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ABSTRACT

In plant cells, chloroplast gene expression is pre-
dominantly controlled through post-transcriptional
regulation. Such fine-tuning is vital for precisely or-
chestrating protein complex assembly as for the pho-
tosynthesis machinery and for quickly responding to
environmental changes. While regulation of chloro-
plast protein synthesis is of central importance, lit-
tle is known about the degree and nature of the
regulatory network, mainly due to challenges asso-
ciated with the specific isolation of transient ribo-
some interactors. Here, we established a ribosome
affinity purification method, which enabled us to
broadly uncover putative ribosome-associated pro-
teins in chloroplasts. Endogenously tagging of a pro-
tein of the large or small subunit revealed not only
interactors of the holo complex, but also preferen-
tial interactors of the two subunits. This includes
known canonical regulatory proteins as well as sev-
eral new proteins belonging to the categories of pro-
tein and RNA regulation, photosystem biogenesis,
redox control and metabolism. The sensitivity of the
here applied screen was validated for various tran-
siently interacting proteins. We further provided ev-
idence for the existence of a ribosome-associated
N«-acetyltransferase in chloroplasts and its ability
to acetylate substrate proteins at their N-terminus.
The broad set of ribosome interactors underscores

the potential to regulate chloroplast gene expression
on the level of protein synthesis.

INTRODUCTION

Translation is the process by which the genetic information
is decoded from linear nucleic acid strands into polypep-
tides, resulting in diverse three-dimensional protein struc-
tures. This process is achieved through ribosomes, the
highly abundant macromolecular ribonucleoprotein ma-
chinery present in all kingdoms of life. With the rather poor
correlation between mRNA levels and protein quantities,
ribosomes emerged as a central regulatory hub during gene
expression (1,2). Protein synthesis can be fine-tuned at any
step, including translation initiation, elongation, modula-
tion of translation-competent ribosome pools and nascent
polypeptide processing (2-7). The need for rapid adjust-
ments of protein biogenesis becomes apparent when consid-
ering that translation accounts for ~50% of the energy con-
sumption in bacterial cells (8) and that >10% of all proteins
are supposed to impact protein synthesis at various levels
(9). The composition of the translation apparatus is highly
dynamic and heterogenous for the translation of the spe-
cific spatiotemporal subcellular mRNA pool (10). The reg-
ulatory network dedicated to achieving translation control
is intriguingly complex, and mechanistic details are poorly
understood to date.

In plants, ribosomes are found in three subcellular com-
partments, the cytosol, chloroplasts, and mitochondria.
Due to their prokaryotic origin (11), organelles perform
protein synthesis via bacterial-type 70S ribosomes. How-
ever, after the endosymbiotic event, both chloroplast and

“To whom correspondence should be addressed. Email: willmund@bio.uni-kl.de

© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


http://orcid.org/0000-0001-9387-2331
http://orcid.org/0000-0002-4895-7966
http://orcid.org/0000-0002-0964-3307
http://orcid.org/0000-0001-7790-4022
http://orcid.org/0000-0003-2376-7047
http://orcid.org/0000-0002-6737-7203
http://orcid.org/0000-0002-3988-4590

mitochondrial ribosomes increased their size and complex-
ity to accommodate specific organellar tasks (12,13). The
proteinaceous part of plastid ribosomes diversified from
prokaryotic ribosomes, which led to a loss of Rpl25 and
Rpl30 in most plant species and an acquisition of so-
called ‘plastid-specific ribosomal proteins’ (PSRPs) (12).
About one-third of all chloroplast ribosomal proteins are
encoded by the chloroplast genome (plastome), whereas the
remaining proteins are post-translationally imported from
the cytosol. Similarly, multiple other major chloroplast pro-
tein complexes such as the photosynthetic complexes in
the thylakoid membrane contain subunits of both genetic
origins (e.g. 14). Thus, orchestrating plastid protein com-
plex assembly requires substantial regulation of gene ex-
pression. Such coordination and the need to quickly re-
spond to environmental cues is achieved by predominant
post-transcriptional and translational regulatory strategies
(12,15). Major players in this regulation include nuclear-
encoded ’Organelle Trans-Acting Factor’ families, which
frequently contain degenerated amino acid motifs of tan-
dem repeats termed tetra-, penta- and octotricopeptide re-
peats (TPRs, PPRs and OPRs), respectively (16,17). Such
proteins control maturation and stability of specific plas-
tid transcripts and their translation activation. Over recent
years, several of these proteins were described and mainly
exhibit specific functions during the expression of one spe-
cific target transcript (18). Co-translational regulation of
the protein synthesis rates might be the key step for fine-
tuning gene expression in chloroplasts in order to quickly
respond to external cues, such as changes in light or tem-
perature exposure. For example, only mild changes of tran-
script levels, but profound changes in protein synthesis were
observed upon environmental alteration (19-21), and dur-
ing plant development (22). Furthermore, various ribosome
profiling approaches of chloroplast translation reported
severely fluctuating elongation speed over individual open
reading frames interrupted by short pauses, which may re-
flect processing or insertion of nascent polypeptides into the
thylakoid membrane (21,23-26). Certainly, the regulation
of chloroplast translation is highly elaborate and dynamic,
however, a deeper understanding of the regulatory prin-
ciples requires a comprehensive knowledge of ribosome-
associated factors.

To address this, we here established a novel tech-
nique for the fast and specific isolation of ribosomes
from Chlamydomonas reinhardtii (Chlamydomonas here-
after) chloroplasts. By specifically engineering affinity tags
into chloroplast-encoded ribosomal proteins of the large
and the small subunit, respectively, we revealed the interac-
tion network of chloroplast ribosomes through high resolu-
tion affinity purification-mass spectrometry (AP-MS). We
uncovered a large number of proteins of known and un-
known function that associate with chloroplast ribosomes,
even including several transiently interacting proteins such
as trans-acting factors. Through our AP-MS via tagged ri-
bosomal proteins of the small and the large ribosomal sub-
unit, we could attribute putative binding sites at ribosomes
and further describe interactors of the assembled 70S sub-
unit. Subsequently, we validated several of these factors,
including a novel ribosome-associated enzyme which may
acetylate the N-terminus of nascent chains. The data accen-
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tuate the multiple layers of control which fine-tune protein
synthesis in plastids.

