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Acetylation is one of the most common chemical modifica-
tions found on a variety of molecules ranging from metabo-
lites to proteins. Although numerous chloroplast proteins 
have been shown to be acetylated, the role of acetyla-
tion in the regulation of chloroplast functions has remained 
mainly enigmatic. The chloroplast acetylation machinery 
in Arabidopsis thaliana consists of eight General con-
trol non-repressible 5 (GCN5)-related N-acetyltransferase 
(GNAT)–family enzymes that catalyze both N-terminal and 
lysine acetylation of proteins. Additionally, two plastid 
GNATs have also been reported to be involved in the biosyn-
thesis of melatonin. Here, we have characterized six plas-
tid GNATs (GNAT1, GNAT2, GNAT4, GNAT6, GNAT7 and 
GNAT10) using a reverse genetics approach with an empha-
sis on the metabolomes and photosynthesis of the knock-out 
plants. Our results reveal the impact of GNAT enzymes on 
the accumulation of chloroplast-related compounds, such 
as oxylipins and ascorbate, and the GNAT enzymes also 
affect the accumulation of amino acids and their deriva-
tives. Specifically, the amount of acetylated arginine and 
proline was significantly decreased in the gnat2 and gnat7
mutants, respectively, as compared to the wild-type Col-0 
plants. Additionally, our results show that the loss of the 
GNAT enzymes results in increased accumulation of Rubisco 
and Rubisco activase (RCA) at the thylakoids. Nevertheless, 
the reallocation of Rubisco and RCA did not have consequent 
effects on carbon assimilation under the studied conditions. 
Taken together, our results show that chloroplast GNATs 
affect diverse aspects of plant metabolism and pave way for 
future research into the role of protein acetylation.
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Introduction

Acetylation is one of the most common chemical modifications 
found on a variety of molecules ranging from metabolites to 

proteins involved in all aspects of plant growth and responses 
to the environment (Drazic et al. 2016, Hartl et al. 2017, Linster 
and Wirtz 2018, Xue et al. 2018, Tan and Reiter 2020). Dur-
ing N-acetylation, an acetyl group is attached to a free amino 
group of a molecule, such as the N-terminus (NAT) or an inter-
nal lysine residue (KAT) of a protein. While acetylation can in 
certain conditions occur spontaneously, acetylation is mostly 
catalyzed by acetyltransferase enzymes that use acetyl coen-
zyme A as a substrate. In recent years, marked progress has 
been made in understanding the acetylation machinery in dif-
ferent subcellular compartments, with most information being 
available on nuclear and cytosolic acetyltransferases (Linster 
and Wirtz 2018, Aksnes et al. 2019). Although a significant 
amount of acetylation reactions takes place in the chloroplast, 
the organelle responsible for photosynthesis and a major hub 
of biosynthesis pathways, only limited information is available 
about the regulation of acetylation and its impact on chloro-
plast functions (Finkemeier et al. 2011, Wu et al. 2011, Bienvenut 
et al. 2012, Hartl et al. 2017, Xue et al. 2018).

The chloroplast acetylation machinery in the model plant 
Arabidopsis thaliana consists of eight General control
non-repressible 5 (GCN5)-related N-acetyltransferase (GNAT)–
family enzymes that are able to catalyze both N-terminal and 
lysine acetylation (NAT and KAT of proteins (Dinh et al. 2015, 
Koskela et al. 2018b, Bienvenut et al. 2020). Based on phy-
logenetic analysis, chloroplast-localized GNAT1, GNAT2 and 
GNAT3 proteins cluster together and form a subtype 1 of GNAT 
enzymes, while GNAT4–GNAT7 together with GNAT10 form a 
distinct subtype 2 (Bienvenut et al. 2020). All chloroplast GNAT 
enzymes consist of six or seven β-sheets and four α-helices, 
which are arranged as four conserved domains. Domain A is 
involved in the acetyl–CoA (Ac–CoA) interaction, domain B is 
involved in substrate binding and domains C and D have been 
implicated in the determination of protein stability (Ud-Din 
et al. 2016). All subtype 1 enzymes and GNAT4, GNAT7 and 
GNAT10 contain a secondary Ac–CoA binding motif in addi-
tion to the main Ac–CoA binding site, which is located at the 
N-terminus of the α3-helix (Bienvenut et al. 2020). Although all 
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chloroplast GNAT genes are mainly expressed in green tissues, it 
is worth noting that the GNAT6 gene is also expressed in roots 
(Bienvenut et al. 2020).

The dual NAT/KAT activity sets the plastid GNATs apart 
from most of the previously characterized GNAT enzymes that 
predominantly catalyze only one type of acetylation (Liszczak 
et al. 2011, Magin et al. 2016, Aksnes et al. 2019). The plas-
tid GNATs exhibit relaxed NAT and distinct KAT specificities 
with some common preferences, suggesting that this unique 
family of GNATs could share at least some acetylation targets. 
Nevertheless, the plastid GNAT enzymes also possess distinct 
substrate specificities in terms of acetylation sites, and the cat-
alytic activities of the GNATs (both for NAT and KAT) differ 
significantly from each other (Bienvenut et al. 2020). There-
fore, the GNAT enzymes appear to play partly redundant and 
partly specific roles in determining the acetylation profile of the 
chloroplast proteins in planta.

From the roughly 1,000 N-terminally and 1,000 Lys-
acetylated proteins identified in Arabidopsis leaf samples, 
around 30% and 43%, respectively, are predicted to localize 
in the chloroplast (Hartl et al. 2017, Bienvenut et al. 2020). 
The functional annotation analysis of Lys-acetylated proteins 
reveals that photosynthetic proteins are one of the most over-
represented groups together with proteins involved in other 
plastid-related processes, such as tetrapyrrole biosynthesis and 
redox regulation (Hartl et al. 2017). Several reports have also 
shown that changes in acetylation affect the activity and/or sta-
bility of proteins involved in photosynthesis, namely Rubisco, 
Rubisco activase (RCA) and ATP synthase, further confirming 
that acetylation is important for photosynthesis (Finkemeier 
et al. 2011, Hoshiyasu et al. 2013, Gao et al. 2016, Hartl et al. 
2017).

Our work on GNAT2 (NUCLEAR SHUTTLE INTERACTING, 
NSI or Serotonin N-Acetyltransferase 1, SNAT1), one of the first 
characterized plastid GNATs, further cements the role of acetyl-
transferases in photosynthesis. We have shown that GNAT2 is 
required to balance the excitation energy distribution between 
the photosystems via state transitions, thus enabling efficient 
photosynthesis and plant growth under fluctuating light condi-
tions (Koskela et al. 2018b, 2020). The loss of GNAT2 results in 
decreased N-terminal and Lys-acetylation of several chloroplast 
proteins that could affect state transitions either by impair-
ing the association of the light-harvesting complex II (LHCII) 
to photosystem I (PSI) or indirectly by altering the thylakoid 
structure and dynamics. However, the mechanism behind 
the state transition phenotype of the gnat2 mutant remains
unknown.

In addition to protein acetylation, two of the plastid GNATs, 
GNAT1 (SNAT2) and GNAT2, also have been reported to cat-
alyze the acetylation of serotonin and 5-methoxytryptamine 
(5-MT) in the last steps of melatonin biosynthesis (Lee et al. 
2014, 2019). Despite the relatively similar structure (Bienvenut 
et al. 2020), GNAT1 and GNAT2 show distinct enzymatic 
properties both as metabolite and protein acetyltransferases. 
While GNAT1 is more efficient at serotonin acetylation and is 

inhibited by 5-MT and melatonin, GNAT2 prefers 5-MT acety-
lation and is inhibited by 5-MT and serotonin (Lee et al. 2014, 
2019). Similarly, GNAT1 and GNAT2 differ in specificity and 
activity as protein acetyltransferases: they prefer different Lys-
acetylation sites, and unlike GNAT2, GNAT1 shows only weak 
NAT activity (Bienvenut et al. 2020). The fact that the GNAT1 
and GNAT2 enzymes are able to acetylate not only proteins 
but also metabolites raises the question whether some of the 
remaining plastid GNATs could also have a role in metabolite
biosynthesis.

Here, we have characterized six of the plastid GNATs 
using a reverse genetics approach with metabolic profiling 
and a special focus on photosynthesis. Our results reveal 
the impact of GNAT enzymes on the accumulation of var-
ious compounds, most interestingly lipids (including oxylip-
ins) and the antioxidant ascorbate. In addition, the GNAT 
enzymes affect the accumulation of amino acids and their 
(acetylated) derivatives. Our study also further supports earlier 
findings showing the role of GNAT2 in the function of pho-
tosynthetic light harvesting, as seen by increased phosphory-
lation of thylakoid proteins and increased non-photochemical 
quenching (NPQ) in the gnat2 mutant. Interestingly, knock-
ing out of any of the GNAT enzymes increases the mem-
brane recruitment of Rubisco and RCA, suggesting that changes 
in global acetylation levels may affect carbon assimilation 
enzymes. Taken together, our results suggest that the chloro-
plast GNATs play a multifaceted role in plant metabolism and its
regulation.

