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Photoinhibitory high light stress in Arabidopsis leads to increases in markers of protein
degradation and transcriptional up-regulation of proteases and proteolytic machinery,
but proteostasis is largely maintained. We find significant increases in the in vivo degra-
dation rate for specific molecular chaperones, nitrate reductase, glyceraldehyde-3 phos-
phate dehydrogenase, and phosphoglycerate kinase and other plastid, mitochondrial,
peroxisomal, and cytosolic enzymes involved in redox shuttles. Coupled analysis of pro-
tein degradation rates, mRNA levels, and protein abundance reveal that 57% of the
nuclear-encoded enzymes with higher degradation rates also had high light–induced
transcriptional responses to maintain proteostasis. In contrast, plastid-encoded proteins
with enhanced degradation rates showed decreased transcript abundances and must
maintain protein abundance by other processes. This analysis reveals a light-induced
transcriptional program for nuclear-encoded genes, beyond the regulation of the photo-
system II (PSII) D1 subunit and the function of PSII, to replace key protein degrada-
tion targets in plants and ensure proteostasis under high light stress.
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Protein homeostasis (proteostasis) requires strictly controlled protein synthesis and
degradation through coordinated gene expression, translational controls, and protein
degradation (1, 2). Protein turnover rates have been typically measured through a
pulse-chase strategy by feeding plants or isolated organelles radioactive precursors and
monitoring the rates of appearance and disappearance of labeling (3, 4). The identifica-
tion of the photosystem II (PSII) D1 subunit as the protein undergoing rapid turnover
in chloroplasts and the basis of photoinhibition under high (H) light stress was origi-
nally found using radioactive labeling of proteins in isolated chloroplasts (3, 5–7).
Using more recently developed discovery tools based on stable isotope labeling to
measure turnover rates of many proteins, D1 was also noted as undergoing very rapid
turnover in both Arabidopsis and barley; however, these studies also identified other
chloroplastic proteins being rapidly degraded under standard (Std) light conditions (2,
8). These studies have raised the prospect that a combination of direct or indirect pho-
todegradation targets may underlie photoinhibition and its consequences in plants (9).
The degradation of soluble cytosolic proteins in plants typically occurs through the

ubiquitin–proteasome pathway guided by selective ubiquitination of targeted proteins
(10). Plastids were commonly considered to be separated from this system by their
membranes, thus relying on independent mechanisms of protein degradation (11).
However, recent research has uncovered an interconnection of these systems with spe-
cific plastid-localized proteins being tagged by ubiquitination to be degraded by the
proteasome, a pathway termed chloroplast-associated degradation (CHLORAD) (12).
Chloroplasts damaged by ultraviolet exposure or overaccumulation of oxygen radicals
are also degraded whole by globular vacuoles or by central vacuoles via selective
autophagy (13, 14). Specific protein degradation by selective autophagy has also been
studied, but mainly for plastid stromal proteins such as RuBisCo (15). The proteolysis
network inside chloroplasts works to differentially break down specific damaged pro-
teins. CtpA and CtpA1 peptidase, CLP, DEG, and FTSH family proteases have all
been found or proposed to play specialized roles in maturation, processing, and cleav-
age of plastid-localized proteins (16, 17). As a consequence, there is ample opportunity
for different rates of protein degradation to be initiated for specific plastid-localized
proteins, which raises the question of how proteostasis is controlled when specific pro-
teolytic processes are initiated.
High throughput studies have revealed rapid and robust changes in the metabolome,

transcriptome, and proteome in plants during light and dark transitions or high light
stresses (18–22). Such studies typically confirm the lack of positive correlations between
changes in steady-state mRNA and protein abundance; i.e., compared with the rapid and
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robust changes in mRNA, protein abundances are often very sta-
ble, and statistically significant changes in abundance are rare.
Here, we use high light–induced photoinhibition to trigger pro-

tein degradation and explore the relationship between protein deg-
radation rate, transcriptional responses, and protein abundance for
enzymes that participate in the metabolic response to high light.
In so doing, we have found direct or indirect targets of photodam-
age in plants and shed light on how transcriptional processes
counteract protein degradation to mask light-response changes in
the proteome and enable proteostasis.

Results

High Light Leads to PSII Photodamage and Metabolic Changes
Indicative of Protein Degradation. To analyze protein homeo-
stasis under light stress, we performed a high light treatment of

