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Summary

� In humans and plants, N-terminal acetylation plays a central role in protein homeostasis,

affects 80% of proteins in the cytoplasm and is catalyzed by five ribosome-associated N-

acetyltransferases (NatA–E). Humans also possess a Golgi-associated NatF (HsNAA60) that is

essential for Golgi integrity. Remarkably, NAA60 is absent in fungi and has not been identified

in plants.
� Here we identify and characterize the first plasma membrane-anchored post-translationally

acting N-acetyltransferase AtNAA60 in the reference plant Arabidopsis thaliana by the com-

bined application of reverse genetics, global proteomics, live-cell imaging, microscale ther-

mophoresis, circular dichroism spectroscopy, nano-differential scanning fluorometry, intrinsic

tryptophan fluorescence and X-ray crystallography.
� We demonstrate that AtNAA60, like HsNAA60, is membrane-localized in vivo by an a-heli-
cal membrane anchor at its C-terminus, but in contrast to HsNAA60, AtNAA60 localizes to

the plasma membrane. The AtNAA60 crystal structure provides insights into substrate-bind-

ing, the broad substrate specificity and the catalytic mechanism probed by structure-based

mutagenesis. Characterization of the NAA60 loss-of-function mutants (naa60-1 and naa60-

2) uncovers a plasma membrane-localized substrate of AtNAA60 and the importance of

NAA60 during high salt stress.
� Our findings provide evidence for the plant-specific evolution of a plasma membrane-an-

chored N-acetyltransferase that is vital for adaptation to stress.

Introduction

Co- and post-translational modifications of proteins contribute
significantly to the dynamic alteration of the proteome upon
diverse environmental stimuli. Together with alternative splic-
ing events these modifications create millions of distinct prote-
oforms in human cells, although the human genome contains
only about 20 000 protein-coding genes (Ponomarenko et al.,
2016). One of the most-abundant protein modifications in
higher eukaryotes is N-terminal acetylation (NTA). It plays a
vital role in protein–protein interaction, folding, aggregation,
localization and stability of the modified proteins (Arnesen,
2011; Linster & Wirtz, 2018). NTA is a highly dynamic pro-
cess and is regulated upon cellular stress (Gibbs, 2015; Linster
et al., 2015; Aksnes et al., 2016). The involvement of NTA in
cancer, neurodegenerative diseases and blood vessel formation

provides further evidence for its functional relevance in human
metabolism and development (reviewed by Drazic et al.,
2016).

NTA is executed co-translationally or post-translationally by
Na-terminal acetyltransferases (Nats) and affects up to 80% of
soluble proteins in humans. The vast majority of N-terminally
acetylated proteins are imprinted co-translationally by five ribo-
some-associated Nats (NatA–E). NatA–C are composed of one
catalytic subunit and up to two auxiliary subunits, whereas
NatD comprises only one catalytic subunit (Aksnes et al.,
2019). The NatA complex can also associate with the auxiliary
subunit HypK and an additional catalytic subunit NAA50. In
the latter case, the complex of NatA and NAA50 is termed
NatE (Gautschi et al., 2003; Weyer et al., 2017; Gottlieb &
Marmorstein, 2018; Deng et al., 2019; Armbruster et al.,
2020). In higher eukaryotes, post-translational Nats (NatF–
NatH) have been identified (Aksnes et al., 2015b; Dinh et al.,
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2015; Drazic et al., 2018). The deletion of distinct Nats leads
to different phenotypes and often causes fatal errors (Aksnes
et al., 2015c). For instance, an NAA60 (NatF) knockdown in
human induces Golgi fragmentation and an NAA60 depletion
in Drosophila exhibits chromosomal segregation defects (Van
Damme et al., 2011b; Aksnes et al., 2015b). In humans,
NAA60 is anchored to the Golgi apparatus via two C-terminal
a-helices and is dedicated to acetylate post-translationally the
N-termini of membrane-associated proteins with a broad sub-
strate specificity (Aksnes et al., 2017). Crystal structures of
HsNAA60 have been reported, revealing an additional b60-b70