Results

Acetyltransferase mutants share similar metabolic 
features
To unravel the physiological roles of the plastid GNAT enzymes, 
we have taken a reverse genetics approach and characterized 
homozygous T-DNA insertion lines for gnat1–gnat7 and gnat10
(Supplementary Fig. S1). End-point RT-PCR and/or quan-
titative RT-PCR analyses of transcript abundance confirmed 
that the freely available T-DNA lines for gnat1, gnat2, gnat4, 
gnat7 and gnat10 are complete knock-outs, while for gnat6, 
the results obtained with two primer pairs were inconclusive 
(Supplementary Fig. S2, Koskela et al. 2018b). In addition, 
gnat3 lines contained wild-type levels of GNAT3 mRNA, and 
gnat5 was found to be an over-expressor, and therefore these 
lines were excluded from further analysis (Supplementary 
Fig. S2).

To get insight into the function of each GNAT and their 
possible role as metabolite acetyltransferases, we performed 
non-targeted metabolic profiling of 3-week-old rosettes of 
complete gnat knock-outs (gnat1, gnat2, gnat4, gnat7 and 
gnat10) utilizing UHPLC–quadrupole time-of-flight–MS. The 
full list of detected significantly changed metabolites (111 
compounds) is presented in Supplementary Dataset S1 and 
Fig. S3, while the selected metabolites of interest are also 
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Table 1 Shared features in the metabolome of the gnat mutants

 Fold-changes with q-value of < 0.1 (<0.01 in bold)

Curated ID Compound class gnat1 vs. Col-0 gnat2 vs. Col-0 gnat4 vs. Col-0 gnat7 vs. Col-0 gnat10 vs. Col-0

Ascorbic acid Vitamin 0.27 0.18 0.15 0.19
OxoOTrE (isomer 1) Oxylipin 0.68 0.66 0.69
FA 13:3+1O Oxylipin 0.38 0.36 0.34 0.37
HpOTrE (isomer 3) Oxylipin 0.60 0.59 0.56 0.56
FA 18:4+2O (isomer 1) Oxylipin 0.51 0.60 0.58 0.54
EpKODE (isomer 1) Oxylipin 0.74 0.76 0.74
HpOTrE (isomer 2) Oxylipin 0.62 0.67 0.61 0.56
EpKODE (isomer 2) Oxylipin 0.63 0.63 0.61
dnOPDA (isomer 1) Octadecanoid 0.60 0.69 0.62 0.57
Serine Amino acid 1.69 1.42 1.53 1.35 1.55
MGDG (18:3/16:3) (isomer 1) Glycosyldiradyl-glycerol 1.81 2.08 1.96 2.12
MGDG (18:3/16:3) (isomer 2) Glycosyldiradyl-glycerol 1.35 1.42 1.53
MGDG (18:3/18:3) Glycosyldiradyl-glycerol 1.34 1.29 1.56
DG (18:3/18:3) (dilinolenin) Diacylglycerol 1.31 1.31 1.33
LPG (18:3) Lysophosphatidylglycerol 1.47 1.38 1.39 1.61

FCs of the selected metabolites that behave similarly in at least four gnat lines (n = 5). The FDR-corrected P-value (q-value) was used to assess the significance of the 
observed changes using 0.1 as the cutoff. FC values with q > 0.1 were omitted and are indicated with a dash. Abbreviations: OxoOTrE, oxo-octadecatrienoic acid, EpKODE, 
epoxy-keto-octadecadienoic acid.

presented in Tables 1 and 2. The lack of specific GNAT enzymes 
resulted in significant changes in the metabolome, but the 
extent varied depending on the affected enzyme (Supple-
mentary Fig. S3, Dataset S1). Depletion of GNAT1 affected 
the accumulation of four distinct metabolites, while the inac-
tivation of GNAT10 resulted in changes in the content of 
89 metabolites (Supplementary Dataset S1). The remaining 
mutants, gnat2, gnat4 and gnat7, showed significant changes 
in the amount of 28, 46 and 38 metabolites compared to 
Col-0, respectively (Supplementary Dataset S1). Although 
most of the significantly changed metabolites showed increased 
accumulation compared to Col-0, all mutant lines (except 
gnat1) also contained some metabolites with decreased lev-
els (Supplementary Fig. S3, Dataset S1). The most strik-
ing change was observed in two acetylated metabolites: the 
level of Nα-acetyl-l-arginine was markedly decreased in gnat2
[fold change (FC) 0.108], while the content of N-acetylproline 
was severely reduced in gnat7 (FC 0.015) (Supplementary
Dataset S1). 

Intriguingly, defects in almost any of the GNAT enzymes 
resulted in some shared features in the metabolome. For 
instance, all gnat mutants (with the exception of gnat1) showed 
reduced levels of the antioxidant ascorbate, plastid lipid-
derived jasmonic acid (JA) biosynthesis intermediate dinor-12-
oxophytodienoic acid (dnOPDA) (Weber et al. 1997, Schaller 
and Stintzi 2009) and various oxylipins, such as hydroperoxyl-
octadecatrienoic acid (HpOTre; Table 1, Supplementary 
Dataset S1). Concomitantly, an increase in the level of the 
amino acid serine was detected in all mutant lines, and the con-
tent of some lipids, i.e. monogalactosyldiacylglycerol (MGDG), 
diacylglycerol (DG) and lysophosphatidylglycerol (LPG 18:3) 
(Table 1, Supplementary Dataset S1), was increased in most 
gnat mutants as compared to Col-0. Additionally, many other 
metabolites of unknown function, as well carnitine and pro-
line, showed similar trends in most gnat mutants, although the 

changes were not statistically significant (Supplementary Fig. 
S3, Dataset S1).

The gnat mutants possess unique metabolic profiles
Among the mutant lines, the inactivation of GNAT10 resulted 
in the most significant change in the metabolome. In addi-
tion to changes in the metabolites affected in most gnat
mutants, gnat10 showed a slight, but statistically significant, 
increase in the levels of free amino acids, various di- and 
tripeptides and several nucleosides and nucleobases (Table 2, 
Supplementary Dataset S1). The content of the lipid linoleic 
acid was considerably increased (FC 1.66) as compared to Col-
0. Several stress-related compounds were also increased in 
gnat10. Specifically, the level of tryptophan-derived indole-3-
carboxylic acid and methoxyindole-3-carbaldehyde (B ̈ottcher 
et al. 2014) was increased ca. 1.5-fold compared to Col-0, while 
the level of the glucosinolate glucohirsutin together with the 
isothiocyanate formed upon its cleavage, hirsutin, was slightly 
less affected (Table 2, Supplementary Dataset S1). Simi-
larly, the content of hirsutin was increased in gnat4 and gnat7
mutants.

Most of the metabolites with changed accumulation in 
the gnat4 mutant were shared with one or more gnat
mutant lines (Table 1, Supplementary Dataset S1). How-
ever, the lysophospholipid lysophosphatidylethanolamine (LPE 
16:0) was somewhat decreased, and the nucleobase methylgua-
nine increased specifically in gnat4 (Table 2, Supplementary 
Dataset S1). The gnat7 mutant, on the other hand, showed 
specific changes in several metabolites of potential inter-
est. The most noteworthy feature of the gnat7 metabolome 
was the strong decrease in the level of N-acetylproline as 
compared to Col-0. In addition, the level of the phenyl-
propanoid sinapine, the glucosinolate-derived isothiocyanate 
sulforaphane and the auxin-conjugate indole-3-acetyl-l-alanine 
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Table 2 Unique metabolic features of specific gnat mutant lines

Mutant line/curated ID Compound class
FC, q-value < 0.1
(<0.01 in bold)

gnat2
 Nα-acetyl-l-arginine Amino acid 0.11
 Proline Amino acid 0.55

gnat4
 LPE (16:0) Lysophosphatidyl-

ethanolamine
0.71

 Methylguanine Nucleobase 1.27

gnat7
 N-acetylproline Amino acid 0.01
 Sinapine Betaine 2.19
 Indole-3-acetyl-l-alanine Indole 1.53
 Sulforaphane Isothiocyanate 1.55
gnat10
 Carnitine (also in gnat7) Amino acid 0.68
 Citrulline (also in gnat2) Amino acid 1.28
 Tyrosine Amino acid 1.32
 Asparagine Amino acid 1.32
 Threonine Amino acid 1.29
 Lysine Amino acid 1.39
 Pro-Arg Dipeptide 1.25
 Lys-Ser Dipeptide 1.25
 Ala-His Dipeptide 1.36
 Gln-Asn Dipeptide 1.40
 Pro-Gly Dipeptide 1.34
 Phe-Ile-Lys Tripeptide 1.79
 Ala-Gly-Lys Tripeptide 1.31
 2-O-Methyladenosine (also in 

gnat4)
Nucleoside 1.67

 Guanosine Nucleoside 1.48
 Adenine Nucleobase 1.25
 Adenosine Nucleoside 1.27
 Uridine Nucleoside 1.31
 Deoxyadenosine Nucleoside 1.41
 Methylthioadenosine Nucleoside 1.23
 Linoleic acid (18:2) PUFA 1.66
 Indole-3-carboxylic acid Indole 1.50
 Methoxyindole-3-carbaldehyde 

(isomer 1)
Indole 1.56

 Hirsutin (also in gnat4 and gnat7) Sulfoxide isothiocyanate 1.30
 Glucohirsutin Glucosinolate 1.29

FCs of the selected metabolites that show changed levels specific to one gnat
mutant line as compared to Col-0 (n = 5). The FDR-corrected P-value (q-value) was 
used to assess the significance of the observed changes using 0.1 as the cutoff.