MATERIALS AND METHODS
Cells and culture conditions

For the construction of the Rpl5-HA (L5-HA) and Rps3-
HA (S3-HA) lines, cw15 mt- strain CC4533 was used (27).
For the nuclear expression of HA-tagged candidate pro-
teins, UVM4 was used (28). Cwl5 CF185 (29) was used
for polysome gradients and ribosome binding assays. For
all biological replicates, cultures were grown independently.
If not stated elsewhere, cells were grown photomixotrophi-
cally in TAP Medium (30) on a rotary shaker at 25°C and
under an illumination of 5060 wmol of photons m—2 s~
For polysome analyses, cells were grown under 30 pmoles
of photons m~2 s~!. For experiments with FA crosslink-
ing, cells were grown in HAP-medium containing 20 mM
HEPES, 17.5 mM acetate, | mM K-phosphates, Beijer-
inck salts (7 mM NH4Cl, 0.34 mM CaCl, and 0.71 mM
M¢gSO,) and trace salt solution as in (30).

Plasmid construction and genomic integration

Genomic integration of the triple HA-tag coding sequence
at the 3’-end of the rpl5 and rps3 coding sequences, re-
spectively, was achieved via homologous recombination at
the endogenous locus of the chloroplast genome by using
the plasmid pUCatpXaadA (31). Cloning of HA-tagged
cpNAT1 was achieved with the MoClo strategy (32). For
heterologous expression of cpNATI, the coding sequence
of Crel4.g614750 (lacking the sequence for the putative
N-terminal 57 amino-acid transit peptide) was synthe-
sized (IDT) and cloned into Ndel/EcoRI digested pTyb21
(NEB), giving pFW214. Protein expression and purifica-
tion of cpNAT1 was performed according to published
protocols (33) (all details see Supplemental Methods). All
primers are listed in Supplemental Table S2.

Isolation of affinity-tagged ribosomes

All replicates were conducted with independent cultures
and on separate days, respectively. Cells were grown in
logarithmic phase and were pretreated for 5 min with
100 pg/ml (w/v) chloramphenicol (CAP) or 100 pg/ml
(w/v) puromycin, respectively. Formaldehyde was added to
0.37% (v/v) final concentration and cells were kept for an
additional 10 min in light. Crosslinking was quenched by
addition of 100 mM Tris—HCI pH 8.0 for 5 min and cells
were harvested via rapid cooling over plastic ice cubes and
agitated until the temperature dropped to 4°C. Cells were
pelleted at 4000 g and 4°C for 2 min and washed in lysis
buffer (50 mM HEPES pH 8.0, 25 mM KCl, 25 mM MgCl,,
25 mM EGTA, 1 mM PMSF and 100 pg/ml CAP, or
800 mM of KCl and 100 wg/ml puromycin instead of CAP
for the high salt condition). Before lysis, 200 pwg/ml Hep-
arin and 100 U SUPERase-In™ RNase Inhibitor (Invitro-
gen, Thermo Fisher Scientific) were added to each sample,
except for the RNase digest samples. Cells were lysed in the
respective lysis buffer including protease inhibitors (cOm-
plete™ EDTA-free Protease Inhibitor Cocktail, Roche and
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1 mM PMSF) by pressure homogenization at 3 bar. After
lysis, 1% (w/v) n-dodecyl-B-maltoside was added and incu-
bated for 5 min rotating at 4°C. The lysates were precleared
by 15 min centrifugation at 4°C and 15 000 g. For the
RNase treatment, the RNA concentration was measured
with a photometer and afterwards 1 U Ambion® RNase
I (Thermo Fisher) per g of RNA and 0.02 U TURBO™
DNase (Thermo Fisher) per wl lysate were added. Affinity
purification was done with Pierce™ anti-HA magnetic beads
(Thermo Scientific) for 90 min at 4°C and constant gen-
tle mixing. Beads were thoroughly washed three times with
ice-cold HKM-T buffer containing 50 mM HEPES pH 8.0,
25 mM KClI, 25 mM MgCl, and 0.05% (v/v) Tween20 and
another three times with the same buffer lacking Tween20.
During the first washing step, 10 pl of SUPERase-In"™ were
added to the RNAse treatment samples and incubated for
10 min to quench the RNase. Proteins were eluted with 2x
SDS-PAGE buffer (125 mM Tris-HCI pH 6.8, 20% (v/v)
glycerol, 4% (w/v) SDS, 0.005% (w/v) bromphenol blue)
and incubated for 5 min at 96°C. After transfer into fresh
tubes, protein crosslinks were reverted by additional incu-
bation for 5 min at 96°C in the presence of 0.1 M DTT.

Mass-spectrometric analysis

HA-affinity purification samples were briefly separated by
10% SDS-PAGE and excised into a low molecular weight
(<55 kDa) and a high molecular weight (>55 kDa) gel
slice. Tryptic digest and peptide elution were described be-
fore (34). Samples were treated as described in Supple-
mental Methods and were directly injected into a Q Exac-
tive HF spectrometer (Thermo Scientific). A 90 min gra-
dient of 2-95% buffer B (80% acetonitrile, 0.5% formic
acid) at a constant flow rate was used to elute peptides.
Mass spectra were acquired in a data-dependent fashion
using a topl5 method for peptide sequencing. Raw data
was processed with MaxQuant Version 1.6.3.3 using default
parameters (35). MS/MS spectra were searched against
a Chlamydonomas database (https://phytozome.jgi.doe.gov/
pz/portal.html) concatenated with reverse copies of all se-
quences and a list of amino acid sequences of frequently ob-
served contaminants (minimal peptide length = 7, minimal
peptide = 1 (razor or unique), PSM FDR = 0.01). Label-
free quantification (minimal ratio count = 2) and ‘match
between runs’ (matching time window = 0.7 min, align-
ment time window = 20 min) was enabled (35). All raw files,
MaxQuant results and parameter files are available at Pro-
teomeXchange (see Data Availability).