Arabidopsis plants aimed at inducing photoinhibition in condi-
tions we could subsequently use to rapidly label proteins for
analysis. We used a modified whole-plant growth chamber sys-
tem (23) and replaced the Plexiglas lid with glass to increase
light transmittance from an external light-emitting diode light
source to an Arabidopsis rosette inside (see Fig. 3A). Light
intensity was held at 100 μmol protons m�2�S�1 (standard
light) or escalated to 500 μmol protons m�2�S�1 (high light),
and fluorescence pulse-amplitude modulation (PAM) was uti-
lized to evaluate PSII-associated photochemical parameters
inside leaves (Fig. 1). After 1 h of high light exposure, PSII
parameters, including Y(II)-quantum yields of photochemical
energy conversion in PSII and Y(NPQ)-quantum yields of
regulated nonphotochemical energy loss in PSII, showed signif-
icant changes under high light compared to standard light con-
ditions (Fig. 1 A and B) while Y(NO)-quantum yields of
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Fig. 1. High light–induced changes in photochemical responses and metabolite abundances in Arabidopsis. Arabidopsis in a growth chamber (Fig. 3A) were
dark adapted for at least 20 min before being exposed to 100 and 500 μmol protons m�2�S�1 LED light. Chlorophyll fluorescence measurements were trans-
formed to three parameters that describe the fate of excitation energy in PSII, including Y(II)-quantum yields of photochemical energy conversion in PSII (A),
Y(NPQ)-quantum yields of regulated nonphotochemical energy loss in PSII (B), and Y(NO)-quantum yields of nonregulated nonphotochemical energy loss in
PSII (C). Arabidopsis plants were exposed to 100 and 500 μmol protons m�2�S�1 LED light for 1, 2, 5, and 8 h before their Fv/Fm values were determined by maxi-
PAM (D). Specific amino acids (triple quadrupole mass spectrometry, QQQ) and organic acids (quadrupole time-of-flight mass spectrometry, Q-TOF) that
increased in abundance in response to high light treatment (E). Error bars show SDs for photochemical parameter measurements (biological replicates n = 4)
and SEs for metabolite measurements (biological replicates n = 3). Statistical significance tests were performed with a Student’s t test (**P < 0.01, *P < 0.05).
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nonregulated nonphotochemical energy loss in PSII remained
steady under both light conditions (Fig. 1C), consistent with
previous reports of high light treatment in Arabidopsis (20).
This indicated 500 μmol protons m�2�S�1 exceeded the maxi-
mum capacity of PSII, thus requiring energy dissipation
through nonphotochemical quenching. Dark adaptation could
rescue the maximum quantum yield of PSII (Fv/Fm) after 1 h
of high light exposure but failed to restore Fv/Fm after 2, 5, or
8 h of high light exposure (Fig. 1D). Heat can contribute to
nonphotochemical quenching, so we measured the leaf surface
temperature using an infrared thermometer. We could not
detect statistically significant changes in leaf surface temperature
on either the adaxial or abaxial leaf surface (SI Appendix, Fig.
S1). The continuous room temperature air that was vented into
the growth chamber during our measurements likely cooled the
plant surface as shown in another recent high light stress
study (21).
To measure the impact of photoinhibition of PSII on cellular

metabolism, we measured amino acids, organic acids, and sugar
concentration in plants grown under standard and high light con-
ditions (Fig. 1E and SI Appendix, Fig. S2). Six of 14 amino acids
increased significantly (P < 0.05) in abundance after high light
treatment. Stress-induced protein degradation products, including
branched chain amino acids (Val, Leu, and Ile) and aromatic
amino acids (Phe, Trp, and Tyr), were more abundant under
high light. During plant stress, these protein degradation products
serve as alternative respiratory substrates by being metabolized to
D-2-hydroxyglutarate and 2-oxoglutarate (24). Accordingly, both
D-2-hydroxyglutarate and 2-oxoglutarate increased in abundance
with high light treatment. These two metabolites are also known
markers of high light–dependent photorespiration (25). Aspartate
abundance decreased significantly (P < 0.05) after high light
treatment (SI Appendix, Fig. S2). However, threonine and methi-
onine, which are biosynthesized from aspartate and contribute to
isoleucine biosynthesis (26), showed higher abundance after high
light treatment. Sugars (sucrose, glucose, and fructose) and tricar-
boxylic acid cycle metabolites, other than 2-oxoglutarate, had
comparable abundances over time between standard and high
light conditions, with only citrate showing decreased abundance
under high light.

High Light Responses in the Transcriptome Correlate Poorly
with Proteomic Changes. To investigate the wider cellular
response, we assessed changes in the transcriptome and the pro-
teome under high light. Arabidopsis plants were transferred into
the aforementioned growth chamber and left overnight to accli-
mate before plants were treated for 2, 5, and 8 h in standard or
high light conditions, then harvested for protein or RNA. Total
RNA sequencing (RNA-seq) detected 18,575 transcripts (SI
Appendix, Data S1) and quantitative proteomic experiments
measured 1,548 protein abundances (SI Appendix, Data S2).
Two hours of high light treatment led to the up- or down-

regulation of 288 and 246 genes, respectively, in Arabidopsis
shoots (Fig. 2A). Gene Ontology (GO) overrepresentation tests
reveal enrichment of ontologies related to stress and unfolded
protein responses (SI Appendix, Data S1). By 5 h and 8 h of
high light, there were 1,491 and 1,618 up-regulated genes, and
903 and 1,490 down-regulated genes, respectively (Fig. 2A).
We compared these results to similar high light treatments,
which recorded a total of 1,358 (21) and 3,151 differentially
expressed genes (20). In both cases, we observed significant
overlaps (as determined by Fisher's exact test) of 24% [odds
ratio = 1.67, P value <0.001 (20)] and 16% [odds ratio = 2.
92, P value <0.001 (21)]. GO overrepresentation tests showed

up-regulation of genes encoding proteins involved in RNA
metabolism, translation, and nucleotide synthesis. At 8 h,
up-regulated enrichment was also evident for proteolysis, pro-
teasome, and cellular catabolic processes (SI Appendix, Data
S1). While high light appeared to directly affect chlorophyll
fluorescence (Fig. 1), transcriptional responses, especially
up-regulations, were most pronounced for nuclear-encoded
genes despite a comparable proportion of down-regulated
chloroplast-encoded genes (Fig. 2B). Given the increase in
amino acid abundances indicative of protein degradation (Fig.
1E), and the GO enrichment analysis (SI Appendix, Data S1),
we further investigated the expression of nuclear genes encod-
ing proteases and proteolytic machinery. We identified 264
nuclear-encoded genes in this ontological group that were dif-
ferentially expressed in response to high light; most only
reached significance after 8 h of treatment (SI Appendix, Data
S1). Among these, key genes encoding for chloroplast-localized
proteases were up-regulated (Fig. 2C).

To compare transcriptomic and proteomic responses, the
abundance of proteins measured across all samples and their cor-
responding transcripts were extracted for principal component
analysis (PCA) (SI Appendix, Fig. S3 A and B). While samples
showed clustering by both time point and light treatment based
on transcript abundance, there was far less separation based
on protein abundances. We also performed correlation analysis
between the fold changes in protein and transcript abundance
between high and standard light conditions (SI Appendix, Fig. S3
C–E), which were found to be negligible (Pearson’s r: T2 = 0.08,
T5 = 0.04, and T8 = 0.03). The same pattern was also found
for 66 proteins selected as components in protein homeostasis
machinery, except that their transcript abundances were only sep-
arated at 5 and 8 h (SI Appendix, Fig. S4).