(Ludwig-Müller 2011) was increased upon GNAT7 inactiva-
tion (Table 2, Supplementary Dataset S1). The inactivation of 
GNAT1 affected only four metabolites that showed changes in 
other gnat lines as well (Table 1, Supplementary Dataset S1). 
However, among the mutant lines, the increase in the con-
tent of serine was the highest (FC 1.69) and most significant in 
the gnat1 line as compared to Col-0 (Table 2, Supplementary 
Dataset S1).

In the gnat2 metabolome, the most striking change was the 
strong decrease in Nα-acetyl-l-arginine (FC 0.11) (Table 2). It is 
worth noting that the amount of free proline was also markedly 
decreased in gnat2 (FC 0.55), although a similar, yet statistically 
insignificant, trend was observed in all the other gnat lines as 
well. Because GNAT2 has been shown to catalyze acetylation of 
serotonin in the biosynthetic pathway of melatonin (Lee et al. 
2014), and the loss of GNAT2 resulted in marked changes in 
the photosynthetic properties of the plant (Koskela et al. 2018a, 

2020), we aimed to quantify the melatonin level in the gnat2
mutant. Since melatonin was not detected in the initial untar-
geted metabolic profiling, we analyzed the melatonin content 
of the gnat2 line using an alternative ultra-performance liq-
uid chromatography (UPLC)–MS approach. In agreement with 
previous results (Lee and Back 2018), the melatonin content 
of gnat2 rosettes grown under standard conditions was not 
decreased but rather slightly higher than that in Col-0 (Sup-
plementary Fig. S4), indicating that GNAT2 is not essential for 
melatonin production under standard growth conditions.

The lack of GNAT2 affects plant growth and 
photosynthetic properties
Several metabolites with changed accumulation in the gnat
mutants (e.g. ascorbate, oxylipins and MGDG) have an impor-
tant role in photosynthesis. These results together with the 
previously reported role of GNAT2 in photosynthesis (Koskela 
et al. 2018a, 2020) and the high prevalence of acetylation 
among photosynthetic proteins (Finkemeier et al. 2011, Wu 
et al. 2011, Hartl et al. 2017) prompted us to turn our atten-
tion to the growth phenotype and photosynthetic properties of 
the gnat mutants. As the distinct mutants may respond differ-
ently under growth-light (GL) conditions, we grew the mutant 
plants in short-day conditions under three different light inten-
sities of PPFD 100, 130 and 160 μmol m−2 s−1 . Indeed, gnat2
showed slightly retarded growth as compared to Col-0 (Fig. 1,
Supplementary Fig. S5). The growth phenotype of gnat2
was light-dependent, as the growth defect diminished when 
plants were grown under high-light (HL) intensities (Fig. 1B,
Supplementary Fig. S5, Koskela et al. 2020, Lee and Back 2021). 
While the chlorophyll (Chl) a and b content was similar in all 
mutant lines, the Chl a to b ratio was lower in gnat2 when com-
pared to Col-0 as previously reported by Koskela et al. (2018b) 
(Supplementary Table S3). These results emphasize the role 
of GNAT2 in the growth and development of the plant, while 
the remaining GNATs did not impact growth, at least under the 
indicated growth conditions.

To assess whether the lack of GNATs results in changes in 
photosynthetic function, we performed light curve measure-
ments of the gnat lines compared to Col-0 using DUAL-PAM. As 
previously reported by Koskela et al. (2018b), our results showed 
that the gnat2 mutant showed a marked increase in the quan-
tum yield of nonregulated energy dissipation [Y(NO)] at light 
intensities below GL, while the photosynthetic properties of 
other gnat mutants did not differ from those of Col-0 (Table 3, 
Supplementary Dataset S2). Moreover, gnat2 plants exhibited 
slightly higher NPQ than Col-0 in light intensities with a PPFD 
of >500 μmol m−2 s−1 (Table 3, Supplementary Dataset S2), 
as reported by Koskela et al. (2018b, 2020). Despite the NPQ 
differences detected in gnat2, the accumulation of the PSBS pro-
tein and violaxanthin de-epoxidase (VDE), the key players in the 
induction of NPQ (Jahns and Holzwarth 2012), did not differ 
between any of the gnat mutants and Col-0 (Supplementary 
Fig. S6A). In accordance with this, the HL-induced dynamics 
of xanthophyll cycle pigments antheraxanthin, zeaxanthin and 
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Fig. 1 The growth phenotype of gnat mutant lines. (A) 5-week-old 
gnat mutant plants grown at a PPFD of 100 μmol m−2 s−1 under 8-
h light/16 dark cycles at + 23∘C and relative humidity 50–55%. (B) 
Fresh weights of 5-week-old gnat plants grown at a PPFD of 100, 130 
or 160 μmol m−2 s−1 . n = 5–6. The statistically significant (P < 0.05) 
difference (compared to Col-0) is indicated with an asterisk. 

violaxanthin were also unchanged in gnat2 (Supplementary 
Fig. S6B). The xanthophyll cycle was also unaffected in gnat1
and gnat10 mutants. These two lines were selected for pigment 
analysis based on similarity to GNAT2 and marked changes in 
the metabolome, respectively (Supplementary Fig. S6B). To 
further dissect the NPQ dynamics in the gnat mutants, we per-
formed electrochromic shift (ECS) measurements that revealed 
no differences in the magnitude or partitioning of the proton 
motive force (pmf ), which is required for NPQ induction, or in 
ATP synthase conductivity (Supplementary Dataset S3). 

The GNAT enzymes affect thylakoid recruitment of 
Rubisco and RCA
It was previously reported that the loss of GNAT2 resulted in 
drastic reorganization of thylakoid protein complexes (Koskela 

et al. 2018b). Specifically, the accumulation of the ‘state transi-
tion complex’, i.e. PSI–LHCII, was not detectable in the gnat2
mutants. This defect was directly reflected in photosynthetic 
regulation, as state transitions were severely dysfunctional 
(Koskela et al. 2018b). To study the impact of other GNAT 
enzymes on the organization of thylakoid protein complexes, 
we subjected the gnat mutants to blue native polyacrylamide 
gel electrophoresis (BN-PAGE; Fig. 2A, Supplementary Fig. S7) 
(Rantala et al. 2018). Indeed, upon solubilizing the non-
appressed regions of the thylakoid membrane with the mild 
detergent digitonin followed by the BN-PAGE analysis, no accu-
mulation of the PSI–LHCII complex was detected in gnat2, while 
no such defect was recorded in other gnat mutants (Fig. 2A). 
Solubilization of whole thylakoids with β-dodecyl maltoside 
showed almost identical organization and accumulation of the 
thylakoid protein complexes participating in photosynthetic 
electron transfer in all plant lines (Supplementary Fig. S7). 
Moreover, no differences were detected between the plant 
lines, when the accumulation of thylakoid proteins was stud-
ied by SDS-PAGE and immunoblotting using antibodies against 
protein subunits representing PSII, LHCII, Cyt b6f and PSI
(Fig. 2B, Supplementary Fig. S8). The amount of ATP syn-
thase subunits ATP-f and ATP-β was slightly decreased in the 
gnat4 and gnat6 mutants, respectively (Fig. 2B Supplementary 
Fig. S8).

Intriguingly, one band appeared more intense in all gnat
lines when the BN gels were stained with Coomassie (Fig. 2A, 
Supplementary Fig. S7). To identify the protein complex show-
ing increased accumulation, the subunits of each protein com-
plex on BN were resolved on a denaturing SDS-PAGE gel and the 
gel was stained with SYPRO protein stain. The protein complex 
showing higher accumulation in the gnat lines was identified as 
Rubisco (Supplementary Fig. S7) based on Aro et al. (2005). 
As Rubisco is mainly present in a soluble form in chloroplast 
stroma, we further measured the amount of Rubisco both in 
thylakoid and in total protein samples. Immunoblot analysis 
confirmed that gnat thylakoid samples contain around 1.5–2 
times more of the large subunit of Rubisco (RbcL) than Col-0 
samples, while the level of RbcL was not changed in the total 
protein extract (Fig. 2C, Supplementary Fig. S7). Thus, the 
loss of the GNAT enzymes did not have an impact on the over-
all accumulation but rather on the recruitment of Rubisco to 
the thylakoids. An even greater increase in the thylakoid frac-
tion was observed for RCA (Fig. 2C, Supplementary Fig. S7). 
To see if other stromal proteins accumulate to a higher degree 
in the thylakoid samples of the gnat mutants, we also compared 
the amount of ferredoxin:NADP(H) oxidoreductase-like (FNRL) 
and leaf-type ferredoxin-NADP(H) oxidoreductase (FNR) in 
thylakoid and total protein samples. FNRL is a fully soluble stro-
mal protein (Koskela et al. 2018b), while FNR is found both in 
the stroma and associated with the thylakoids depending on 
the chloroplast redox state (Lintala et al. 2007, Benz et al. 2009). 
However, no significant increase in FNRL or FNR was observed 
in the thylakoid samples (Fig. 2).
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Table 3 Photosynthetic parameters obtained from light curve measurements with DUAL-PAM