hairpin, which is involved in the dimer to monomer transition
upon substrate binding (Chen et al., 2016; Stove et al., 2016).
Of note, HsNAA60 has been reported to have a bi-functional
Nat and Kat (Lys-acetyltransferase) activity (Yang et al., 2011;
Chen et al., 2016). The human cytosolic NatH has a narrow
substrate specificity and acetylates a few processed actin iso-
forms in a post-translational manner (Drazic et al., 2018). In
plants, seven acetyltransferases possessing dual Nat/Kat activity,
including NatG, are located in chloroplasts, where NatG post-
translationally acetylates N-termini of imported proteins with a
broad substrate specificity (Dinh et al., 2015; Bienvenut et al.,
2020).

Plants are sessile organisms that must cope with environ-
mental challenges on site. The key for many environmental
stress responses is to shape the proteome by stress-induced pro-
tein-modification systems. In plants, NTA also occurs in a co-
translational manner and affects the majority of cytosolic pro-
teins. The substrate specificity and subunit composition for the
ribosome-associated major Nats, NatA and NatB, are conserved
in yeast, humans and the reference plant Arabidopsis thaliana
(Rathore et al., 2016; Linster & Wirtz, 2018; Huber et al.,
2020). The essential plant NatA complex is dynamically regu-
lated by the stress-related phytohormone ABA and tunes the
drought stress response (Linster et al., 2015). Also, the immune
response towards the pathogen Pseudomonas syringae pv
maculicola 1 is controlled by N-terminal protein acetylation. In
this case, NatA and NatB team up to control the protein sta-
bility of two proteoforms of the Nod-like receptor SNC1 with
different N-termini (Xu et al., 2015). These findings led to the
hypothesis that hormone-induced modification of the N-acety-
lome might regulate diverse stress responses in plants (Linster
& Wirtz, 2018; Aksnes et al., 2019). In addition, we demon-
strated that depletion of NatB in A. thaliana increases the plant
sensitivity towards osmotic and high-salt stress (Huber et al.,
2020).

As an NAA60 ortholog has been suggested in plants (Van
Damme et al., 2011b; Rathore et al., 2016), we set out to investi-
gate if a membrane-associated NAA60 is present in photosynthet-
ically active eukaryotes and to analyze its structure and function.
In this study, we show that AtNAA60 is localized at the plasma
membrane and acetylates a membrane-bound substrate. The
AtNAA60 structure reveals its substrate-binding mode and cat-
alytic mechanism and we demonstrate that NAA60 affects the
plants’ response towards protein-harming stress such as high
salinity.

Materials and Methods

Plant material and growth conditions

All analyses were carried out on A. thaliana plants from the eco-
type Col-0. The T-DNA insertion lines for AtNAA60, naa60-1
(SALK_016406C) and naa60-2 (WiscDsLoxHs132_03H)
belong to the SALK and the Wisconsin collection, respectively,
and were obtained from the Nottingham Arabidopsis Stock cen-
tre (NASC). Transformation of Agrobacterium tumefaciens
GV3101 with binary vectors and subsequent stable transforma-
tion and selection of Arabidopsis thaliana Col-0 was performed
according to Clough & Bent (1998). Arabidopsis plants were
grown in climate chambers on growth medium containing one-
half soil and one-half substrate 2 (Klasmann-Deilmann, Geeste,
Germany) or on 19 MS (Murashige Skoog) medium under ster-
ile conditions at 8.5 h light, 100 lmol light photon flux density,
22°C at day, 18°C at night and 50% humidity.