Statistical analysis

MS data was analyzed with Perseus version 1.6.3.2. (36).
All biological replicates were grouped and Log, Label-Free
Quantification (LFQ) intensities (Supplemental Dataset)
were filtered to contain valid values in at least two of the
three replicates in at least one group of each comparison.
To enable statistical evaluation, missing values were im-
puted with random numbers drawn from a normal distri-
bution with a mean (m) and standard deviation (sd) cho-
sen to best simulate low abundance values close to the de-
tection limit of the instrument (m = Mmeasured — 1.5, sd =

SAmeasured X 0.5; for each replicate m and sd were calcu-
lated based on all measured log, LFQ intensities). A mod-
ified t-test implemented in the Perseus software package
was used to identify proteins with significantly enriched
LFQ intensity in the HA pulldown reactions compared to
control pulldown. Results were calculated for two signif-
icance thresholds, FDR <5%, Sy = 1 or FDR <1%, S
= 1, respectively. All results are listed in Supplementary
Datasets. Subcellular localization and domain prediction
for the whole Chlamydomonas proteome was initially ob-
tained via the functional annotator web tool (https://github.
com/CSBiology/FunctionalAnnotatorWeb). Localizations
were further verified by the PredAlgo results found on the
most recent Chlamydomonas genome version V5.6 (https:
/lphytozome-next.jgi.doe.gov) (37). If ambiguous localiza-
tions were predicted, further predictions were performed
with ChloroP (38), and compared to Arabidopsis homologs,
if available. For proteins, which had no clear functional
annotation in the recent Chlamydomonas genome version,
possible annotations were searched for homologous pro-
teins (e.g. in the Arabidopsis genome or via Basic Local
Alignment Search Tool, BLAST, search). In addition, sev-
eral known ribosome-associated proteins of previous bac-
terial studies were BLAST searched against the Chlamy-
domonas genome. The correlation coefficients were calcu-
lated and visualized in Perseus. LFQ intensities were fil-
tered as described above and the correlation coefficient
was calculated using the coefficient of determination (R?)
function, comparing all experiments and replicates against
each other. Arabidopsis homologs were extracted via https:
/Iphytozome-next.jgi.doe.gov.

In vitro NAT activity assay

General N-a-acetylation and e-lysine-acetylation activities
were measured as described before (39). For specific N-
a-acetylation of chloroplast-encoded proteins, a custom-
made peptide was designed corresponding to the six N-
terminal amino acids of the Arabidopsis thaliana PS 11
reaction center protein D2 (ATCGO00270) fused to an
arginine-rich sequence resembling the human adrenocorti-
cotropic hormone (MTIALGRFRWGRPVGRRRRPVR
VYP). The hydrophilic sequence facilitates peptide solubil-
ity and effective enrichment via sepharose beads, accord-
ing to (40). The PS II reaction center protein D2 was se-
lected as a target based on the previously elucidated sub-
strate specificity of the plastid N-terminal acetyltransferase
NAAT70 (41). Furthermore, this MTIA N-terminus of D2
is conserved in Chlamydomonas and Arabidopsis. To deter-
mine the activity of the cpNATI, 3-16 pg (81-324 pmol)
of purified enzyme was mixed with 0.2 mM of a custom-
made peptide (GeneCust), 0.2% BSA in acetylation buffer
(50 mM Tris—HCI, pH 7.5, 8 mM EDTA, 1 mM DTT) and
45 uM [3H]-acetyl-CoA (7.4 GBq/mmol, Hartmann Ana-
lytics). The reaction mix was filled up to 0.1 ml with acetyla-
tion buffer and incubated at 37°C for 0.5-2 h. Subsequently,
the samples were centrifuged at 1500 g for 4 min. To isolate
the custom-made peptide, the supernatant was mixed with
0.1 ml SP sepharose (50% in 0.5 M acetic acid) and incu-
bated for 5 min while shaking. After 4 min of centrifuga-
tion at 1500 g, the pellet was washed three times with 0.4
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ml 0.5 M acetic acid and once with 0.4 ml 100% methanol.
The amount of incorporated [*H] label was measured with
a Tri-Carb 2810TR scintillation counter (PerkinElmer).

Miscellaneous

Immunofluorescence was described in (33). Primary anti-
bodies were against HA and uL1cin 1:5000 and 1:2500 dilu-
tions in PBS-BSA, respectively. For secondary detections, a
1:200 dilution of the tetramethylrhodamine-isothiocyanate
(TRITC)-labeled goat anti-rabbit antibody or fluorescein
isothiocyanate (FITC) goat anti-mouse antibody (Invit-
rogen, Thermo Fisher Scientific) was used, respectively.
Before imaging, slides were rinsed three times with PBS
followed by addition of mounting solution containing
DAPI (Vectashield). Images were taken with an Olympus
BX53 microscope containing the filters for TRITC and
FITC and an Olympus DP26 color camera. Ribosome co-
sedimentation and polysome analysis was done according
to Rohr et al. (34). For SDS-PAGE loading, protein samples
were adjusted based on equal protein concentrations deter-
mined by Bradford (Biorad) or BCA (Pierce) according to
the manufacturer’s manual. SDS-PAGE and immunoblot-
ting was performed as published before (42). Immunode-
tection was done with enhanced chemiluminescence and
the FUSION-FX7 Advance imaging system (PEQLAB).
All antibodies used are listed in Supplemental Table S3.
Chlamydomonas cpNAT1 was modelled with full-length
amino acid sequences using the SWISS-MODEL and Rap-
torX server. The models were analyzed, and figures gener-
ated with UCSF Chimera (43).

RESULTS
Targeted isolation of chloroplast ribosomes and AP-MS

For the fast and efficient isolation of chloroplast ribosomes
and their putative interactors, three repeats of a hemagglu-
tinin (HA) affinity tag were engineered C-terminally to the
chloroplast-encoded ribosomal proteins uL5c or uS3c of
Chlamydomonas cells. By introducing the tag at the endoge-
nous locus within the plastome, expression of the two ribo-
somal proteins remained unaltered. Expression and correct
integration into all copies of the chloroplast genome was
verified by immunoblotting and PCR, respectively (Figure
1A-D). Polysome profiling and growth assays confirmed
that the tagged proteins assembled into fully functional ri-
bosomes (Figure 1E and F). Even under stress conditions,
such as high light or elevated temperature, both tagged
strains did not show any growth defects compared to wild-
type strains (Supplemental Figure S1). Thus, we were able
to obtain fully functional tagged plastid ribosomes suitable
for the interactome analysis.