Line
PPFD
(μmol m−2 s−1) Y(II) Y(NO) NPQ qP Y(I) Y(ND) Y(NA)

Col-0 50 0.65 ± 0.02 0.28 ± 0.013 0.23 ± 0.025 0.89 ± 0.01 0.71 ± 0.017 0.1 ± 0.048 0.19 ± 0.036
700 0.08 ± 0.018 0.32 ± 0.019 1.88 ± 0.121 0.15 ± 0.026 0.12 ± 0.029 0.8 ± 0.027 0.08 ± 0.003

gnat1 50 0.66 ± 0.029 0.27 ± 0.016 0.23 ± 0.044 0.88 ± 0.026 0.73 ± 0.019 0.06 ± 0.03 0.21 ± 0.023
700 0.11 ± 0.022 0.3 ± 0.021 2.01 ± 0.135 0.19 ± 0.038 0.15 ± 0.029 0.77 ± 0.039 0.08 ± 0.02

gnat2 50 0.61 ± 0.015 0.34 ± 0.013 0.16 ± 0.013 0.82 ± 0.03 0.72 ± 0.036 0.04 ± 0.008 0.24 ± 0.036
700 0.1 ± 0.012 0.29 ± 0.005 2.1 ± 0.053 0.19 ± 0.016 0.16 ± 0.016 0.77 ± 0.031 0.07 ± 0.018

gnat4 50 0.65 ± 0.027 0.28 ± 0.009 0.25 ± 0.053 0.9 ± 0.01 0.71 ± 0.023 0.11 ± 0.054 0.18 ± 0.036
700 0.08 ± 0.01 0.33 ± 0.011 1.8 ± 0.075 0.14 ± 0.011 0.12 ± 0.019 0.81 ± 0.023 0.07 ± 0.012

gnat6 50 0.69 ± 0.016 0.26 ± 0.013 0.18 ± 0.013 0.9 ± 0.006 0.72 ± 0.006 0.06 ± 0.014 0.22 ± 0.016
700 0.1 ± 0.007 0.31 ± 0.019 1.87 ± 0.152 0.17 ± 0.014 0.14 ± 0.006 0.79 ± 0.01 0.07 ± 0.014

gnat7 50 0.67 ± 0.034 0.26 ± 0.013 0.26 ± 0.074 0.92 ± 0.019 0.71 ± 0.032 0.09 ± 0.048 0.19 ± 0.049
700 0.09 ± 0.018 0.31 ± 0.018 1.94 ± 0.124 0.18 ± 0.023 0.14 ± 0.026 0.8 ± 0.034 0.06 ± 0.017

gnat10 50 0.68 ± 0.006 0.27 ± 0.002 0.19 ± 0.032 0.9 ± 0.012 0.7 ± 0.016 0.08 ± 0.034 0.22 ± 0.03
700 0.09 ± 0.014 0.32 ± 0.016 1.84 ± 0.111 0.17 ± 0.023 0.14 ± 0.014 0.79 ± 0.016 0.07 ± 0.001

Plants grown for 6 weeks at a PPFD of 110 μmol m−2 s−1 were dark-adapted for 30 min and exposed to 5-min illumination steps at the PPFDs of 50, 75, 100, 125, 150, 250, 
500, 700 and 1,000 μmol m−2 s−1 . Parameters included in the table were calculated after the illumination with PPFDs of 50 and 700 μmol m−2 s−1 . The measurement was per-
formed on 3–4 plants/line. Abbreviations: Y(II), quantum yield of photosystem II; Y(NO), quantum yield of nonregulated energy dissipation; qP, coefficient of photochemical 
quenching; Y(I), quantum yield of PSI; Y(ND), non-photochemical quantum yield of PSI, donor side; Y(NA), non-photochemical quantum yield of PSI, acceptor side. Values 
with a statistically significant (P < 0.05) difference (compared to Col-0) are in bold.

To explore the impact of the increased amount of Rubisco 
and RCA attached to the thylakoids, we next focused on the car-
bon assimilation efficiency of gnat1, gnat2 and gnat10 mutants 
because the catalytic activities (Lee and Back 2018, Lee et al. 
2019, Li et al. 2020) and protein acetylation efficiencies (Koskela 
et al. 2018b, Bienvenut et al. 2020) of these enzymes differ 
markedly from each other. However, gas exchange measure-
ments revealed no differences in CO2 assimilation between 
the mutant lines and Col-0 plants when carbon assimilation 
was measured in response to different light intensities or CO2
concentrations (Supplementary Fig. S9), indicating that the 
reallocation of Rubisco and RCA to the thylakoid fraction does 
not have measurable consequences on the efficiency of carbon 
fixation in planta.

Loss of GNAT2 has an impact on the 
phosphorylation of thylakoid proteins, while the 
PSII repair cycle is not affected
Protein phosphorylation is known to be one of the major regula-
tors of photosynthetic light reactions, and lately, there has been 
speculation about the interplay of protein phosphorylation and 
acetylation (Schmidt et al. 2017, Uhrig et al. 2019). To see if the 
absence of the studied GNATs has an impact on protein phos-
phorylation, thylakoid proteins of gnat mutants were separated 
using SDS-PAGE and the gel was stained with ProQ Diamond 
stain, which is specific for phosphorylated proteins. Our results 
show a significant increase in the phosphorylation of the pho-
tosynthetic LHCII proteins and the core subunits of PSII in gnat2
under standard growth conditions, while no consistent changes 
were observed in the phosphorylation pattern of the other 
gnat mutants as compared to Col-0 (Fig. 3A, Supplementary 
Fig. S10). Interestingly, the increase in protein phosphorylation 
in gnat2 was less apparent, when detected using an antibody 
against phosphorylated threonine (Supplementary Fig. S10). 

Due to the clearly increased phosphorylation of gnat2 thylakoid 
proteins, we next studied how the phosphorylation pattern 
was affected by an HL treatment with a PPFD of 1,000 μmol 
m−2 s−1 . Under HL conditions, LHCII of gnat2 remained hyper-
phosphorylated, while the phosphorylation of PSII core proteins 
appeared slightly, yet not statistically significantly, decreased as 
compared to Col-0 (Fig. 3A, Supplementary Fig. S10).

Because phosphorylation plays a crucial role in the repair 
cycle of photodamaged PSII, thus maintaining the function of 
the photosynthetic machinery in (high) light through light-
induced degradation and concomitant biosynthesis of the PSII 
core protein D1 (Aro et al. 1993), we studied the suscepti-
bility of PSII to photoinhibition (and thereby the efficiency 
of PSII repair). To that end, we subjected gnat1, gnat2 and 
gnat10 leaves to moderate HL (PPFD 600 μmol m−2 s−1) fol-
lowed by recovery at GL (PPFD 130 μmol m−2 s−1) while simul-
taneously monitoring their photosynthetic capacities (Fv/Fm) 
and D1 protein levels. To reveal the impact on both protein 
synthesis and degradation, the experiment was done in the 
absence and in the presence of lincomycin, an inhibitor of 
chloroplast protein translation. The results show that despite 
differences in phosphorylation, the PSII capacity and D1 pro-
tein content in the mutants did not differ from those of Col-0 
(Fig. 3B, C). The relatively mild HL treatment induced only a 
moderate decrease in the quantum yield of PSII (Fv/Fm), as all 
lines retained 90% of their initial activity at the end of the 2-h HL 
treatment (Fig. 3B). In line with this, D1 protein levels remained 
unchanged throughout the HL treatment in all lines, indicating 
no defects in the D1 protein synthesis or in the D1 degradation 
during the PSII repair cycle (Fig. 3B). As expected, the PSII quan-
tum yield showed a more marked decrease in the lincomycin-
treated leaves, going to around 60% at the end of the HL 
treatment (Fig. 3C). D1 levels decreased to roughly 80% of the 
starting point (Fig. 3C), reflecting the relatively slower process 
of protein degradation. A harsher treatment at 1,000 μmol m−2
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Fig. 2 An analysis of thylakoid protein complexes and selected stromal proteins in the gnat mutants. (A) gnat mutant thylakoid samples solubilized 
with digitonin and separated on a BN gel and stained with Coomassie. Bands corresponding to PSI–LHCII and Rubisco are indicated with arrows. 
A representative gel from three biological replicates is shown. (B) Immunoblot analysis of gnat thylakoid proteins using antibodies against D1, 
cytochrome f (Cyt f), PsaB, ATPβ, ATPf and Lhcb1 proteins. Representative results from three biological replicates are shown. (C) Immunoblot 
analysis using antibodies against Rubisco L subunit (RbcL), RCA, FNRL and leaf-type FNR (FNR) with total and thylakoid protein samples. Repre-
sentative immunoblots from three biological replicates are shown. (D) The quantification of immunoblot results used to assess the amount of 
Rubisco, RCA, FNRL and FNR in total and thylakoid protein samples of gnat mutants (n = 3). Statistically significant (P < 0.05) comparisons are 
indicated with asterisks. 

s−1 resulted in a stronger decrease in Fv/Fm values to roughly 
35–40% of starting point when protein translation was not 
blocked and to 5–10% of starting point in leaves treated with 
lincomycin, but no differences were observed between the lines 
(Supplementary Dataset S4).