PCR

PCR for identification of T-DNA insertion lines was performed
with the FastGene Taq 29 Ready Mix from Nippon Genetics.
Genotyping of naa60-1 was conducted with specific primers for
the wild type allele (Gen_AtNAA60_LP, Gen_AtNAA60_RP)
and mutant allele (Gen_SALK-LB1.3n). For cloning, DNA was
amplified with the PCRBIO HiFi Polymerase (PCR Biosystems,
London, UK). In both cases, the PCRs were performed according
to the supplier’s instructions. Primer sequences are listed in Sup-
porting Information Table S1.

qRT-PCR

Total RNA was extracted from leaf tissue with the peqGOLD
total RNA Kit (Peqlab, Erlangen, Germany) according to the
manufacturer’s protocol. Total RNA was subsequently transcribed
into complementary DNA using the RevertAid H minus first-
strand cDNA synthesis Kit (Thermo Fisher, Waltham, MA, USA)
and analyzed by quantitative reverse transcriptase PCR (qRT-
PCR) using qPCRBIO SyGreen Mix Lo-ROX (PCR Biosystems).
Data were analyzed with the Rotor-Gene Q Series Software (Qia-
gen, Hilden, Germany). Primer sequences are listed in Table S1.

Cloning

For recombinant expression of AtNAA60, a full-length coding
sequence was amplified by PCR from A. thaliana cDNA. The
PCR fragment was digested with NcoI and BamHI and ligated
into the corresponding sites of pET24d (Novagen) or in
pETM41 (N-terminal His/MBP-fusion). AtNAA6020-200 trunca-
tion variant sequence was PCR-amplified using AtNAA60-
pET24d as template, digested and ligated into the pETSUMO
vector (G. Stier, Heidelberg, Germany) digested NcoI and
BamHI, resulting in His6-TEV (tobacco etch virus cleavage
sequence)-SUMO (small ubiquitin-like modifier 1a) fused to
AtNAA6020-200. For localization of AtNAA60-YFP, CFP-
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AtNAA60, GFP-AtNAA601-206 or CFP-AtNAA60207-270,
AtNAA60 was PCR amplified by using the NAA60-start_YFP_f,
NAA60-end_YFP_rev, NAA60-start_f, NAA60-end_r, NAA60-
start_f, NAA60-Nterm_r, NAA60-cterm_f and NAA60-end_r
primers and cloned via Gateway technology (Invitrogen) in the
binary vectors pB7YWG2.0 (C-terminal YFP), pB7WGC2 (N-
terminal CFP) or pK7WGF2 (N-terminal GFP). All constructs
were verified by DNA sequencing. Primer sequences are listed in
Table S1.

Protein purification, crystallization, data collection and
structure determination

Protein purification, crystallization and data collection strategies
are described in Methods S1 and S2.

Multi-angle light scattering (MALS)

AtNAA6020-200 (0.1 mg) was incubated with AcCoA in a 1:1
molar ratio and injected onto a Superdex 75 10/300 gel-filtration
column (GE Healthcare, Little Chalfont, UK) in buffer G. The
column was connected to a MALS system (Daw Heleos II 8+
and Optilab T-rEX, Wyatt Technology, Santa Barbara, CA,
USA). Data were analyzed using the Astra 6 software (Wyatt
Technology).

Analytical size exclusion chromatography (SEC)

For analytical SEC measurements, AtNAA6020-200 was incubated
with AcCoA, CoA or CoA-Ac-MVNAL in various molar ratios
(1 : 1, 1 : 3 or 1 : 10) and the samples were loaded on a Superdex
75 10/300 gel-filtration column (GE Healthcare) equilibrated in
buffer G. The peak fractions were analyzed by Coomassie-stained
SDS–PAGE gel.

In vitro acetyltransferase assays

For determination of the substrate binding affinity, the
acetylation activity of AtNAA60 and variants was deter-
mined using a microplate assay (Skaff & Miziorko, 2010)
with the modifications as described in Methods S3. Enzy-
matic activity on selected peptides was independently con-
firmed with an assay based on radioactively labeled acetyl-
Coenzyme A (Methods S4). For comparison of Nat and
Kat activity, the acetyltransferase activity assay was per-
formed as described by Koskela et al. (2018) with minor
modifications (Methods S5).