Direct Measurement of Protein Turnover Rates by Partial
13CO2 Labeling in Arabidopsis. To determine whether proteins
were being degraded in response to high light but then
replaced, we sought to isotopically label new proteins and thus
allow degradation of preexisting proteins to be tracked by mass
spectrometry. While we have previously used 15N labeling to
assess protein degradation rates, the 4- to 6-h lag in this tech-
nique due to uptake by roots and translocation to leaves (2, 8)
limited its utility to assess the impact of high light within 8 h.
13CO2 fixation via photosynthesis is reported to allow rapid sta-
ble isotope incorporation in leaf amino acids and proteins (27,
28). However, as the number of C atoms greatly exceeds N
atoms in a tryptic peptide, the large mass shifts from 13C label-
ing greatly increase the complexity of the resulting peptide
mass spectra (29). This was also confirmed with a preparatory
experiment by supplementing air with 98% 13CO2 and consid-
ering modeling of enrichment levels (SI Appendix, Fig. S5 A
and B). To minimize this effect, we calculated that lowering
the 13C incorporation rate into Arabidopsis plants by supple-
menting air with 50% 13CO2 at 400 ppm could allow peptide
mass spectra to be more readily interpreted (SI Appendix, Fig.
S5). To conduct 13CO2 experiments, Arabidopsis plants were
transferred into the growth chamber and left overnight to accli-
mate before labeling began in the morning. Arabidopsis plants
were labeled for 2, 5, and 8 h in standard or high light condi-
tions, then harvested, and protein samples were isolated and
digested to measure isotopic incorporation and protein turn-
over rates. A representative mass spectrum of a tryptic peptide
(ANLGMEVMHER) from a 2-h sample shows the clear sepa-
ration of the preexisting peptide population (a typical natural
abundance 13C-labeling pattern with 1, 2, or 3 13C atoms in
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the peptide) and a newly synthesized peptide population
derived from the newly fixed 13CO2 (13C-labeled pattern con-
taining a median of 16 13C atoms in the peptide) (Fig. 3A).
The technique itself is robust against the influence of differ-
ences in enrichment level because it measures labeled proteins
of different enrichments as a group (2, 8). However, to deter-
mine whether such differences exist between the two light
regimes, we determined the 13C carbon content of the amino
acids in the labeled peptide populations as described previously
(2, 8). There were no differences in 13C enrichment between
standard and high light conditions over the time course, i.e., 2,
5, and 8 h (SI Appendix, Fig. S6, median enrichment: Std light
29%, 25%, and 30%; H light 29%, 27%, and 34%). Mass
spectra derived from peptides from three well-known rapidly
turned over proteins (D1, THI1, and PIFI) showed that the
13C-labeled peptide fraction (LPF) was one-third to one-half of
the total peptide population under standard light conditions,
indicating the rapid half-lives of these proteins (Fig. 3B). A
twofold higher LPF was detected for D1 peptides under high
light compared with standard light. Calculations of protein
turnover rates over the time course measured 13C-derived pro-
tein turnover rates for 202 proteins in standard light and 269
proteins in high light (SI Appendix, Data S3). The proteins
measured had degradation rates (KD) of 0.15 to 10 per day,
representing a half-life range from 1.6 h to 5 d.

High Light Leads to Faster Turnover of Photosynthetic Proteins
and Associated Enzymes in Metabolic Cascade Reactions. Light
stress can cause direct photodamage to D1 and change the
turnover of proteins including D1 as well as other subunits of
PSII and adenosine triphosphate (ATP) synthase (4, 9). Using
our 13C-derived protein turnover rates, we compared the differ-
ence in protein turnover rates between standard and high light
conditions. This allowed us to confirm expected, and discover
new, direct targets of photodamage or proteins that are indi-
rectly degraded under high light. Protein turnover rates of 140
proteins could be compared between two light conditions (SI
Appendix, Data S4). Compared to measurement under standard
light conditions, 74 of 140 proteins showed statistically signifi-
cant changes in degradation rate under high light, 73 showed
faster turnover, while 1 protein (protochlorophyllide oxidore-
ducase B-PORB, At4g27440) turned over more slowly. Placing
the proteins with measured degradation rates in their func-
tional, metabolic, and subcellular contexts shows the depth of
impact that high light has on protein degradation rates in Ara-
bidopsis rosettes (Fig. 4). D1 (PSBA) showed the fastest rate of
degradation overall and a threefold increase in degradation rate
under high light, while other PSII subunits, PSB28 and PSBP,
showed lower median degradation rates but still a two- to
threefold increase in degradation rate under high light. ATP
synthase subunits (α, ε, and b/b0) also showed significantly
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Fig. 2. High light–induced changes to the transcriptome in Arabidopsis shoots. Gene expression differences were induced by high light treatment of Arabi-
dopsis shoot tissue. (A) Numbers of differentially expressed genes (adjusted P value <0.05) at 2, 5, and 8 h of high light treatment. (B) Volcano plots of differ-
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proteins at 2, 5, and 8 h of high light treatment. Red and blue dots/percentages denote up- and down-regulated genes or proportion of DGEs in chloroplast
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plasts. Full list can be found in SI Appendix, Data S1.
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faster turnover under high light. A similar degree of degrada-
tion rate induction was seen for a series of molecular chaper-
ones in the chloroplast and mitochondria, and also specific
enzymes involved in the Calvin–Benson cycle (CBC) and gly-
colysis. All the major members of the malate dehydrogenase
(MDH) family, which catalyze the malate shuttle between
organelles, as well as thioredoxin- and glutaredoxin-linked
enzymes in the chloroplast and mitochondria, also degraded
more rapidly under high light conditions.
Notably, there was no change in degradation rate of LHC-II,

