #1 most closely resembled the phenotype of bir6-2 and
was therefore chosen for further analysis.

Similar to dPPR-psbK, in vivo association of dPPR-nad7
with the nad7 mRNA was validated by RIP-slot blot analy-
sis (Supplementary Fig. S6). Next, we examined the steady-
state levels of various subunits of mitochondrial complexes in
total mitochondrial extracts obtained from WT, bir6-2, and
dPPR-nad7 seedlings. As mentioned above, the expression of
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dPPR-nad7 suppressed nad7 translation; however, it should
be noted that although levels of Nad7 were largely decreased,
the proteins were still detectable with Nad7-specific antibod-
ies (Fig. 6A). This indicates that dPPR-#ad7 binding near the
start codon interferes with translation but does not completely
inhibit it. Corresponding to the decreased accumulation of
Nad7 in both dPPR-#ad7 and bir6-2, we also observed, ex-
pectedly, reduced levels of Nad9, another component of Com-
plex I (C. I). Proteins of other mitochondrial complexes were
present at WT levels.

Polysome loading experiments revealed a shift of the peak
signals of nad7 from fractions 10, 11, and 12 in the WT to the
lighter fractions 3, 4, and 5 in dPPR-nad7 (Fig. 6B). This in-
dicates that dPPR-nad7 binding restricts ribosome accessibil-
ity, leading to the decreased translation rates observed above.
The loading with polysomes of the control transcript #ad4 in
dPPR-nad7 was comparable to that in the WT, demonstrating
the specific targeting of nad7 translation.

Complex I, also known as NADH dehydrogenase, cataly-
ses the transfer of electrons from NADH to ubiquinone, the
initial step of electron transfer during cellular respiration. It
has been reported that Nad7 is essential for proper Complex
I activity, and reduced levels of Nad7 impair this activity [20,
41,42]. As demonstrated by BN-PAGE with solubilized mito-
chondrial membrane complexes and subsequent in-gel NADH
oxidase activity staining, NADH oxidase activity of Complex
I was significantly reduced in both bir6-2 and dPPR-nad7
mutants (Fig. 6C). This reduction in NADH oxidase activ-
ity correlates with the observed growth retardation in both
mutants.

Proteomic analysis confirms the specificity and
efficiency of dPPR proteins

To comprehensively assess potential off-target effects, we
conducted a quantitative proteome analysis of dPPR-psbK
and dPPR-nad7 plants compared to WT. Since dPPR-psbK
and dPPR-n#ad7 act on chloroplast and mitochondrial mR-
NAs, respectively, any off-target effects would likely in-
volve organelle-encoded RNA and their corresponding pro-
tein products.

Using DIA, we quantified a total of 7098 proteins
(Supplementary Table S2). In dPPR-psbK plants, 60
chloroplast-encoded proteins were identified. Consistent with
our immunoblot analysis (Fig. 4A), all detected chloroplast-
encoded proteins exhibited expression levels comparable to
WT (fold change < I1l), providing no indication of physi-
ologically relevant off-target effects (Fig. 7A). While most
chloroplast-encoded proteins showed a slight downward
trend in abundance, this is likely a secondary consequence
of impaired PSII rather than off-target activity. Notably, the
PsbK protein was not detected even in WT, likely due to its
small size and the absence of suitable tryptic peptides for
mass spectrometric analysis.

For dPPR-nad7, 20 mitochondria-encoded proteins were
detected, exhibiting expression trends consistent with our im-
munodetection analysis (Fig. 6A): only NAD7 and NAD?9 lev-
els were markedly reduced (fold change > I1l), whereas all
other detected mitochondria-encoded proteins displayed ex-
pression levels similar to WT (fold change < I11) (Fig. 7B).
These findings further support the absence of physiologically
relevant off-targets.
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Several nonorganellar-encoded proteins showed significant
up- or downregulation (fold change > I1l, P-value < 0.05),
likely reflecting secondary effects of impaired chloroplast
function due to compromised PSII activity in dPPR-psbK
or disrupted mitochondrial electron transport in dPPR-nad7
plants (black dots in Fig. 7). Indeed, gene ontology enrich-
ment analysis revealed that most downregulated proteins
were associated with photosynthetic processes in dPPR-psbK
or mitochondrial oxidative phosphorylation in dPPR-nad7
(Supplementary Fig. S7). Among the up-regulated proteins in
both dPPR-psbK and dPPR-nad7, the majority were associ-
ated with organellar RNA metabolism. Since dPPR proteins
influence specific organellar mRNAs, their perturbation may
trigger a cellular stress response, leading to increased expres-
sion of factors involved in RNA stability, splicing, or process-
ing to maintain organellar gene expression and function. This
could be part of a broader retrograde signaling mechanism, in
which organellar dysfunction induces nuclear-encoded gene
expression changes to restore homeostasis.

In conclusion, the engineered dPPR proteins exhibited cor-
rect targeting and effectively inhibited the translation of spe-
cific organellar transcripts, as shown by the successful trans-
lation suppression of psbK in chloroplasts and 7ad7 in mi-
tochondria, with no obvious off-target effects. These findings
highlight the potential of dPPRs as versatile tools for manipu-
lating gene expression in organelles, offering new avenues for
functional studies and genetic engineering.