Discussion

Acetylation of proteins has been shown to affect a signifi-
cant amount of chloroplast proteins, likely through the action 
of eight plastid-localized GNAT acetyltransferase enzymes
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Fig. 3 Thylakoid protein phosphorylation and the abundance of D1 pro-
tein under photoinhibitory conditions. (A) Thylakoid phosphoproteins 
from standard growth conditions (GL) and after a 2-h HL treatment at 
a PPFD of 1,000 μmol m−2 s−1 separated on an SDS-PAGE gel and visu-
alized using Pro-Q™ Diamond stain. Representative results from three 
biological replicates are shown. PSII photoinhibition and D1 turnover 
monitored in gnat1, gnat2 and gnat10 samples treated (B) for 2 h at a 
PPFD of 600 μmol m−2 s−1 and 1.5-h recovery at GL (130 μmol photons 
m−2 s−1) and (C) for 2 h at 600 μmol photons m−2 s−1 using lincomycin 
to inhibit protein translation in the chloroplast. The amount of active 
PSII was assessed by measuring PSII yield (Fv/Fm , indicated as lines, 
n = 5–6) and D1 protein levels (indicated as bars) compared to the 
beginning of the treatment (t0 , n = 3). 

(Bienvenut et al. 2020). Each plastid GNAT enzyme has a 
unique specificity, indicating that the GNAT enzymes have dis-
tinct physiological roles in plant metabolism (Lee et al. 2014, 
2019, Dinh et al. 2015, Bienvenut et al. 2020). However, the 
relaxed N-terminal acetylation activity of GNAT-family enzymes 
suggests that they are also likely to have some redundancy, 
thus adding to the robustness of the acetylation machinery in 

the chloroplast (Bienvenut et al. 2020). In line with this, the 
loss of GNAT enzymes resulted in various shared features in 
the plant metabolome and photosynthesis-related processes 
between the studied mutants. In particular, the decrease in the 
amount of oxylipins and the increased allocation of the carbon 
assimilation enzymes Rubisco and RCA to the thylakoid frac-
tion are of potential interest and suggest that acetylation affects 
key processes of the chloroplast. In addition to the shared fea-
tures of the gnat mutants, some specific differences were also 
observed pointing to specific roles of the GNAT enzymes in 
photosynthesis and amino acid metabolism.

Chloroplast acetyltransferases affect the 
accumulation of oxylipins
Oxylipins are a group of oxidized lipid derivatives produced 
either enzymatically and/or chemically via hydroperoxidation 
of polyunsaturated fatty acids (PUFAs). Most oxylipins have 
signaling functions, especially the oxylipin-derived phytohor-
mone JA, and are involved in the regulation of (a)biotic 
stress responses as well as plant growth and development 
(Wasternack and Feussner 2018). Oxylipin biosynthesis is pri-
marily driven by the availability of the substrate fatty acid 
(FA) either in its free form or esterified to plastid mem-
brane and storage lipids (Feussner et al. 1995, Andersson 
et al. 2006, Nilsson et al. 2012). Based on our metabolomics 
analysis, there is an increase in free linolenic acid (18:3, the 
most abundant FA) in gnat4 and gnat10, while free linoleic 
acid (FA 18:2) accumulates in the gnat10 mutant as com-
pared to Col-0 (Table 2, Supplementary Dataset S1). Simi-
larly, the amount of the most abundant thylakoid membrane 
lipid MGDG is increased in most gnat mutant lines (Table 
1, Fig. 4, Supplementary Dataset S1), meaning that the 
lack of substrate does not seem to be behind the observed 
decrease in oxylipins. In addition to serving as the precur-
sors of JA, plastid galactolipids MGDG and digalactosyldiacyl-
glycerol (DGDG) also seem to have a role in the regulation 
of JA biosynthesis. Recent reports have shown that many of 
the phenotypic traits associated with mutants with an altered 
MGDG:DGDG ratio are, in fact, caused by changes in the 
amount of JA (Kelly et al. 2016, Lin et al. 2016, Li and Yu
2018).

The first oxidative step in oxylipin biosynthesis is catalyzed 
by lipoxygenase (LOX) enzymes that, depending on their 
positional specificity, are classified into 13-LOX and 9-LOX 
enzymes (Fig. 4). LOX enzymes thus specifically produce C-13- 
or C-9-oxygenated PUFAs, in contrast to chemical oxygenation 
by reactive oxygen species that results in a mixture of different 
positional isomers of FA hydroperoxides (Andreou et al. 2009). 
Two isomers of HpOTre, an FA hydroperoxide derived from 
linolenic acid (Table 1, Supplementary Dataset S1, Fig. 4), 
were markedly decreased in all of the studied gnat mutant lines 
(except gnat1) with isomer 2 being by far more abundant. Based 
on the presence of two distinct isomers of HpOTre, it is con-
ceivable that enzymatic oxygenation by LOX enzymes is behind 
their formation. Interestingly, LOX2, a 13-LOX enzyme and the 
predominant LOX enzyme in the leaf, has up to eight lysine 
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Fig. 4 The synthesis of the oxylipin-derived JA and the FCs of related metabolites identified in the current study. Enzymes with known acetylation 
sites are marked with an asterisk. Abbreviations for compounds and enzymes: MGDG, monogalactosyldiacylglycerol; LOX, lipoxygenase; HpOTrE, 
hydroperoxyl-octadecatrienoic acid; HpHTrE, hydroperoxyl- hexadecatrienoic acid; 13-AOS, 13-allene oxide synthase; AOC, allene oxide cyclase; 
(dn)OPDA, (dinor-)12-oxophyto-dienoic acid; OPR3, 12-oxophytodienoate reductase 3; JA, jasmonic acid. The figure is based on Wasternack and 
Feussner (2018). 

acetylation sites (Hartl et al. 2017, Wasternack and Feussner 
2018, Koskela et al. 2018b), which might indicate that changes 
in acetylation of the LOX enzymes affect oxylipin production in 
the gnat mutants.

The 13-LOX branch of oxylipin biosynthesis is well character-
ized, not in the least, because of its important role in JA synthe-
sis (Schaller and Stintzi 2009, Wasternack and Feussner 2018). 
During JA biosynthesis, the 13-oxygenated PUFA (derived from 
18:3 or 16:3 FAs) is converted to an unstable allylic epoxide 
by 13-allene oxide synthase (AOS) (Fig. 4). The allylic epoxide 
is then converted to a cyclic dnOPDA by allene oxide cyclase 
(AOC). The precursors for OPDA and dnOPDA are linolenic acid 
(18:3) and hexadecatrienoic acid (16:3), respectively. The forma-
tion of dnOPDA is the last plastid-localized step of JA biosyn-
thesis, which is finalized in the peroxisome by the action of 12-
oxophytodienoate reductase 3 (OPR3) and two to three cycles 
of β-oxidation. Interestingly, the accumulation of dnOPDA was 
decreased in all studied gnat mutant lines except gnat1 (Table 1, 
Supplementary Dataset S1, Fig. 4). The decrease in dnOPDA 
could be a reflection of a decrease in oxylipins upstream of 
dnOPDA, but unfortunately no other hexadecatrienoic acid–
derived oxylipins were identified in our analysis. In addition 
to their role as JA precursors, both dnOPDA and OPDA have, 
at least partially overlapping, signaling functions of their own 
(Stintzi et al. 2001, Taki et al. 2005, Buseman et al. 2006, Dave 
et al. 2011). However, most of the available research focuses on 
OPDA, which likely due to the higher availability of its precursor 
PUFA (18:3) is more abundant than dnOPDA.

There is strong evidence suggesting that JA biosynthesis is 
regulated on a post-translational level (Scholz et al. 2015), but 
the mechanism behind this regulation has remained elusive. 
Intriguingly, the only isoform of AOS, the plastid enzyme that 
catalyzes the first committed step of JA biosynthesis, has up 
to seven lysine acetylation sites (Hartl et al. 2017, Koskela 
et al. 2018b), whose function is yet unknown. Based on the 
decrease in dnOPDA observed in our metabolomics analysis, it 
is tempting to speculate that acetylation might be involved in 
the enigmatic post-translational regulation of JA.