PSI, NDH, or Cyt b6f subunits (Fig. 4 and SI Appendix, Data
S4). However, NIR1 and FTR, which take electrons from PSI
Fd to reduce oxidized thioredoxin and nitrite, clearly degrade
faster in high light. It was reported that reduced thioredoxin
from FTR can serve as a reductant for activation of MDH and
CBC, which links PSI Fd with metabolic enzymes in the chlo-
roplast (30–35). Here we show that Trxm1 and Trxm4 turned
over faster, as did chloroplast MDH and CBC enzymes, in
response to high light. Furthermore, faster turnover of meta-
bolic enzymes involved in malate shuttles between cellular com-
partments was observed. There was a faster turnover of
MTHFR1, ATMS1, and BCAT4 in the cytosol that catalyze
the reductive conversion of 5,10-methylenetetrahydrofolate
(CH2-THF) to 5-methyltetrahydrofolate (CH3-THF), which
then serves as a methyl donor for methionine biosynthesis and
the following chain elongation pathway. In mitochondria,
SHMT1, which catalyses the production of serine from glycine,

degraded faster under high light. A number of enzymes involved
in the consumption of nicotinamide adenine dinucleotide phos-
phate (NADPH), nicotinamide adenine dinucleotide (NADH),
ATP, and glutathione also show faster degradation rates (Fig. 4
and SI Appendix, Data S4). Examples of this group include
PORC, which catalyses the conversion of protochlorophyllide to
chlorophyllide, and geranylgeranyl (GG) chlorophyll a reductase-
GGR, which catalyzes the formation of chlorophyll a in the thy-
lakoid membrane; cytosolic NDPK1 and mitochondrial NDPK3
that catalyse the production of nucleotides by consuming ATP;
cytosolic NADPH:quinone reductase (NQR) that converts qui-
none to semiquinone; and Gpx2, GsTU19, GrxS15, and
lactoyl-GS lyase that reduce oxidative metabolites by consuming
glutathione. Taken together, we can see a clear pattern of faster
turnover of enzymes involved in metabolic reactions responding
to high light.

Beyond metabolic enzymes, faster degradation was also
observed for a number of elongation factors, chaperonins, and
proteases in response to high light (Fig. 4 and SI Appendix,
Data S4). Proteins in this group are essential for protein synthe-
sis, folding, assembly, and degradation to maintain proteostasis.
This group includes RNA binding proteins (CSP41B and
RBPs) and elongation factors (EF-P/G, RPS1, SCO1, and
RABE1b) in the chloroplast; cpHSP70 and HSP93-V (ClpC)
that are involved in chloroplast protein import (36); ClpC that
forms a protein complex with CLP protease to unfold selected
proteins for degradation (17, 36); chloroplast CPN20 and
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Fig. 3. Measurement protein turnover rates in Arabidopsis shoots by partial 13CO2 labeling of the proteome. (A) Air containing 13CO2 was supplied at the
end of the night to a sealed growth chamber with a transparent glass lid allowing efficient light entry. Total proteins extracted from labeled shoots were
analyzed by peptide mass spectrometry. A representative mass spectrum of one peptide from labeled shoot shows the natural abundance (NA) population
and the new peptide synthesized using 13C-labeled amino acids. (B) The mass spectra and calculated percentage LPF for peptides derived from PSBA (D1;
ATCG00020), THI1 (AT5G54770), and PIFI (AT3G15840) after 2, 5, and 8 h of 13C labeling. The NA population is colored light green and the newly synthesized
peptide population is colored dark green in each case. Red dots and lines show the distribution of the natural abundance mass spectrum.
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CPN60 that form a protein complex for the assembly of
RuBisCo (37, 38); mitochondrial chaperonin CPN10 and
mtHsc70-1 involved in electron transport chain protein com-
plex assembly (39); and FtsH2 that forms a protein complex
with FtsH1/5/8 and is involved in D1 degradation (40, 41).

Transcriptional Responses Counteract Increased Protein
Turnover to Maintain Proteostasis of Many Major Cellular
Enzymes. To further examine the 74 proteins exhibiting light-
induced changes in degradation rate, we performed fuzzy k-means
clustering based on their changes in degradation rate and transcript
abundance (Fig. 5A and SI Appendix, Data S5). This approach
grouped the 74 proteins into three clusters. Proteins in clusters 1
and 2 had the same change in degradation rate; however, cluster 1
genes were up-regulated by high light, whereas those in cluster 2
were down-regulated. Cluster 3 contained proteins with greater
changes in degradation rate whose encoding genes were first
up-regulated and then down-regulated by high light.
A total of 41 of the 74 proteins in the light-induced degrada-

tion set were chloroplast-localized proteins (SI Appendix, Data
S5). To further investigate the coordination between protein
turnover and RNA and protein abundance in the chloroplast,
we aligned the changes (log2 fold change) in these traits
between standard and high light conditions, then ranked them
by functional categories in the three clusters (Fig. 5B). In con-
trast to their faster turnover in response to high light treatment,
chloroplast protein abundance for these proteins remained
unchanged. We only found FtsH2 protease, RNA binding

protein At1g09340, and NIR1 that showed statistically signifi-
cant abundance decreases after 2 or 5 h of high light treatment
(Fig. 5B). PSII subunit PSBP even showed a statistically signifi-
cant increase in abundance after 8 h. This indicated proteostasis
of fast turnover chloroplast proteins is maintained even after
high light treatment for 8 h. Transcriptional up-regulation for
the genes encoding proteins in clusters 1 and 3 masked their
faster turnover, thus maintaining protein levels. Cluster 2 con-
sisted of eight proteins, with half of them being encoded by the
chloroplast genome. All chloroplast-encoded proteins with mea-
sured turnover in this study, namely PSII D1, ATP synthase
subunits (α and ε), and RuBisCo large subunit, follow the clus-
ter 2 pattern (Fig. 5B). Expression of these chloroplast-encoded
genes is not induced by high light stress treatment, so their pro-
teostasis in the face of increased protein degradation rates must
be governed by the posttranscriptional process.