Discussion

The application of synthetic dPPR proteins to target and in-
hibit the translation of specific organellar mRNAs represents a

significant advancement in plant molecular biology. Our study
demonstrates the efficiency of two dPPR proteins, dPPR-psbK
and dPPR-nad7, in selectively reducing the translation rates
of psbK and nad7 mRNAs, respectively. These findings have
broad implications for the study and manipulation of organel-
lar gene expression, with potential applications across all eu-
karyotes amenable to nuclear transformation.

The resulting psbK phenotype in Arabidopsis dPPR-psbK
plants, characterized by reduced PSII efficiency and impaired
supercomplex formation, underscores the critical role of PsbK
in PSII formation. These observations support previous sug-
gestions, based on the structure of PSII, that PsbK could
play a role in the integration of LHCII into PSII supercom-
plexes [43-45]. The reduction in PSII supercomplex levels
and the accumulation of free LHCII trimers in transgenic
dPPR-psbK Arabidopsis and tobacco psbK knockout lines
provide strong evidence of PsbK’s role in the formation of PSII
supercomplexes.

In contrast, effects of reduced levels of Nad7 on mitochon-
drial respiration has already been documented in earlier stud-
ies [20, 46, 47]. Our use of dPPR-1ad7 to target the nad7
mRNA downstream of its start codon aimed to partially in-
hibit its translation, thereby avoiding potential lethality as-
sociated with complete knockout. However, some primary
transformants expressing a GFP fusion of dPPR-nad7 (dPPR-
nad7-GFP) exhibited even more pronounced growth retarda-
tion and were either sterile or not capable of producing suf-
ficient viable seeds for further work (Supplementary Fig. S8).
Although dPPR-#ad7-GFP targets the same nad7 sequence as
dPPR-nad7, the bulky GFP tag seems to enhance the restric-
tion of ribosome accessibility and consequently worsen the
phenotype of transgenic plants. In future studies, the use of
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inducible promoter systems could provide a valuable solution
to prevent lethality. Such systems would allow for temporal
control over dPPR expression, enabling the study of gene func-
tion at specific developmental stages or in response to partic-
ular environmental conditions, while avoiding the severe de-
velopmental defects associated with constitutive knockdown.
In our study, the phenotypic similarities between our viable
dPPR-nad7 lines and the bir6-2 mutant further validate our
approach and highlight the utility of dPPRs in studying mito-
chondrial gene function.

Designer PPR proteins have demonstrated high specificity
for their intended RNA targets, although some degree of off-
target binding has been noted. Importantly, these off-target
interactions generally lacked physiological significance. For
instance, McDermott et al. [16] reported minimal off-target
binding by a synthetic PPR protein designed for the 3" UTR
of psaA mRNA in chloroplasts reveled by RIP-Seq analy-
sis. Similarly, Manavski et al. [18] and Rojas et al. [19] doc-
umented some off-target binding using analogous synthetic
PPR designs. Manavski et al. [18] observed that while de-
signer PPR proteins could stabilize the endogenous chloro-
plast rbcL. mRNA, a few off-target interactions were detected.
Likewise, Rojas et al. [19] noted a fair number of off-target
interactions when employing synthetic PPR proteins to inves-
tigate psbA translation control in Arabidopsis chloroplasts.
However, across these studies, the physiological impact of off-
target binding, predominantly involving RNAs with sequence
similarity to the intended targets, was found to be minimal.
Our RIP-slot blot analysis and phenotypic comparisons with
the reference mutants also largely exclude any physiologi-
cally relevant off-targets. The phenotypic similarities between
our dPPR-psbK and dPPR-#nad7 lines and the respective ref-
erence mutants (psbK knockouts in tobacco and bir6-2 mu-
tants) strongly suggest that any potential off-targets did not
have significant physiological impacts.

In the future, studies could be conducted to increase the
specificity of dPPR proteins and reduce potential off-target ef-
fects. For example, refining the PPR code and incorporating
additional specificity-determining residues beyond the canon-
ical 5th and 35th amino acids could enhance target recog-
nition precision. Also implementing machine learning algo-
rithms to predict and optimize PPR-RNA interactions could
lead to more accurate designs that minimize off-target binding
while maintaining high on-target affinity.

In conclusion, our study demonstrates the power of engi-
neered PPR proteins as tools for targeted translation inhibi-
tion, providing a means to investigate chloroplast and mito-
chondrial gene function in plants beyond just tobacco. While
challenges remain, particularly regarding the specificity of
binding and the potential lethality of strong knockdown lines,
this approach offers unprecedented precision in manipulat-
ing organellar gene expression. As we continue to refine these
techniques, we anticipate that engineered dPPR proteins will
become increasingly valuable tools for unraveling the com-
plexities of organellar gene regulation and function in plants.
This technique is particularly advantageous in mitochondria
for adjusting transcript quantities and exploring the mecha-
nisms controlling the expression and assembly of multisub-
unit mitochondrial complexes. These processes remain poorly
studied due to the lack of suitable methods for manipulating
gene expression in mitochondria and also due to the embryo
lethality of mutations in components of respiratory complexes
[48]. dPPR proteins inhibiting specifically the translation of
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mitochondrial subunits under the control of inducible pro-
moters could overcome these limitations, paving the way for
more comprehensive studies of mitochondrial gene function.
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