Next, we tested, whether affinity pulldown assays could
yield pure and functional ribosome-nascent chain com-
plexes (RNCs). All experiments were conducted in paral-
lel with pulldowns from cell lysates of the L5-HA, or the
S3-HA strains and the untagged parent wild type as con-
trol (Figure 2A). Chloroplast translation was arrested by
treatment with chloramphenicol and brief in vivo crosslink-
ing with 0.37% formaldehyde to maintain weak and tran-
sient interactions. Proteins were extracted in the presence
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of the detergent n-dodecyl-p-D-maltoside in order to yield
ribosomes located in the soluble stroma and the thylakoid
fraction. Immunoblots of pulldown eluates from L5-HA,
S3-HA and the wild-type lysates showed that proteins of
the 50S (uL1c¢) and 30S (uS11c) chloroplast ribosomal sub-
units co-eluted during affinity purification while little or no
cytosolic ribosome co-purified (Figure 2B and C, see pan-
els for the cytosolic ribosomal protein). Importantly, the
two known chloroplast ribosome-associated nascent chain
processing factors trigger factor (TIG1) and cpSRP54 (sig-
nal recognition particle 54) did specifically bind to puri-
fied ribosomes, indicating that the approach yielded intact
RNCs (Figure 2B and C). By contrast, no signal was de-
tected within pulldown eluates from untagged cells for all
tested proteins, except for a weak background in the case of
uLlc.

To explore the interaction network of the chloroplast ri-
bosomes, we employed state-of-the-art quantitative affinity-
purification mass spectrometry (AP-MS), which allows
comparison of protein assemblies under very mild pulldown
conditions (44). In this approach, protein complexes are en-
riched, and experiments are normalized based on proteins
that are bound non-specifically to the antibody-coupled
beads in both the pull-down and control experiment (see
Materials and Methods). With the high sensitivity of the Or-
bitrap mass spectrometer, in total more than 3,200 proteins
were quantified using default MaxQuant parameters (Sup-
plemental Dataset 1, see Methods for details). Protein iden-
tification in independent biological replicates was highly re-
producible with R? values of 0.89 for L5-HA and 0.97 for
S3-HA (Supplemental Figure S2). All known 52 core pro-
teins of the chloroplast ribosome were detected with mul-
tiple identified peptides in the HA purification experiments
providing a proof of concept for the here applied affinity-
based strategy for ribosome enrichment. With the S3-HA
pulldown, several proteins of the large subunits were equally
enriched, whereas in the L5-HA pulldown, fewer 30S pro-
teins were enriched (Figure 2D, right versus left panel). Pre-
sumable the HA-tag of uL5c, which is located at the inter-
face between the 50 and 30S subunits, might be less acces-
sible in 70S ribosomes, compared to unassembled 50S. Im-
portantly, of the 65 detectable cytosolic ribosomal proteins,
only five were enriched in the S3-HA pulldown and none in
the L5-HA pulldown, which demonstrates the selectivity of
the applied AP-MS approach (Figure 2D). On average, ri-
bosomal proteins of the large subunit had higher iBAQ val-
ues relative to proteins of the small subunit in the L5-HA
pulldown, while S3-HA experiments showed the opposite
trend (Figure 2E).

To define proteins significantly enriched in each pulldown
compared to control experiments, we applied a modified z-
test with a permutation-based false discovery rate cut-off
(FDR < 0.05, Sy = 1). In this way, we identified 656 and
755 proteins significantly enriched in the L5-HA and the
S3-HA pulldowns, respectively. The vast majority of these
proteins were annotated to be localized in the chloroplast
(~82%, Figure 2F, Supplemental Figure S3A, Supplemen-
tal Dataset 1) and were selectively enriched by both strate-
gies (see below). Application of more stringent cut-off val-
ues (FDR <0.01, Sy = 0.1) did not significantly increase the
fraction of proteins with chloroplast annotation (Supple-
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(A) and uS3c (C) are highlighted in green with their surface exposed C-terminal 10 amino acids in red. (B and D) Design of the constructed DNA cassette
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a permutation-based FDR <0.05, with two valid values in first group. (E) Dot plot representing the distribution of iBAQ values of ribosomal proteins
in pulldown eluates from L5-HA and S3-HA cells and untagged wild-type control. All iBAQs are averages of three independent biological replicates. (F)
Volcano plots representing the predicted subcellular localization (based on the genome annotation) of proteins enriched in the L5-HA (left) and the S3-HA
(right) datasets compared to proteins that were unspecifically purified with respective untagged wild-type samples. In all volcano plots, significant values
are separated by dashed lines, FC = fold change.
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mental Figure S3B) suggesting that some non-plastid pro-
teins were enriched due to ribosome binding after lysis (see
below). For better classification, functional annotation was
added to several chloroplast proteins, which were so far not
described in the most recent genome version (see Materials
and Methods).

Specific enrichment of proteins binding to 30S and S0S sub-
units

Direct comparison of enriched proteins in the L5-HA and
S3-HA pulldowns showed an overlap of 551 proteins be-
tween the two datasets (84% and 73% of the proteins in the
respective datasets; with a stringency of FDR < 0.05, Sy =
1; Figure 3A). Proteins that are only present in one of the
datasets might be specific to unassembled ribosomal 30S or
50S or be randomly missed in one dataset due to low abun-
dance or higher background values in the respective control.
Therefore, we sought to delineate binding to either the 30S
or the 50S subunit by only comparing those proteins, which
had LFQ values in both pulldowns. By this, an interactor of
50S particles should be proportionately enriched in the L5-
HA data when compared to S3-HA, while interactors of the
assembled 70S should be similar in both datasets. Accord-
ing to (44), we compared all detected proteins of the L5-HA
and S3-HA pulldowns, including unspecifically bound pro-
teins, to demonstrate that overall LFQ intensities are highly
comparable between the experiments (correlations of r =
0.88, Figure 3B). The bona fide ribosomal proteins of the
50S have significantly higher LFQ values in the L5-HA set,
while ribosomal proteins of the 30S are over-represented in
the S3-HA set (Figure 3B, Supplemental Figure S4, green
dots). Importantly, several proteins with known interaction
sites on the 30S or 508, respectively, show the expected be-
havior in the direct comparison. For example, the canon-
ical initiation factors IF2 and IF3 as well as the hiberna-
tion factor PSRP1 (plastid specific ribosomal protein 1) are
significantly enriched in the S3-HA set when compared to
the L5-HA set, which is due to their direct physical inter-
action with the 30S particle (12,45). In agreement with cur-
rent knowledge, the ribosome recycling factor RRF1 and
the 70S splitting factor HFLX are preferentially found after
pulling down the L5-HA protein (46,47) (Figure 3C). Thus,
stronger enrichment of newly identified proteins in either
the L5-HA or the S3-HA pulldown suggests their respective
place of interaction on chloroplast ribosomes. Interestingly,
we enriched a protein of the ABC-F (ATP-binding cassette
containing proteins) class on 50S particles. So far, the role
of ABC-F proteins in chloroplasts are not known. How-
ever, this ABC-F protein shows homology to the energy-
dependent translation throttle A protein EttA, which plays
an important role in adjusting elongation kinetics in re-
sponse to cellular energy levels (48). In total, we found four
not-yet described plastid ABC-F proteins enriched in our
ribosomal pulldown. A phylogenetic comparison revealed
their homology to soluble bacterial-type ABC-F protein.
Thus, it is possible that there is a whole class of ABC-F pro-
teins exhibiting important regulatory functions in chloro-
plasts, orthologous to their putative roles in bacteria (49)
(Supplemental Figure S5). We could also reveal several pu-
tative ribosome biogenesis factors as judged from homol-