To investigate the timing of coordination between transcrip-
tion and proteostasis for chloroplast proteins, we plotted RNA
and protein abundance changes by members in each cluster
(Fig. 5 C and D). Consistently, smaller net changes were
observed in protein abundance (statistical grouping A–C) than
RNA abundance (statistical grouping A–E). Net protein abun-
dances started to decrease after 2 h of high light exposure.
However, protein abundance for clusters 1 and 3 started to
recover while the abundance of members of cluster 2 continued
decreasing over the time course of high light treatment. It is evi-
dent that clusters 1 and 3 complemented their faster protein
turnover through enhanced transcription. Increased transcript

Fig. 4. Changes in protein turnover rates in response to high light treatment. Changes in protein degradation rate are shown as log2 fold changes between
high and standard light. For visualization, 61 proteins with annotated functions and localized in four major cellular compartments, i.e., chloroplast, cytosol,
mitochondrion, and peroxisome, were extracted from the set of 74 proteins with significant changes in rate. Protein subunits in photosynthetic complexes,
import apparatus, chaperonin, and protease were colored according to the values of log2 fold changes (SI Appendix, Data S4). Protein subunits with nonsig-
nificant changes or nonavailable (NA) data were colored gray.
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abundance would facilitate continued translation to counteract
light-induced protein degradation. In contrast, cluster 2 mem-
bers were more inclined to drop in both transcription and pro-
tein abundance after high light treatment. Their proteostasis is
likely to be recovered more slowly through posttranscriptional
responses involving translational control.

Discussion

A Multiomics Analysis Reveals Targets of Light-Dependent
Protein Degradation. It is well known that high light stress
causes damage to the PSII reaction center protein, D1, and
leads to impaired PSII efficiency. In this study, we found high
light led to a PSII efficiency [Y(II)] decrease and tripled the
degradation rate of D1 (Fig. 1 and SI Appendix, Data S4). We
observed that although Y(II) dropped at the beginning of the
high light treatment it gradually recovered to the level observed
under standard light over the first hour of high light exposure
(Fig. 1A). This suggests Arabidopsis plants can cope with the
increased turnover rate of D1 under high light by maintaining
proteostasis and PSII function after a short time course of high

light exposure. Consistent with this, a recent study utilizing
ribosomal profiling and pulse labeling found that D1 photo-
damage can trigger recruitment of its mRNA to the ribosome
to enhance D1 synthesis (4). This demonstrates that D1 degra-
dation and synthesis are matched to maintain proteostasis for
short-term high light acclimation. However, we found that Fv/
Fm, an indicator of PSII maximum efficiency after dark adap-
tion, declined after longer high light exposure. This suggests
that longer periods of high light caused irreversible damage,
from which Arabidopsis PSII efficiency cannot recover even
after dark adaptation, likely due to the uncoupling of D1 deg-
radation from its synthesis rate (Fig. 5).

Beyond the D1 protein, we found high light significantly
increased the degradation of another 72 proteins (SI Appendix,
Data S4). Protein degradation in our high light experiments is
supported by our measures of the accumulation of amino acids
through protein degradation (Fig. 1 and SI Appendix, Fig. S2)
and up-regulation of protease gene expression (Fig. 2). To
investigate how Arabidopsis coped with this enhanced degrada-
tion to maintain proteostasis, we investigated changes in tran-
script abundances between standard and high light conditions
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Fig. 5. Changes in transcript and protein abundance for proteins with significant changes in protein turnover rate during high light treatment. Based on
patterns of protein degradation and transcript changes, a fuzzy k-means clustering method was utilized to cluster the 74 proteins with significant changes in
protein turnover rate. Representative curves of the three clusters were plotted (A) and values of distance to centroid for specific proteins are provided in SI
Appendix, Data S5. Forty-one plastid proteins were extracted from the whole set to show their protein turnover rate alongside fold changes in transcript and
protein abundance (B). Boxplots of changes in transcript (C) and protein abundance (D) of each cluster over the time course are shown. PTO, change in pro-
tein turnover rate. * shows P for proteins or adjusted P value for transcripts <0.05, ** shows P for proteins or adjusted P value for transcripts <0.01.
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(Figs. 2 and 5). Nuclear-encoded genes encoding proteins with
high turnover rates (clusters 1 and 3) demonstrated transcrip-
tional responses that masked protein turnover changes, result-
ing in proteostasis under high light (Fig. 5 A–C). These strong
correlations between faster protein turnover and higher transcript
abundances help explain the purpose of high light–triggered tran-
script induction without apparent protein abundance changes.
In contrast, chloroplast-encoded genes (D1, Rubisco large

subunit, and ATP synthase subunits) do not respond to high
light at the transcriptional level, and their RNA levels even
dropped to some extent. This limited transcription response in
the chloroplast under light stress was also reported in tobacco
(22). It appears that chloroplast-encoded genes largely rely on
posttranscriptional controls to counteract rapid protein turn-
over under high light. Previous studies focusing on in vitro or
in vivo chloroplast translation observed translation elongation
rate stimulated by light (4, 42–44). The activation of protein
synthesis by elongation is also supported by faster turnover of
different RNA binding proteins and elongation factors in this
study (Fig. 4). For short-term high light exposure, rapid protein
synthesis from translation elongation can complement rapid
protein degradation due to photodamage to maintain proteo-
stasis. However, we found chloroplast translation failed to keep
pace with protein degradation after longer periods of high light
exposure. This is supported by the failure of dark adaptation to
recover PSII (Fig. 1D) and the tendency toward protein abun-
dance decreases after a longer high light exposure (Fig. 5D).
Recently, a salvaging strategy to circumvent inefficient chloro-
plast translation by expressing D1 protein from the nuclear
genome was found to enhance Arabidopsis, tobacco, and rice
performance under stress conditions (45). It would be attractive
to perform a wider salvaging operation involving other photo-
damage targets discovered in this study to maintain their pro-
teostasis under high light or other stresses.