Deficiency of chloroplast GNATs results in the 
increased accumulation of Rubisco and RCA in the 
thylakoid fraction
Several studies have linked lysine acetylation to carbon assimila-
tion through the adjustment of Rubisco activity either directly 
or by altering the activity of RCA (Finkemeier et al. 2011, Gao 
et al. 2016, Hartl et al. 2017). Rubisco, the most abundant 
enzyme in plants, catalyzes the first step of carbon assimilation 
reactions in the soluble stroma of the chloroplast. Neverthe-
less, several reports have suggested that the organization of 
the carbon assimilation enzymes into thylakoid-associated mul-
tienzyme complexes might facilitate carbon assimilation (Suss 
et al. 1993, Sainis et al. 2003, Dani and Sainis 2005, Agarwal 
et al. 2009). As acetylation affects the charge of the protein and 
thereby potential interactions (Drazic et al. 2016), the increased 
association of Rubisco to the thylakoid membrane (Fig. 2C, 
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Supplementary Fig. S7) may result from the differential acety-
lation status of proteins in the gnat mutants as compared to 
Col-0 (Koskela et al. 2018b, Bienvenut et al. 2020). This hypoth-
esis is supported by the fact that Rubisco is the most heavily 
acetylated protein in the chloroplast (Finkemeier et al. 2011, Wu 
et al. 2011, Hartl et al. 2017). Another possibility is that potential 
changes in Rubisco acetylation alter its activity and lead to the 
observed reallocation of Rubisco as a way to maintain normal 
Rubisco function. In support of this, changes in the lysine acety-
lation status of Rubisco have been linked to enzyme activity 
(Finkemeier et al. 2011, Gao et al. 2016, Hartl et al. 2017), 
although the exact mechanism remains unclear. However, the 
involvement of lysine acetylation in the regulation of Rubisco 
has also been challenged due to the low stoichiometry of acety-
lation events in 6-week-old Arabidopsis rosettes (O’Leary et al. 
2020). Based on our results, it seems likely that the membrane 
recruitment of Rubisco is affected by changes in acetylation, but 
these changes are not reflected in the net carbon assimilation 
efficiency of the plants (Fig. 2, Supplementary Fig. S9).

In the dark, Rubisco is inhibited by the binding of sugar 
phosphate–like molecules that are removed from Rubisco 
active sites upon the RCA-driven, light-induced conformational 
change of the enzyme. RCA, on the other hand, requires ATP 
to function and is inhibited by the ADP formed upon Rubisco 
activation. Increased lysine acetylation of RCA has been shown 
to decrease its sensitivity to ADP inhibition, thus increasing 
its ability to activate Rubisco (Hartl et al. 2017). Additionally, 
it has been suggested that RCA is recruited to the thylakoid 
membrane upon Rubisco activation, possibly in its inactive, 
ADP-bound form (Chen et al. 2010). The release of RCA from 
the thylakoids depends on the formation of the proton gra-
dient across the thylakoid membrane (ΔpH) and increasing 
ATP levels (Chen et al. 2010). Interestingly, the amount of 
RCA is markedly increased in the thylakoid fraction of sev-
eral gnat mutants (Fig. 2C, Supplementary Fig. S7), although 
ΔpH is unaffected (Supplementary Dataset S3). Based on 
our experiments, it is not possible to assess the amount of 
ATP in the chloroplast stroma, but unchanged pmf  and ATP 
synthase conductivity in the gnat mutants suggest that there 
are no major differences in ATP production as compared to 
Col-0 (Supplementary Dataset S3). However, the amount of 
ATPase subunits ATP-β and ATP-f is slightly decreased in the 
gnat6 and gnat4 mutants, respectively (Fig. 2B, Supplementary 
Fig. S8), indicating that changes in ATP production cannot be 
ruled out. One possible explanation for the high accumula-
tion of RCA in the thylakoid fraction of gnat mutants (Fig. 2C, 
Supplementary Fig. S7) could be that the potential decrease 
in the acetylation of RCA increases its affinity to ADP, thereby 
enhancing thylakoid recruitment. However, this hypothesis 
requires further investigation, which is beyond the scope of 
this study. Because no increase was observed in the amount 
of FNRL, a stromal oxidoreductase, and FNR in the thylakoid 
fraction of the gnat mutants, the increase of both Rubisco 
and RCA may suggest that acetylation specifically affects the 
allocation of the enzymes involved in carbon assimilation. 
Whether the acetylation and/or allocation of these enzymes 

have physiological consequences remains a topic for further
studies.

Chloroplast acetyltransferases and photosynthesis
One of the most pronounced consequences of the GNAT 
knock-out on the plant metabolome was the low content 
of ascorbate in gnat2, gnat4, gnat7 and gnat10 (Table 1, 
Supplementary Dataset S1). Ascorbate plays an important 
role in various photosynthesis-related processes in chloroplasts. 
Ascorbate, along with low pH, is required for the activity of 
VDE, which converts violaxanthin to antheraxanthin and zeax-
anthin upon the acclimation of plants to HL (Müller-Moulé et 
al. 2002, 2004). The accumulation of zeaxanthin and the con-
formational change in the lumenal PSBS protein result in the 
induction of NPQ, which protects the photosynthetic machin-
ery upon the exposure of the plant to intense illumination 
(Jahns and Holzwarth 2012). Despite the decrease in the ascor-
bate content, no differences were recorded in the accumula-
tion of xanthophyll cycle pigments or NPQ-related proteins 
VDE and PSBS, or in the dynamics of the xanthophyll cycle 
between the gnat mutants and Col-0 (Supplementary Fig. S6). 
Similarly, under low-light conditions, the content of xantho-
phyll cycle pigments and photosynthetic properties did not 
differ between the ascorbate-deficient vtc2 mutants and Col-0 
(Müller-Moulé et al. 2004). Since only the gnat2 plants showed 
any changes in NPQ (Table 3, Supplementary Dataset S2, 
Koskela et al. 2018b), it is likely that not the ascorbate con-
tent but rather some other changes specific to gnat2, such 
as previously described decreased acetylation of various thy-
lakoid proteins or compact stacking of thylakoid grana (Koskela 
et al. 2018b, Rantala et al. 2022), have an impact on NPQ
in gnat2.

In addition to the induction of NPQ, ascorbate is also an 
important component in the quenching of photoproduced 
superoxide and hydrogen peroxide (water–water cycle and 
Foyer–Halliwell–Asada cycle) and thus is crucial for HL acclima-
tion (Asada 1999). Reactive oxygen species damage the D1 pro-
tein of PSII, which must be degraded, resynthesized and inserted 
in the thylakoid-embedded PSII in a multistep process known as 
the PSII repair cycle (Aro et al. 1993). Importantly, the phospho-
rylation of the D1 protein plays a central role in the regulation 
of PSII repair (Baena-González et al. 1999, Mulo et al. 2008). 
The reduced ascorbate content and changes in thylakoid pro-
tein phosphorylation suggest that the PSII repair cycle might be 
affected by the loss of GNAT enzymes. However, this was clearly 
not the case since none of the gnat mutants showed enhanced 
susceptibility to photoinhibition or any differences in the D1 
protein content between the gnat mutants and Col-0 (Fig. 3). 
Apparently, the gnat plants have adopted other, yet uniden-
tified ascorbate-independent strategies to avoid HL-induced 
stress.

The only visible phenotype observed among the gnat
mutants was the light-dependent growth retardation of the 
gnat2 mutant. A similar light-dependent effect on gnat2 growth 
was also observed by Lee and Back (2021), where slight growth 
retardation was visible when plants were grown at a PPFD of 
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100 μmol m−2 s−1 and the effect increased in plants grown 
under a PPFD of 50 μmol m−2 s−1 . Interestingly, Lee and Back 
(2021) used a different gnat2 (SALK_020577) mutant than 
us, thus providing further support to our results. Since gnat2
growth appears to be affected under conditions where state 
transitions usually take place (relatively low light and fluctuating 
light) (Fig. 1B, Supplementary Fig. S5, Koskela et al. 2020, 
Lee and Back 2021), it seems likely that impaired state transi-
tions are behind the retarded growth phenotype specific to 
gnat2. However, under constant light conditions used in our 
experiments, the phenotype seems to be very sensitive even to 
small changes in light intensity.

Can the GNATs acetylate metabolites?
The ability of GNAT1 and GNAT2 to function as protein and 
metabolite acetyltransferases raises the question whether any 
of the remaining plastid GNATs have metabolite acetyltrans-
ferase activity. Although our metabolomic analysis does not 
directly answer this question, the striking decreases in Nα-
acetyl-l-arginine in gnat2 and N-acetylproline in gnat7 (Table 2,
Supplementary Dataset S1) give reasons to speculate about 
the involvement of these two GNATs in the acetylation of free 
amino acids. One alternative explanation for the presence (or 
in our case lack) of N-terminally acetylated amino acids would 
be that their acetylation takes place when the amino acid is 
attached to the N-terminus of a peptide, prior to its cleavage 
during N-terminal processing. However, since arginine and pro-
line are not among the preferred N-terminally acetylated amino 
acids for GNAT2 and GNAT7 (Bienvenut et al. 2020), this option 
does not seem to be a cause for the changed level of acetylated 
amino acids in gnat2 and gnat7. Additionally, due to the relaxed 
NAT specificity of the plastid GNATs, one would expect to see 
changes in the abundance of the acetylated amino acids in sev-
eral gnat mutant lines as opposed to a very strong decrease 
specific to one line. The possibility of GNATs being able to acety-
late free amino acids is somewhat supported by the existence of 
Hpa3, a yeast Saccharomyces cerevisiae GNAT, that catalyzes the 
acetylation of proteins and D-amino acids in the process of their 
detoxification (Yow et al. 2004, 2006, Sampath et al. 2013).