ogy to their bacterial counterparts, opening new avenues to
study the poorly understood process of ribosome biogen-
esis in plastids. The chloroplast Ribosome-Binding Factor
RBF1, processing the plastid 16S rRNA (50) as well as the
putative ribosomal RNA small subunit methyltransferase
(RsmD) and a homolog of the biogenesis factor RsgA (Ri-
bosome small subunit-dependent GTPase A) were enriched
on 308 particles but not on 50S particles. On the 50S sub-
unit, the DEAD-box protein RH39 (RNA helicase 39), the
GTPase YsxC, and the putative RNA methyltransferase
CPLD16 were enriched (Figure 3D).

Furthermore, our ribosome isolation with the two re-
spective bait proteins co-purified a total of 21 character-
ized and 21 uncharacterized plastid trans-acting factors (see
Supplemental Table S1 for the known factors). Uncharac-
terized proteins were classified as frans-acting factors, based
on the presence of canonical penta- or octotricopeptide re-
peat containing domains. Currently, most of these factors
are thought to exhibit a transcript-specific regulatory func-
tion during translation initiation (18). Indeed, 20 of these
factors were significantly enriched in the S3-HA dataset in-
cluding some known and several yet undescribed OPR pro-
teins (Figure 3E). Trans-acting proteins that are only en-
riched in the S3-HA dataset are highlighted (Figure 3E, as-
terisk), which may present factors that dissociate from the
small subunit once initiation is completed. We also detected
NCCI1 (Nuclear Control of Chloroplast gene expression)
and the uncharacterized OPR118 enriched on 50S parti-
cles, which might rather have a completely different func-
tion during translation. In fact, NCCI seems to differ from
other OPRs by lower specificity to a certain chloroplast
transcript and a possible alternative function during trans-
lation (51).

Features of the chloroplast ribosome interactome

The nature of the plastid ribosome interactome was fur-
ther investigated. To dissect if proteins directly bind ri-
bosomes or rather co-purify via mRNA-binding, S3-HA
pulldown samples were directly compared to parallel S3-
HA pulldowns that were treated with RNasel. All proteins
that solely co-purify via the mRNA in the untreated sam-
ple should be depleted upon mRNA digestion. In fact, we
observed that only 44 were clearly depleted upon RNA-
sel treatment (Figure 4A). Of these, six are annotated as
RNA-binding proteins but not predicted to localize in plas-
tids, and thus may have bound chloroplast ribosomes af-
ter lysis. Only two plastid mRNA binding proteins, NCL36
and a methyltransferase (MT) were significantly reduced by
RNasel treatment and thus apparently bind to translated
mRNA. In addition, we performed a L5-HA pulldown with
high ionic strength and puromycin to assay the stringency
of protein interactions in the ribosome pulldown. Overall,
enrichment scores were reduced in the ‘high salt’ pulldown
(Supplemental Dataset 1), indicating that not all interac-
tions were crosslinked to full saturation. Furthermore, sev-
eral non-chloroplast localized proteins were significantly
depleted, again indicating that those proteins attached to
plastid ribosomes after cell lysis (Figure 4B). Upon salt
wash, we observed that interactors of some categories were
more depleted than others. For example, some of the trans-
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Figure 4. Characteristics of chloroplast ribosome interactors. (A, B) Cartoons show schemes of the respective experimental procedures. Right-sided volcano
plots display the enrichment at Sy = 1 and FDR <0.05 by comparison of untreated and RNasel-treated S3-pulldowns (A) and low salt versus high salt-
treated L5 pulldowns (B). Significant values are separated by dashed lines. FC = fold change. (C) Relative number of proteins with homologs in Arabidopsis
found in the chloroplast ribosome interactome (dark green). For comparison, the relative number of all Chlamydomonas chloroplast proteins with homologs
in Arabidopsis is shown (dark grey). All data of (C) and (D) are found in Supplemental Dataset 2. (D) Functional categories of the chloroplast ribosome
interactome. Absolute numbers are given. (E) Cartoon of the chloroplast ribosome summarizing the functional categories of interactors and exemplary
candidates. (F) Boxplots showing the abundance of putative ribosome-interactors in the L5-HA (left) and S3-HA (right) datasets as estimated by iBAQ
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acting proteins or enzymes catalyzing post-translational
modifications were low or even undetectable after high salt
treatment. In contrast, the abundance of translation fac-
tors, protein targeting factors or many metabolic enzymes
showed a similar decrease as the ribosomal proteins when
the pulldown was carried out under high salt conditions
(Supplemental Figure S6).