Many Fast Turnover Proteins Are Unaffected by High Light.
We found that high light does not affect turnover rates for
nearly half of the 140 proteins that we could assess between
standard and high light conditions (SI Appendix, Data S4).
Some of these are rapid turnover proteins such as PIFI (Post-
Illumination Chlorophyll Fluorescence Increase) and CCD4
(Carotenoid Cleavage Dioxygenase 4). PIFI is an ancillary sub-
unit of the chloroplast NDH complex, and we previously pro-
posed PIFI’s rapid turnover could relate to the putative role of
the NDH complex in photoprotection (2, 9). But our high
light data suggest the control of PIFI turnover is independent
of light stress. CCD4 is a plastoglobuli-localized enzyme that
cleaves carotenoids, such as β-carotene (11, 46). Its degradation
was proposed to associate with a plastoglobuli M48 peptidase
PGM48 (47). In silico modeling of CCD4 suggests it has lower
stability compared with other members of the CCD gene fam-
ily (48). Its rapid turnover may reflect its suborganelle location,
which is distinct from the other CCDs or this modeled intrin-
sic lower stability rather than light stress. Rapid degradation of
other proteins, such as CML10, THI1, GRP2, and BAM3,
show only small rate changes in high light. It is probable, at
least for these proteins, that their rapid turnover rates are due
to their function, sequence, protein domains, or cellular loca-
tion rather than light stress (2).
We also observed that the rapidly turning over enzyme, pro-

tochlorophyllide oxidoreductase (PORB) exhibited a significant
slowing of its degradation rate under high light (Fig. 4).
Protochlorophyllide oxidoreductase is a light-activated enzyme,
which catalyzes the transformation of protochlorophyllide to

chlorophyllide. In barley and rice, there are two isoforms of
protochlorophyllide oxidoreductases whose expression are regu-
lated differently by normal and high light (49–51). In Arabi-
dopsis, there are three protochlorophyllide oxidoreductases
namely PORA, PORB, and PORC (52). Repression of Arabi-
dopsis PORB gene expression by light has been reported (53,
54). In this study, we also found PORB gene expression is
repressed after high light treatment. In contrast, PORC showed
faster protein turnover in high light and slightly induced gene
expression. It is conceivable that PORC plays a specific role in
chlorophyll biogenesis under high light conditions. For PORB
and PORC, transcription plays a key role in maintaining pro-
teostasis, and their protein turnover rates appear to be respon-
sive to changes in transcript abundance.

Metabolic Explanation of Increased Protein Turnover Rates.
The turnover of D1 is typically explained as a response to pho-
toinactivation of the protein. Research suggests that photodam-
age to PSII may involve the disintegration of the Mn2+ center
in PSII that leads to an energy imbalance and so-far ill-defined
oxidative damage of residues in D1. Photodamage to D1
impairs PSII function and leads to cleavage of the damaged D1
subunit by proteases in a two-step model (55–57). Turnover of
another rapidly degrading protein, thiamin synthase (THI1), is
explained by its suicide mechanism that means the enzyme has
a single catalytic cycle before it is inactivated and needs to be
replaced (58, 59). Recently we showed across a wide range of
enzymes in Arabidopsis, yeast, and bacteria, that the number of
catalytic cycles until replacement varied according to the chemi-
cal risk of the reaction they undertook, including enzymes with
photoactivatable substrates or with reactive oxygen producing
roles in metabolism (60). It is evident from our protein turn-
over measurements that high light leads to faster degradation of
PSII D1, PSB28, PSBP, PORC, and GGR, which all catalyze
light-activated reactions (Fig. 4 and SI Appendix, Data S4). PSI
was also activated by high light, yet seemingly its rate of protein
degradation was unaffected. FTR and NIR1, which take elec-
trons from PSI Fd to reduce thioredoxin and nitrite, turned
over faster. Thioredoxins can serve as reductants to activate
CBC and MDH catalyst activities (61). Moreover, transient
overproduction of NADPH and ATP as substrates may further
accelerate the usage of CBC and MDH enzymes and also accel-
erate their turnover. MDH activation in the chloroplast acts as
a stimulus to malate circulation to the cytosol, mitochondrion,
and peroxisome in so-called malate shuttles of reductant from
sites of synthesis to cellular sinks (62). In terms of risk, high
light and photoinhibition is likely to lead to increased reactive
oxygen species production and an elevated need for shuttling of
reductant out of the plastid to other cellular compartments
(63). The increased turnover of redox shuttling systems, namely
glutathione- and thioredoxin-linked systems and the MDH
enzymes involved in malate shuttles throughout the cell (Fig.
4), may be due to increased flux through these pathways and
thus a consequence of an increased rate of wear-out damage of
these enzymes (60, 64).