Very little to nothing is known about the physiological role 
and prevalence of free acetylated arginine and proline in plants, 
which were strikingly decreased in gnat2 and gnat7 plants, 
respectively (Table 2). In mammals, Nα-acetyl-l-arginine has 
been shown to accumulate when the urea cycle is impaired, and 
some studies have implicated Nα-acetyl-l-arginine in oxidative 
stress, although the mechanism behind this remains elusive 
(Sasso et al. 2014, Chaleckis et al. 2016, Olesova et al. 2020). Pro-
line itself has a well-known function as an osmoprotectant that 
accumulates in plants under different stresses (Verbruggen and 
Hermans 2008), but no reports on N-acetylproline have been 
found.

Taken together, our results show that the chloroplast GNATs, 
known to possess both NAT and KAT activities, have a marked 
effect on the plant metabolome. It will be intriguing to resolve 
whether these effects are solely indirect and result from chloro-
plast protein acetylation or whether the GNATs are also able 

to act in the acetylation of metabolites, such as amino acids. 
The limited effect of gnat knock-outs on photosynthesis and 
the shared metabolome features of the gnat mutants together 
with the relaxed substrate specificity of GNATs observed by 
Bienvenut et al. (2020) indicate that the function of the GNAT 
enzymes is at least partly overlapping. An especially interest-
ing topic for future research is the effect the GNATs have on 
Rubisco and RCA. Future research will also reveal the impact of 
double or multiple gnat knock-outs on the acetylation status of 
proteins, the accumulation of metabolites and the physiological 
responses of the plants.

Materials and Methods

Growth conditions and gnat mutant screening
Arabidopsis thaliana Col-0 and mutant plants were grown on a peat:vermiculite 
mixture (2:1) under 8-h light/16-h dark cycles at a PPFD of 130 μmol m−2 s−1

(Osram Powerstar HQI®-BT 400 W/D PRO Daylight, OSRAM GmbH, Munich, 
Germany), +23∘C and a relative humidity of 50% for 4–6 weeks, as indicated. 
Plants for biological replicates were grown at different times on separate trays. 
For some experiments, plants were grown under different PPFDs, as indicated.

Seed stocks for the gnat T-DNA lines were obtained from the Nottingham 
Arabidopsis Stock Centre and were PCR-screened according to Salk Institute 
Genomic Analysis Laboratory instructions using the primers listed in Supple-
mentary Table S1. The gnat2 line (nsi-1, SALK_033944) was screened by Koskela 
et al. (2018b). The absence/presence of gnat mRNA was confirmed by end-point 
RT-PCR for gnat1 (SALK_150736), gnat4 (SALK_037490), gnat5 (GABI_034E09), 
gnat7 (SAIL_273_E06) and gnat10 (SALK_012435). The amount of mRNA in 
gnat3.1 (SALK_204085), gnat3.2 (GABI_809D05) and gnat6 (SALK_035208) was 
evaluated with quantitative real-time PCR using the IQ SYBR Green Supermix 
(annealing at 61.4∘C) and the IQ™5 Cycler (Bio-Rad, Hercules, California, USA). 
All mRNA was extracted using the innuPrep Plant RNA Kit (Analytik Jena™, 
Jena, Germany), followed by a DNase treatment with the TURBO DNA-free™ 
Kit (Invitrogen™, Waltham, Massachusetts, USA) and cDNA synthesis with the 
iScript™ cDNA synthesis kit (Bio-Rad) according to the manufacturer’s instruc-
tions. Primers used for the end-point RT-PCR and quantitative real-time PCR 
are listed in Supplementary Table S1.

Pigment analyses
For total Chl determination, weighed 0.636 cm2 leaf discs from 5-week-old 
plants grown at a PPFD of 140–150 μmol m−2 s−1 were incubated in 1 ml 
of N,N-dimethylformamide (DMF) in darkness for 16 h. Following 5-min cen-
trifugation at 18,000×g, absorbance was measured at 646.6, 663.6 and 750 nm 
and used to calculate the total Chl a and b content with the following 
equations: Chl a = 12.7 * (A663.6 − A750) − 2.79 (A646.6 − A750) and Chl b = 20.7 *
(A646.6 − A750) − 4.62 (A663.6 − A750) (Inskeep and Bloom 1985).

Xanthophyll pigment analysis
Pigments (zeaxanthin, violaxanthin and antheraxanthin) were extracted from 5-
week-old Arabidopsis leaf discs (diameter 8 mm, frozen in liquid N2 and ground). 
Of 100% MeOH at −80∘C, 300 μl was added, and the samples were centrifuged 
at 18,500×g for 15 min at −5∘C. The supernatant was centrifuged (18,500×g, 
10 min, −5∘C) to pellet the leaf debris and then filtered through a syringe-
driven filter (Millex, Rahway, New Jersey, USA). The pigments were separated 
by HPLC according to Gilmore and Yamamoto (1991) using a reverse-phase 
C18 column (LiChroCART 125-4; Hewlett Packard, Palo Alto, California, USA), 
a series 1100 HPLC device with a diode array and a fluorescence detector (Agi-
lent Technologies, Palo Alto, California, USA). A constant flow rate of 500 μl 
min−1 was used. The program started with a 4-min isocratic run with buffer A 
[acetonitrile–methanol–Tris-HCl buffer 0.1 M (72:8:3, v/v), pH 8.0] followed by 
a linear gradient from 0% buffer B to 100% buffer B (methanol–hexane 4:1 v/v). 
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The isocratic run of buffer B lasted 19 min. The column was re-equilibrated 
between samples for 40 min with buffer A. Pigments were detected at 440 nm. 
Pigment standards were supplied by DHI Lab products (Hørsholm, Denmark).

Metabolomics
Of frozen leaf samples, 100 mg was homogenized in 600 μl of cold methanol 
(80% v/v) and centrifuged (17,949xg, +4∘C, 10 min). After the centrifuga-
tion, 100 μl of supernatant was collected into separate tubes and 400 μl 
cold methanol (80% v/v) was added, after which the supernatant was fil-
tered (Acrodisc 0.2-μm polytetrafluoroethylene (PTFE) membrane; Pall, Port 
Washington, New York, USA) into HPLC vials for analysis.

The samples were analyzed by LC–MS, consisting of a Vanquish Flex UHPLC 
system (Thermo Scientific, Bremen, Germany) coupled with a high-resolution 
Orbitrap mass spectrometer (Q Exactive Focus; Thermo Scientific). The analyt-
ical method has been described in more detail by Hanhineva et al. (2015) and 
Klåvus et al. (2020). In brief, a Zorbax Eclipse XDB-C18 column (2.1 × 100 mm, 
1.8 μm; Agilent Technologies) was used for the reversed-phase separation and 
an Aqcuity UPLC BEH amide column (Waters, Milford, Massachusetts, USA) 
for hydrophilic interaction liquid chromatography separation. After each chro-
matographic run, the ionization was carried out using jet stream electrospray 
ionization (ESI) in the positive and negative modes, yielding four data files per 
sample. The collision energies for the MS/MS analysis were selected as 10, 20 
and 40 V for compatibility with spectral databases.

Peak detection and alignment were performed in MS-DIAL ver. 4.60 
(Tsugawa et al. 2015). For the peak collection, m/z values were between 50 
and 1,500, and all retention times were considered. The amplitude of the mini-
mum peak height was set at 250,000. The peaks were detected using the linear 
weighted moving average algorithm. For the alignment of the peaks across sam-
ples, the retention time tolerance was 0.05 min, and the m/z tolerance was 
0.015 Da.

Differential features between the genotypes were detected using feature-
wise linear mixed models, where feature levels were predicted by genotype 
and series was used as a random effect. All the P-values were corrected using 
the Benjamini–Hochberg false discovery rate (FDR). The corrected P-values 
(q-values) > 0.1 were considered significant.

The chromatographic and mass spectrometric characteristics (retention 
time, exact mass and MS/MS spectra) of the significantly differential molecular 
features were compared with entries in an in-house standard library and pub-
licly available databases, such as METLIN and The Human Metabolme Database, 
as well as with the published literature. The annotation of each metabolite and 
the level of identification were given based on the recommendations published 
by the Chemical Analysis Working Group Metabolomics Standards Initiative 
(Sumner et al. 2007).

Detection of melatonin
The frozen plant material was homogenized using a ball mill (Retsch, Haan, 
Germany) and extracted with 1 ml of methanol twice in darkness to prevent 
melatonin degradation in light. Ultrasonication of the samples (20 min, +4∘C) 
was used to assist and accelerate the extraction of melatonin. The extracts 
were centrifuged, filtered, evaporated to dryness and reconstituted in 100 μl 
methanol prior to the UPLC–MS analysis. The analyses were executed using the 
Waters Acquity® UPLC system (Waters) attached to Waters Synapt G2 HDMS 
mass spectrometer (Waters) via an ESI ion source. Samples were analyzed in 
positive, sensitivity ion mode. The mass range was set from 80 to 600. Separa-
tion was performed by injecting 3 μl of plant extract into Acquity® UPLC BEH 
C18 column (1.7 μm, 50 × 2.1 mm; Waters) at +35∘C.