By overlapping the chloroplast-localized L5-HA and S3-
HA dataset, while excluding ribosomal core proteins and
RNase-sensitive proteins, we obtained a ‘chloroplast ribo-
some interactome’ of 438 proteins. Of this interactome,
~82% of the identified proteins have orthologous forms
in the land plant Arabidopsis thaliana (Arabidopsis), which
is higher than the approximately 52% with homologs of
the entire predicted Chlamydomonas chloroplast proteome
(Figure 4C, Supplemental Dataset 2). This result suggests
that the regulation of chloroplast translation is highly con-
served within the green lineage. We classified these interac-
tions in different categories. The functional groups go far
beyond the expected categories of canonical translation reg-
ulation and ribosome biogenesis, including many factors
that were previously not known to act in the context of
chloroplast translation (Figure 4D) (see Discussion). By ap-
plying more stringent statistical parameters (FDR < 0.01,
Sp = 0.1), none of the categories were disproportionally de-
pleted from the ribosome interactome (Supplemental Fig-
ure S7). Comparison of iBAQ intensities of putative ribo-
some interactors from several functional categories shows
that some groups are more abundantly associated with ribo-
somes compared to others. For example, translation regula-
tors (e.g. initiation factors, elongations factors, and ABC-F
proteins) or molecular chaperones are more abundant com-
pared with trans-acting factors (Figure 4F). This could be
explained by a higher specificity of the trans-acting factors
for a ribosomal sub-pool, compared to a more general in-
teraction of metabolic proteins or molecular chaperones.

We next examined the effect of in vivo crosslinking
during AP-MS. Overall, crosslinking did not alter the
polysome migration pattern in sucrose gradients (Supple-
mental Figure S§A). We furthermore performed an inde-
pendent AP-MS experiment, comparing S3-HA purifica-
tions of crosslinked and non-crosslinked cell lysates. With
the non-crosslinked S3-HA pulldown, still ~70% of the
chloroplast-localized factors of the crosslinked pulldown
were enriched, albeit mostly with reduced enrichment scores
(Supplemental Dataset 3). However, S3-HA pulldowns of
non-crosslinked samples enriched more non-chloroplast lo-
calized proteins, which could be explained by increased dy-
namic exchanges of protein interactions upon cell lysis in
these samples (Supplemental Figure S§B). The loss of pu-
tative ribosome interactors was found throughout func-
tional groups, including canonical translation regulators
and molecular chaperones as expected for transient inter-
actors (Supplemental Figure S§C, D and Supplemental
Data). There was also a reduction of abundant proteins
belonging to metabolic pathways. This might suggest that
some of these factors are false positives or that these pro-
teins are secondary interactors with only transient interac-
tions, peripheral to the ribosome. However, the here applied
crosslinking AP-MS approach did not cause enrichment of
abundant chloroplast-localized proteins (such as PSI, II,
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Cytbsf, CFo;1 ATPase), suggesting that it caused selective
ribosome-attachment of proteins that were, in vivo, in close
proximity to the ribosome.

Validation of selected ribosome-associated factors

The plastid ribosome-association of 10 factors was inde-
pendently confirmed to validate our AP-MS approach. In
sucrose gradients, polysome co-migration was compared
between untreated and RNasel digested lysates. We ap-
plied RNasel treatment to selectively shift the ribosome
and its associated proteins from the polysomal to the
monosomal fraction (scheme on top of Figure 5A). Im-
munological detection of ribosomal proteins and the plas-
tid heat shock proteins HSP9OC, HSP70B, the chaper-
onin CPN60A, the sorting factor SECAL, the PSII as-
sembly factor TEF30 (thylakoid enriched fraction 30), and
the trans-acting factor RBP40 (RNA binding protein 40)
was substantially decreased in the polysomal fraction af-
ter RNasel-treatment, demonstrating that these proteins
were associated with translating ribosomes (Figure 5A).
Moreover, puromycin treatment prior to polysome assays
released nascent chain associated chaperones and SECA1
from polysomes as expected for chaperones assisting co-
translational folding and sorting (Supplemental Figure S9)
(34,52). The NADPH-Thioredoxin Reductase protein C,
NTRC, was only detectable in fractions corresponding
to monosomes or unassembled ribosomal subunits, both
in the treated and untreated samples (Figure 5A). Thus,
NTRC may act on or control the pool of non-translating
ribosomes. As a control, the abundant CF; ATPase subunit
AtpB was plotted. Despite its migration into high molecu-
lar weight fractions in sucrose gradients, no profound shift
was observed upon RNasel treatment (Figure 5A), which
agrees with the proteomics data that AtpB is not enriched
in the ribosomal pulldowns. In addition, we confirmed ri-
bosome association for selected newly identified interac-
tors. We could show that HA-tagged putative phosphoribo-
sylglycinamide formyltransferase and a ferredoxin thiore-
doxin reductase co-sedimented with ribosomes, at least af-
ter crosslinking and co-purified ribosomes in reverse affinity
pulldowns (Supplemental Figures S10 and S11).

Identification of a ribosome-associated N-acetyltransferase
in chloroplasts

We furthermore searched for a low abundant ribosome-
associated protein in the dataset, to test if transient
ribosome-binding can be confirmed for candidates with
low enrichment scores. Crel4.g614750 is significantly en-
riched in the S3-HA pulldown but not in the L5-HA pull-
down due to missing values (Supplemental Dataset 1).
Crel4.g614750 is a putative acetyltransferase with homol-
ogy to the Arabidopsis GCN5-related N-acetyltransferase
(GNAT7, AT4G28030), which was recently discovered to
be chloroplast-localized and active both on N-a (NTA) and
e-lysine (KA) amino groups (39). Since this is a promis-
ing candidate for yet-undescribed co-translational NAT
function in organelles, we aimed to functionally charac-
terize the protein (termed cpNAT1 hereafter). The full-
length cpNAT]I sequence carrying a C-terminal triple HA-
tag was expressed in Chlamydomonas cells (Supplemental
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and ribbon (right) presentation of modelled Chlamydomonas cpNAT1 based on PDB 1ghe of Pseudmonas amygdali pv. tabaci. For model parameters see
Supplemental Table S4. (E) In vitro acetyltransferase activity of purified mature cpNAT 1. Purified cpNAT1 was incubated for 1 h at 37°C with 45 pM
[PHJacetyl-CoA and 0.2 mM of the synthetic MTIALGRFRWGRPVGRRRRPVRVYP peptide. After this incubation, the peptide was separated via SP-
sepharose and the amount of incorporated [*HJacetyl in the peptide was quantified by scintillation counting. The unspecific binding of [*H]acetyl-CoA
to the SP-sepharose was determined with 12 pg enzyme in the absence of peptide, and was subtracted from the measurements. As a negative control, the
cpNAT1 was heat-inactivated at 95°C for 60 min (boiled). Data are presented as mean =+ standard error (n = 3 for each enzyme concentration).