Conclusion. We have discovered a range of proteins with
enhanced rates of degradation in response to high light. Light-
activated electron transport pathways and metabolic fluxes
likely stimulate the usage of metabolic enzymes and accelerate
their degradation. Potential protein targets of photodamage,
many of which are chloroplast localized, have been revealed,
and a differential role of nuclear and plastid transcriptional
control to maintain proteostasis has been highlighted.
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Materials and Methods

Arabidopsis Plant Preparation and 13CO2 Labeling. Arabidopsis thaliana
accession Columbia-0 plants were grown under 16-h/8-h light/dark conditions with
cool white T8 tubular fluorescent lamps 4000K 3350 lm (Osram) with the intensity
of 100 to 125 μmol m�2�s�1 at 22 °C. Arabidopsis plants were grown in soil pots
for 21 d until they reached leaf production stage 1.10 (65). Shoots of Arabidopsis
at the leaf production stage 1.10 were positioned into the sealed growth chamber
with the soil pots kept underneath (Fig. 3). Six tandem growth chambers were sup-
plied with air at a continuous flow rate 6 L/min and kept overnight before the
labeling experiment (T0). A homemade water column was connected to the air
hose to keep the air humidity inside the growth chamber. A commercial LED (Heli-
ospectra) was used as the light source for the labeling experiment, and the light
spectra were set as (420 nm-25%, 450 nm-63.8%, 530 nm-75%, 630 nm-100%,
660 nm-25%, and 735 nm-2.5% of maximum light intensity). Normal and high
light intensity at 100 and 500 μmol protons m�2�S�1 was achieved by adjusting
the distance between the growth chamber and the light source. 13CO2 labeling
was started at dawn by supplying the growth chamber with a mixture of CO2 air
and 13CO2 air at equal volume for a continuous flow rate of 6 L/min. The Arabidop-
sis plants were labeled for 2, 5, and 8 h (T2, T5, and T8) before their shoots were
cut and snap frozen in liquid nitrogen to stop all biological activities immediately.
Three biological replicates were collected at each time point.

Protein Extraction, In-Gel/Solution Digestion, High pH High-Performance
Liquid Chromatography (HPLC) Separation and Liquid Chromatography-
Mass Spectrometry (LC-MS) Analysis of Tryptic Peptides. The shoot
samples (∼0.1 g) were snap frozen in liquid nitrogen and homogenized using
Qiagen tissue lysis beads (2 mm). A total plant protein extraction kit (PE0230-
1KT, Sigma Chemicals) was used to extract total proteins. The final pellet of total
protein was dissolved in solution 4 and then reduced and alkylated by tributyl-
phosphine (TBP) and iodoacetamide (IAA) as described in the Sigma manual. The
suspension was centrifuged at 16,000 × g for 30 min, and the supernatant was
assayed for protein concentration by amido black quantification as described pre-
viously (66). Protein (100 μg) in solution from each sample was then mixed with
an equal volume of 2× sample buffer (4% sodium dodecyl sulfate (SDS), 125
mM Tris, 20% glycerol, 0.005% bromophenol blue, and 10% mercaptoethanol,
pH 6.8) before being separated on a Bio-Rad protean II electrophoresis system
with a 4% (vol/vol) polyacrylamide stacking gel and 12% (vol/vol) polyacrylamide
separation gel. Proteins were visualized by colloidal Coomassie Brilliant Blue
G250 staining. One gel lane from one single biological replicate was excised into
11 fractions. Gel lanes from 10 samples (T0 as a control, three biological replicates
for a 13C-labeled sample at each time point) were fractioned into 110 and in-gel
digested as described previously (2). For protein abundance measurements,
total proteins (50 μg) from 14N grown plants were combined with the fully
15N-labeled protein reference (50 μg) and then in-solution trypsin digested. Each
sample was separated into 96 fractions by high pH HPLC separation and further
pooled into 6 fractions. Twenty-one total protein samples (three biological sam-
ples from T0; 2, 5, and 8 under both standard and high light conditions kept in
the same growth chamber as 13C labeling) were in-solution digested and sepa-
rated into 126 fractions. Tryptic peptides from in-gel/in-solution digested were
lyophilized in a Labconco centrifugal vacuum concentrator. Lyophilized samples
were first resuspended in loading buffer (5% acetonitrile, 0.% formic acid) and fil-
tered through a 0.22-μm Millipore column before being run in an Orbitrap
Fusion (Thermo Fisher Scientific) mass spectrometer over the course of 95 min
over 2 to 30% (vol/vol) acetonitrile in 0.1% (vol/vol) formic acid (Dionex UltiMate
3000) on a 250 × 0.075 mm column (Dr. Maisch ReproSil-Pur 1.9 mm).

Mass Spectrometry Data Analysis. Orbitrap fusion raw (.raw) files were first
converted to mzML using the Msconvert package from the Proteowizard project,
and mzML files were subsequently converted to Mascot generic files (.mgf) using
the mzxml2 search tool from the Trans Proteomic Pipeline (TPP). Mascot generic
file peak lists were searched against an in-house Arabidopsis database compris-
ing ATH1.pep (release 10) from The Arabidopsis Information Resource (TAIR) and
the Arabidopsis mitochondrial and plastid protein sets (33,621 sequences and
13,487,170 residues) (67), using the Mascot search engine version 2.3 and uti-
lizing error tolerances of 10 ppm for MS and 0.5 Da for MS/MS, “Max Missed
Cleavages” set to 1, and variable modifications of oxidation (Met) and carbami-
domethyl (Cys). All mzML files and dat files are provided in ProteomeXchange.

We used iProphet and ProteinProphet from the TPP to analyze peptide and pro-
tein probability and global false discovery rate (FDR) (68–70). The reported peptide
lists with P = 0.8 have FDRs of <3%, and protein lists with P = 0.95 have FDRs of
<0.5%. Quantification of LPFs (13C-labeled protein fraction) and protein abundance
(14N/15N ratios) were accomplished by an in-house script written in R as described
previously (2, 8, 71). An averaged turnover rate over the 2-, 5-, and 8-h time course
was calculated following methods described previously (2). Mass spectrometry data
can be accessed through ProteomeXchange through two entries: protein abun-
dance changes in response to high light treatment (PXD010888) (72) and protein
turnover rates under high light treatment (PXD010889) (73).