Global acetylome profiling (GAP) assay

To analyze the substrate specificity of the AtNAA6020-200 pro-
tein, AtNAA6020-200 was fused with a SUMO Tag (see Cloning)
and expressed for 5 h in the Rosetta II (DE3) Escherichia coli cells
(Novagen) at 37°C. Extraction of E. coli proteins and analysis of
the N-terminal acetylome were performed as described by Dinh
et al. (2015). The resulting MS data have been deposited in the

PRIDE archive (https://www.ebi.ac.uk/pride, Project:
PXD016533).

Protein N-terminal characterization and N-terminal
acetylation quantification

Soluble leaf proteins from 6-wk-old soil-grown wild type and the
NAA60-depleted mutants were extracted for protein N-terminal
characterization and quantification of N-terminal acetylation.
The extracted proteins were processed and enriched by an SCX
approach for quantification of N-terminal peptides using MS as
described by Bienvenut et al. (2017). The resulting MS data have
been deposited in the PRIDE archive (https://www.ebi.ac.uk/
pride, Project: PXD016494).

Localization of AtNAA60 in A. thaliana protoplasts or in
N. benthamiana leaves

The isolation and transfection of mesophyll protoplasts from
Arabidopsis were performed as described by Sparkes et al. (2006).
Agrofiltration of Nicotiana benthamiana was done as described
by Yoo et al. (2007). Protoplasts and tobacco leaves were imaged
2 d after transfection using a Nikon A1R confocal laser-scanning
microscope. The fluorescence intensities were collected at 482/
35 nm after excitation with 445 nm for cyan fluorescent protein
(CFP) and mTq2, 515/30 nm after excitation with 514 nm for
yellow fluorescent protein (YFP), 525/50 nm after excitation at
488 nm for green fluorescent protein (GFP) and 700/75 nm after
excitation with 640 nm for the chlorophyll autofluorescence. For
visualization of the nucleus, nuclear DNA was stained by leaf
infiltration of 0.3 µM DAPI for 10 min and imaged at 450/
50 nm after excitation at 405 nm. To stain the plasma mem-
brane, tobacco leaf disks were floating on ddH2O supplemented
with 10 µM MM46-4 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). After 20 min of incubation, leaves were rinsed in
ddH2O and imaged at 595/50 nm after excitation at 561 nm. As
localization marker for the Golgi apparatus, SYP32-mCherry
(wave22r, Geldner et al., 2009) and AtXylT-mTq2 (pDOE10,
Gookin & Assmann, 2014) were used. The mVenus fluorophore
from pDOE10 was replaced by 140 bp of the pJet1.2 backbone
(Thermo Fisher Scientific) using the primers pJet_backbone_am-
plif_for and pJet_backbone_amplif_rev. Primer sequences are
listed in Table S1.

Biochemical characterization of AtNAA60

The physicochemical properties of AtNAA60 were determined
by NanoDSF, microscale thermophoresis, intrinsic tryptophan
fluorescence, circular dichroism spectroscopy, preparation of
plasma membrane-like liposomes and in vitro inhibition assays
with the bisubstrate analog CoA-Ac-MVNAL. Detailed descrip-
tion of these diverse assays is provided in Methods S6–S12. The
bisubstrate analog CoA-Ac-MVNAL synthesis was based on
Foyn et al. (2013) with slight modifications. In brief, the
MVNAL peptide was mixed with bromoacetic acid and N,N0-di-
isopropylcarbodiimide (DIC) to obtain a bromo-acetylated
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peptide. Subsequently, coenzyme A was added in an aqueous
buffer to yield CoA-Ac-MVNAL.

Electron microscopy

Electron microscopy was performed at the EM Core Facility of
Heidelberg University as outlined in Methods S13.