Figure S10). Immunofluorescence microscopy confirmed
chloroplast localization of cpNAT1-HA (Figure 5B). In
fact, cpNAT1-HA showed a highly similar localization
pattern like chloroplast ribosomes (as indicated by im-
munofluorescence of ulL1c) with the strongest signal adja-
cent to the pyrenoid, displaying similar patterns like the T-
zones, the spatiotemporal regions of photosystem biogene-
sis (53). Next, we independently confirmed the physical in-
teraction of cpNAT1 with the ribosome by ribosome co-
sedimentation assays and could demonstrate a similar be-
havior like the ribosome-associated chaperone TIG1 (34).
Chemical crosslinking substantially increased the presence
of cpNATI1-HA in ribosomal pellets suggesting an only
transient interaction of cpNAT1 with the ribosome. Im-
portantly, the puromycin-induced dissociation of RNCs
entirely abolished sedimentation of cpNAT (Figure 5C),
which is consistent with the action of cpNATI1-HA on the
nascent chain extruding from the exit tunnel. In addition,
affinity purification of cpNAT1-HA co-purified the riboso-
mal protein ul.1c and the elongation factor TufA (Supple-
mental Figure S11C).

Mature Chlamydomonas cpNAT]1, lacking the predicted
transit peptide, shares only 15% amino acid identity and
25% amino acid similarity with its mature counterpart in
Arabidopsis (Supplemental Figure S12). However, homol-
ogy modeling with RaptorX and SWISS-MODEL pre-
dicted a clear GNAT conformation of the segment, which
includes residues Vall42 to Leu328 and the conserved
acetyl-CoA binding motif RxxGxG/A (Figure 5D and Sup-
plemental Figure S12). This modeling result is consistent
with previous reports on GNATs, which are diverse in
amino acid sequence although their tertiary-structure is
conserved (54). The most apparent difference is an addi-
tional N-terminal extension of 135 residues, which is not
found in the GNAT?7 of Arabidopsis (Supplemental Figure
S12).

In order to determine if cpNAT1 indeed exhibits N*-
acetylation activity, we purified the predicted mature cp-
NAT1 after heterologous expression in E. coli (Supple-
mental Figure S13). As a model substrate, we selected a
peptide covering the N-terminal amino acids MTIA of
PsbD/D2, which are conserved in PsbDs/D2s of Chlamy-
domonas and Arabidopsis. This peptide sequence closely re-
sembles the consensus sequence of N-terminally acetylated
proteins that are encoded in the plastome (41). In the ab-
sence of the ribosome, the specific activity of the purified
mature cpNAT]1 on this substrate was 216 #+ 45 pmol min~!
mg~! (Figure 5E). This is about the same activity range that
was recently reported for other Arabidopsis GNAT enzymes
(39). Furthermore, the N-terminal acetylation of the sub-
strate was strictly dependent on incubation time and the
amount of purified enzyme (Supplemental Figure S14). Cp-
NAT1 showed no NA activity on an N-terminal alanine as
well as no KA activity on the peptide substrates used by Bi-
envenut et al. (39) (not shown).

DISCUSSION

More than 15 years ago, pioneer studies identified the
core set of the chloroplast ribosome machinery, which is
now well described in terms of composition and structure
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(45,55-60). Due to the inherent complexity and duration of
separating chloroplast ribosomes from their cytosolic coun-
terparts, only a small group of stably binding ribosome in-
teractors are known from ribosome isolations. This study
aimed to extend the existing data about chloroplast ribo-
somes by targeting interactors of the protein synthesis ma-
chinery. To get around classical ribosome purification pro-
cedures via sucrose gradient fractionation, we took advan-
tage of Chlamydomonas for the convenient engineering of
the chloroplast genome to map the chloroplast ribosome
interacting network via AP-MS. Furthermore, expressing
affinity-tagged ribosomal proteins from their endogenous
locus avoids ectopic expression-induced side effects, such as
false interactions caused by orphaned affinity tagged pro-
teins or feed-back inhibition on translation due to impaired
ribosome biogenesis (61).

Comparable to the interaction network obtained by AP-
MS with cytosolic ribosomes in mouse embryonic stem cells
(62), we found an versatile set of ribosome interactors from
diverse functional categories (Figure 4D). This network
goes well beyond the list of canonical factors that govern
the three major phases of protein synthesis (i.e. initiation,
elongation, and termination) and the folding of emerging
polypeptides (e.g. molecular chaperones). The high degree
of interconnectedness is not surprising given the high abun-
dance of ribosomes in the complex and dense environment
of a cell. In logarithmically growing E. coli cells, up to 70
000 70S ribosomes exist that constitute a third of the dry
mass of the whole cell and reach a concentration of 70 pM
(http://book.bionumbers.org). Recently, in-cell NMR spec-
troscopy showed that ribosomes engage in several quinary
interactions and they might directly—maybe even in a non-
translating fashion—affect several biochemical processes in
a cell (63). In addition, ribosomes are highly dynamic and
may exhibit spatiotemporal compositions that even vary
within a single ribosome population and which is dedicated
for the translation of a certain pool of transcripts.

Importantly, we observed a high overlap with earlier
findings describing the soluble chloroplast protein com-
plex profile of Arabidopsis (64,65). By resolving megadal-
ton complexes with size exclusion chromatography and
subsequent mass spectrometry, translational regulators, co-
translational nascent chain processing proteins, ribosome
biogenesis factors and RNA processors were previously
found to co-migrate with plastid ribosomes (64). All comi-
grating proteins with homologs in Chlamydomonas are also
present in the interactome of this study, confirming the
strength of previous complexome profiles and validating the
here described AP-MS approach. We also found subunits
of the bacterial-type RNA polymerase subunits enriched in
the ribosomal pulldowns, supporting earlier findings in land
plants that plastid translation and transcription might be at
least partially linked, comparable to the situation in bacte-
ria (12,66,67). However, in comparison with the proteomics
study of maize nucleoids (67), none of the orthologous pro-
teins involved in DNA stability and organization were en-
riched in our dataset, suggesting that ribosome affinity pu-
rification did not co-purify full particles of nucleoids.