Total RNA Sequencing. Arabidopsis plants were grown under identical condi-
tions as per the 13C-labeling experiment, except that normal air was supplied to
the growth chamber. Shoot tissues were harvested (as above) in biological tripli-
cate after differing light transitions from dark: T0D, end of night (dark control);
T2H, 2 h high light; T2L, 2 h standard light; T5H, 5 h high light; T5L, 5 h standard
light; T8H, 8 h high light; and T8L, 8 h standard light. Total RNA was isolated
using TRI Reagent based on an adapted protocol (20). Full details are available
at protocols.io: dx.doi.org/10.17504/protocols.io.bt8wnrxe. Total RNA-sequencing
libraries were prepared using the TruSeq Stranded Total RNA with Ribo-Zero Plant
kit (RS-122-2402, Illumina) as per manufacturer’s instructions but with input RNA
and reaction volumes adjusted by one-third. PCR amplified libraries were pooled
equal molar and sequenced (75 bp, single end) on one lane of the NextSeq500.

Raw read quality was first diagnosed using FastQC (v0.11.7). Trim Galore!
(v0.4.4) was used for adapter and low-quality read trimming with PHRED score
<20 (-q 20). Trimmed reads were input for single-end splice-aware alignments
using Subjunc from the Subread package v1.5.0 (74), retaining only reads that
uniquely aligned to the Arabidopsis TAIR10 reference genome. Uniquely aligned
reads were sorted and indexed using Samtools v1.3.1 (75). Aligned reads were
summarized to gene-level loci using the Araport11 annotation (76) using featur-
eCounts (-s 2 for reverse stranded libraries) (77). Differential gene expression
was tested using the edgeR quasi-likelihood pipeline (78, 79). Reads mapping
to ribosomal RNA were removed; only loci containing counts per million >1 in
at least three samples were examined. The trimmed mean of M values method
was used for library normalization to account for sequencing depth and composi-
tion (78, 79). Generalized linear models were fitted using normalized counts to
estimate dispersion (glmQLFit) followed by employing quasi-likelihood F tests
(glmQLFTest) to test for differential expression while controlling for false discov-
ery rates due to multiple hypothesis testing (FDR adjusted P value <0.05). Pro-
tein subcellular localization data were acquired from SUBA (80).

RNA-seq data are summarized in SI Appendix, Data S1 and can be accessed
at the Gene Expression Omnibus (GEO) repository GSE131545 (81). Code used
for analyses are available on GitHub: https://github.com/dtrain16/NGS-scripts.

PSII Fluorescence Parameters Measured by Mini-PAM and IMAGING-
PAM. The Arabidopsis plants grown under the same condition for the labeling
experiment were used for PSII fluorescence parameter measurements except that
normal air was supplied to the growth chamber. After darkness adaption for at least
20 min, PSII parameters of T0 plants were measured using LED as the light source
at 100 and 500 μmol protons m�2�S�1 light intensity with a mini-PAM (Heinz
Walz GmbH). Basal (F0，measuring light only) fluorescence, instantaneous (F,
actinic light), and maximum (Fm, after saturating pulse) fluorescence was obtained
at 1 minute intervals over 1 hour. These measures allowed determination of Y(II),
Y(NPQ), and Y(NO) values with the WinControl-3.25 data acquisition software. For
Fv/Fm measurements, T0 and T1, T2, T5, and T8 plants light exposed at 100 and 500
μmol protons m�2�S�1 were darkness adapted at least 20 min before being mea-
sured by a MAXI version of the IMAGING-PAM (Heinz Walz GmbH). A color gradient
was used to demonstrate the Fv/Fm (maximum quantum yield of PSII) values mea-
sured by IMAGING-PAM in leaves of the whole rosette. One biological replicate was
a combination of measured Fv/Fm values in three leaves in Arabidopsis plants.

Metabolite Extraction. The Arabidopsis plants grown under the same condi-
tion for the labeling experiment were used for metabolite extraction except that
normal air was supplied to the growth chamber. Plant tissues (15 to 50 mg)
were collected at specified time points and immediately snap frozen in liquid
nitrogen. Samples were ground to fine powder and 500 μL of cold metabolite
extraction solution (90% [vol/vol] methanol, spiked with 2 mg/mL ribitol, 6 mg/mL
adipic acid, and 2 mg/mL and 13C-leucine as internal standards). Samples were
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immediately vortexed and shaken at 1,400 rpm for 20 min at 75 °C. Cell debris
was removed by centrifugation at 20,000 × g for 5 min. For each sample, 100
or 400 μL of supernatant was transferred to a new tube and either proceeded
to derivatization for LC-MS analysis or dried using a SpeedVac.

Analyses of Organic Acids and Amino Acids by Selective Reaction
Monitoring Using Triple Quadrupole (QQQ) Mass Spectrometry. For
LC-MS analysis of organic acids, sample derivatization was carried out based on
previously published methods with modifications (82). Briefly, for each 100 μL of
sample, 50 μL of 250 mM 3-nitrophenylhydrazine in 50% methanol, 50 μL of
150 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide in methanol, and 50
μL of 7.5% pyridine in 75% methanol were mixed and allowed to react on ice for
60 min. To terminate the reaction, 50 μL of 2 mg/mL butylated-hydroxytoluene
in methanol was added, followed by the addition of 700 μL of water. Derivatized
organic acids were separated on a Phenomenex Kinetex XB-C18 column (50 ×
2.1 mm, 5-μm particle size) using 0.1% formic acid in water (solvent A) and
methanol with 0.1% formic acid (solvent B) as the mobile phase. The elution
gradient was 18% B at 1 min, 90% B at 10 min, 100% B at 11 min, 100% B at
12 min, 18% B at 13 min, and 18% B at 20 min. The column flow rate was
0.3 mL/min and the column temperature was maintained at 40 °C. The QQQ-MS
was operated in the negative ion mode with multiple reaction monitoring mode.

Data Availability. Proteomics and transcriptomics data have been deposited in the
ProteomeXchange Consortium (PXD010888 and PXD010889) (72, 73) and GEO
(GSE131545) (81).
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