The mobile phase consisted of 0.1% formic acid in both (A) H2O and (B) 
acetonitrile (Chromasolv® grade; Sigma-Aldrich, Munich, Germany). A linear 
gradient started at 97% of A and decreased to 30% in 5 min. The flow rate 
of the mobile phase was 0.6 ml min−1 , and the tray temperature was set to 
+12∘C. The capillary voltage, sampling cone, extraction cone, source tempera-
ture, desolvation temperature, cone gas flow rate and desolvation gas flow rate 
were set to 3.0 kV, 30, 3.0, 120∘C, 360∘C, 20 l h−1 and 800 l h−1 , respectively. The 

melatonin concentration was determined by using the calibration curve of the 
melatonin standard (Sigma-Aldrich), and the results were normalized to fresh 
weight [FW (g)].

Protein isolation
Thylakoid proteins were isolated from fresh 5-week-old leaves grown at a 
PPFD of 130 μmol m−2 s−1 that were ground in cold buffer (300 mM sucrose, 
50 mM HEPES-KOH, pH 7.6, 5 mM MgCl2 , 1 mM Na-EDTA, 1.25% bovine 
serum albumin, 22 mM ascorbate and 10 mM NaF). Thylakoids from HL-treated 
plants were isolated after a 2-h treatment at a PPFD of 1,000 μmol m−2 s−1 . 
The homogenate was filtered through Miracloth (Millipore, Burlington, Mas-
sachusetts, USA) and centrifuged at 4,000×g for 6 min at 4∘C. The pellet was 
resuspended in a hypotonic lysis buffer [5 mM sucrose, 10 mM HEPES-KOH, 
pH 7.6, 5 mM MgCl2 , 10 mM NaF and Pierce protease inhibitor (Thermo Scien-
tific)] to break the chloroplasts, and the suspension was centrifuged at 4,000×g
for 6 min at 4∘C. The pellet was washed by resuspending in the storage buffer 
(100 mM sucrose, 10 mM HEPES-KOH, pH 7.6, 10 mM MgCl2 and 10 mM NaF) 
and centrifuged at 10,000×g for additional 6 min at 4∘C. Finally, the pellet con-
taining the thylakoids was resuspended in the storage buffer. The total Chl 
content was determined according to Porra et al. (1989).

For total protein extraction, leaves from 5-week-old plants were homog-
enized in liquid N2 and suspended in the protein extraction buffer (100 mM 
Tris-HCl, pH 8.0, 50 mM Na-EDTA, 0.25 mM NaCl, 0.75% SDS, 1 mM DTT). The 
samples were incubated for 10 min at 68∘C and centrifuged twice at 18,400×g
for 10 min at 22∘C. The supernatant was collected, and the total Chl content 
was determined according to Porra et al. (1989).

Protein analyses using gel-based methods
BN gels, 2D gels and samples were prepared as described by Rantala et al. (2018). 
Thylakoid samples were solubilized with 1% digitonin or β-dodecyl maltoside, 
and samples containing 5 μg of Chl were separated on BN gels. For staining, the 
gels were incubated in a fix solution (40% methanol and 10% acetic acid) for at 
least 1 h, stained with Coomassie (0.1% Coomassie R-250, 40% methanol and 
10% acetic acid) for 30 min, followed by a 15-min incubation in the fix solu-
tion. Finally, the gels were incubated in Milli-Q water for at least 16 h before 
imaging with Geliance 1,000 (Perkin Elmer, Waltham, Massachusetts, USA). For 
the detection of phosphoproteins and total proteins from SDS gels, Pro-Q™ Dia-
mond phosphoprotein gel stain (Invitrogen) and SYPRO Ruby protein gel stain 
(Invitrogen) were used according to the manufacturer’s instructions.

For immunoblot analysis, protein samples (thylakoid/total) were solubi-
lized in the Laemmli buffer (Laemmli 1970) supplemented with 6 M urea, and 
0.06–5 μg of Chl was separated on 12% acrylamide gels containing 6 M urea. 
The proteins were blotted onto an Immobilon-FL or Immobilon-P membrane 
(Merck Millipore, Darmstadt, Germany), blocked with 5% milk in Tris Buffered 
Saline with Tween (TTBS) (20 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.05% 
Tween 20) and incubated with the primary antibody for 16 h. The membrane 
was washed 4 × 5 min with TTBS and incubated with IRDye® 800CW Goat anti-
Rabbit IgG secondary antibody (1:20,000 in 1% milk/TTBS; LI-COR, Lincoln, 
Nebraska, USA) or enhanced chemiluminescence (ECL) Anti-rabbit IgG HRP 
(1:10,000 in 1% milk/TTBS, NA9340V; GE Healthcare, Chicago, Illinois, USA). 
After 3 × 5 min washes with TTBS and 2 × 5 min washes with TBS (20 mM Tris-
HCl, pH 7.5, 150 mM NaCl), the membranes were imaged with LI-COR Odyssey 
CLx or incubated in ECL (Amersham, Marlborough, Massachusetts, USA) for 
5 min and developed on Super RX-N x-ray films (Fujifilm, Tokyo, Japan). The 
antibodies, their dilutions, the amount of protein used and the detection 
method are listed in Supplementary Table S2.

Carbon assimilation measurements
Carbon assimilation was measured using 5-week-old plants grown at a PPFD 
of 160 μmol m−2 s−1 with the GFS-3000 gas exchange system (Walz, Effeltrich, 
Germany) equipped with a standard measuring head 3,010 M and an LED light 
source 3,041 L. Measurements were performed on 5–6 plants/line at a constant 
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humidity of 14,000 ppm, and the cuvette temperature was set to 23∘C. For the 
light and CO2 response curves, CO2 assimilation and H2O evaporation were 
monitored at different light intensities (PPFD steps of 170, 150, 125, 100, 75, 
50, 170, 250, 500, 750 and 1,000 μmol m−2 s−1) and CO2 concentrations (400, 
100, 200, 300, 400, 700, 1,000 and 2,000 ppm), respectively. In the light response 
measurement, the CO2 concentration was 400 ppm, while in the CO2 response 
measurement, the light intensity was set to a PPFD of 170 μmol m−2 s−1 .

DUAL-PAM measurements
Light curve and ECS measurements were performed using 6-week-old plants 
grown at a PPFD of 130 μmol m−2 s−1 using DUAL-PAM-100 (Walz) equipped 
with DUAL-E emitter and DUAL-DR detector units as described by Koskela et al. 
(2018a). The plants were incubated in the dark for 30 min and exposed to 5-
min illumination steps at the PPFDs of 50, 75, 100, 125, 150, 250, 500, 700 and 
1,000 μmol m−2 s−1 . The measurement was performed on 3–4 plants/line.

The magnitude and partitioning of pmf  were evaluated by measuring the 
light-induced absorbance difference between 550 and 515 nm (ECS) using a 
DUAL-PAM-100 spectrometer equipped with the P515/535 accessory module 
(Schreiber and Klughammer 2008) with the measuring light at 500–1,000 Hz 
pulse frequency. Plants were dark acclimated for 30 min, and a saturating pulse 
(20 μs at 8,000 μmol m−2 s−1) to determine the maximal ECS change, followed 
by 3-min steps of increasing red actinic light intensities of 60, 125 and 500 μmol 
photons m−2 s−1 . Each light step was followed by 1 min of darkness to monitor 
the post-illumination response of ECS. Additionally, after 2 min at each light 
intensity, the plants were subjected to 10 short flashes of darkness (250 ms) 
to probe ATPase conductivity. The measured values were normalized using 
the maximal ECS change, and the partitioning of pmf  to ΔpH and ΔΨ and 
the proton flux (vH+) and conductivity (gH+) were determined as described 
by Schreiber and Klughammer (2008). The measurement was performed on 6 
plants/line.

Photoinhibition
For the photoinhibition experiment, detached leaves from 5–6-week-old plants 
grown at a PPFD of 130–140 μmol m−2 s−1 were floated on water or 2.3 nM lin-
comycin for 16 h and moved to an HL of 600 μmol photons m−2 s−1 (Heliospec-
tra DYNA, 530 nm and white 5700K LED) for 2 h. After the HL treatment, the 
leaves in water were moved to GL (130 μmol photons m−2 s−1) for recovery. 
During the experiment, samples were collected at time points of 0 h, 1-h HL, 
2-h HL, 0.5-h GL and 1.5-h GL. The quantum yield of PSII was monitored by 
measuring Fv/Fm using a FluorPen (Photon Systems Instruments, Drásov, Czech 
Republic) from five to six leaves incubated in the dark for 15–20 min. For the 
immunoblot analysis, total protein was extracted as described previously.

Statistical analyses
Statistical analysis was performed using IBM SPSS Statistics software using one-
way ANOVA, and when applicable, followed by Tukey’s post hoc test with 
P < 0.05 cutoff.

Supplementary Data

Supplementary data are available at PCP online.
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