The strict translational regulation might be best exempli-
fied by tight coupling of chloroplast protein synthesis with
the diurnal dark/light cycles, which ensures that the highly
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energy demanding process of protein synthesis is supplied
with sufficient energy. This control was postulated to be me-
diated by ‘biochemical light proxies’ compounds, compris-
ing chlorophyll or intermediates of photosynthesis such as
reduced plastoquinone, reduced thioredoxin or ATP/ADP
levels (reviewed in 19). The redox state directly influences
transcriptional dynamics in chloroplasts, and there are also
ample hints for the redox-dependent regulation of trans-
lation (reviewed in 68). Here, we found several putative
BLPs that may exhibit the task of light-dependent regula-
tion such as thioredoxins of the x-, y- and f-type, NTRC
and ferredoxins (Figure 4E). NTRC was already impli-
cated in the cascade controlling the synthesis of PsbD (69).
In yeast, a thioredoxin was shown to protect ribosomes
against aggregation via the peroxiredoxin Tsal that exhibits
chaperone function during oxidative stress (70). Ortholo-
gous mechanisms could be envisioned, for example through
the enriched peroxiredoxin PRX1, protecting or regulating
chloroplast translation during day and night. Such control
of chloroplast translation is also consistent with the ‘colo-
cation for redox regulation hypothesis’, stating that individ-
ual organelles need to sense and adjust their components
based on the redox state of their own bioenergetic mem-
branes (71,72).

A surprisingly high number of putative ribosome-
associated proteins belonging to various metabolic path-
ways such as carbon, amino acid, chlorophyll or nucleotide
metabolism were co-purified (Supplemental Dataset). This
co-isolation seems puzzling, however, a similar report de-
scribing the ribosome interaction network in mammalian
cells also found several metabolic enzymes, especially of glu-
cose metabolism, in proximity to ribosomes (62). In fact,
there is accumulating evidence in literature that several
metabolic enzymes exhibit RNA-binding activities and thus
actively contribute to gene expression, including the subunit
of the chloroplast-localized pyruvate dehydrogenase com-
plex, DLA2, which also co-purified in our ribosomal pull-
down (73,74) (Supplemental Dataset 2). In bacteria, ribo-
somes engage with metabolic enzymes via quinary interac-
tion of micromolar affinity. These interactions have a direct
impact on metabolic activity since ribosomes were shown to
both activate and inactivate specific classes of enzymes (63).
Thus, similar spatiotemporal relationships between protein
synthesis and metabolic pathways can be envisioned for
chloroplasts. However, further studies are required to val-
idate the direct linkage between metabolic pathways and
translation.

Expectedly, we enriched those molecular chaperones and
sorting factors in our ribosomal pulldown that act early
on emerging nascent polypeptides, such as plastidic trigger
factor, TIGI (33,34,75). However, we found a surprisingly
diverse set of additional molecular chaperones that were
not yet known to act co-translationally. This set includes
two HSP70s, the co-chaperone CDIJ1, the CPN60 chap-
eronin complex, HSP90C and the HSP100 family protein
CLPB3 (Supplemental Dataset 1). Several of these chaper-
ones were validated for ribosome interaction by indepen-
dent assays (Figure 5A). In addition, a chloroplast paralog
of the Guided Entry of Tail-anchored protein 3, GET3b,
was present in the ribosome interactome (Figure 4E). Re-
cently, this protein was described in Arabidopsis and may

exhibit a chaperone function in plastids (76). It has been
previously demonstrated that a highly oxidative environ-
ment leads to a reversible transition of the cytosolic Get3
from an ATP-dependent targeting protein to an effective
ATP-independent chaperone during stress situations (77).
Thus, GET3b may act as a reactive oxygen species-activated
ribosome-associated chaperone in chloroplasts. Taken to-
gether, the chloroplast ribosome-associated network seems
more diverse compared to the situation in bacteria (re-
viewed in 5). The co-translational chaperone network in
chloroplasts rather resembles the cytosolic co-translational
chaperone network (1), which shows a diversification of the
chloroplast folding network from their ancestors and might
be an essential adaptation for processing of the more com-
plex proteome topology within plant organelles.

The potential of our ribosome interactome as source
for future mechanistic studies is indicated by the charac-
terization of the N-acetyltransferase, cpNAT1. cpNAT]I is
homolog to the recently described GNAT7 of Arabidop-
sis (39). Based on the ribosome association and its in vitro
N-acetylation activity, cpNAT1 is a promising candidate
performing co-translational N-acetylation in plastids of
Chlamydomonas (Figure 5B-E). However, further studies
are required to confirm its direct co-translational activity.
To our knowledge this is the first report of a ribosome-
associated N-acetyltransferase in chloroplasts. The Ara-
bidopsis GNATT appears to target a rather broad substrate
range concerning the alpha-amino groups (M, A, S, T, P,
V) and it exhibits an additional e-lysine-acetylation activ-
ity, which was not seen for Chlamydomonas cpNAT1 (39).
The importance of co-translational N“-acetylation for the
protein fate of chloroplast-encoded proteins remains elu-
sive. In Arabidopsis, NTA of stromal proteins is frequent
but the role of NTA in affecting N-degron pathways is
not established yet (78-80). Also in Chlamydomonas, NTA
of chloroplast proteins was detected and stromal proteins
with shorter half-lives seem to have less N-terminal acety-
lation when compared to stable proteins (81). In Citrullus
lanatus, the N*-acetylated form of the chloroplast-encoded
ATP synthase subunit AtpE is more resistant against pro-
teolysis during drought stress when compared with the
non-acetylated proteoform (82). Furthermore, the abun-
dance of the cytosolic ribosome-associated NatA complex
is tightly regulated by the drought stress-related hormone
ABA (83). NTA of cytosolic proteins by the ribosome-
associated complexes NatA, NatB and NatE is also essen-
tial for the responses to pathogen-attack or high salt stress
(84,85). Based on these results, co-translational and post-
translational NTA is supposed to affect diverse stress re-
sponses in plants (86). Thus, it will be intriguing to investi-
gate if cpNAT1 contributes to stress adaptation in chloro-
plasts by imprinting of chloroplast-encoded proteins with
acetylation marks.

Taken together, the present description of the large spec-
trum of putative ribosome interactors bears potential for
advancing our understanding of how protein biogenesis is
orchestrated in cells. The set of enriched proteins will be
the basis for several future studies to dissect specific mecha-
nisms and quantify ribosomal compositions on a subcellu-
lar level. Importantly, many factors of the chloroplast ribo-
some interactome seem homologous between the green alga



Chlamydomonas and land plants, thus suggesting a high
evolutionary conservation of protein synthesis and its reg-
ulation in the green linage.
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