NaCl stress germination assay

To study the involvement of NAA60 in salt stress response, seeds
of wild type, naa60-1 and two naa60-1/AtNAA60-YFP lines
were surface sterilized with 70% ethanol. The seeds germinated
under short-day conditions after 2 d of stratification at 4°C on
19 MS medium (Duchefa), 1% (w/v) sucrose, 0.4 g l–1 MES,
0.6% micro agar (Duchefa, Amsterdam, the Netherlands) and
120 mM NaCl. Seed germination, emergence of the radicle, was
monitored every 2 d and pictures were taken 1 and 2 wk after
stratification.

Results

Identification and subcellular localization of AtNAA60

So far, a membrane-associated N-terminal acetyltransferase has
not been reported in plants. Therefore, we used the human
NAA60 protein sequence in a BLAST search to predict an ortholo-
gous protein in A. thaliana (Table S2). This search revealed one
candidate, encoded by At5g16800, which shows 27% amino acid
sequence identity with the human NAA60 and important
residues for catalytic activity are conserved with other Nats
(NAA50, NAA20 and NAA10) (Fig. S1a). Transcription of
At5g16800 was verified in rosette leaves, cauline leaves, stem and
flowers by qRT-PCR (Fig. S1b). Recombinant full-length
HisMBP-At5g16800 was tested for N-terminal protein acetyla-
tion and displayed activity on the canonical human NAA60 sub-
strate MVNA in vitro (Fig. 1a). The hallmark of human NAA60
is its association with membranes and in particular with the Golgi
apparatus. Ultracentrifugation combined with immunological
detection revealed that transiently expressed full-length
At5g16800 in fusion with YFP at its C-terminus (At5g16800-
YFP) also localizes to membranes (Fig. 1b). Next, we applied
confocal imaging to unravel in which membrane system
AtNAA60 localizes in planta. Transient expression of the full-
length At5g16800 protein in fusion with CFP at its N-terminus
(CFP-At5g16800) or At5g16800-YFP resulted in specific local-
ization of the protein at the plasma membrane in tobacco leaf
pavement cells or in Arabidopsis leaf protoplasts (Figs 1c, S2).
No obvious co-localization of At5g16800-YFP or CFP-
At5g16800 with the Golgi markers, AtXylt-mTq2 and SYP32-
mCherry, could be observed in tobacco leaves or in Arabidopsis
protoplasts (Fig. 1i–k, At5g16800-YFP; Fig. S2A–D, CFP-
At5g16800). Based on the membrane-localization and its acetyla-
tion activity on protein Na-termini we specified the identity of
At5g16800 as AtNAA60. A protein sequence alignment of
AtNAA60 with putative homologs from other plant species

suggests the conservation of NAA60 across the plant kingdom
(Fig. S3).

Characterization of AtNAA60 enzymatic activity and speci-
ficity in vitro and in vivo

Because purified recombinant untagged full-length AtNAA60
was poorly soluble and was prone to aggregation, we cloned and
expressed various truncated variants of AtNAA60 for enzymatic
characterization in in vitro acetylation assays. Only the truncated
AtNAA6020-200 variant was stable and could be purified to
homogeneity (Fig. S4a,b). We first tested AtNAA60 substrate
selectivity using five peptides identified as substrates for NatA
(SESS, Arnesen et al., 2009), NAA10/NAA80 (EEEI, Van
Damme et al., 2011a; Drazic et al., 2018), NatB (MDEL,
Starheim et al., 2008) and NatC/E/F (MLGTE and MVNALE,
Van Damme et al., 2011b). In agreement with results for full-
length HisMBP-AtNAA60, the truncated AtNAA6020-200
showed acetylation activity towards the peptides MLGTE and
MVNALE and no activity towards the others (Fig. 2a). The high-
est acetylation efficiency was detected for the MVNALE peptide,
which was then used for the determination of the enzymatic
parameters. AtNAA60 shows a Michaelis–Menten constant (Km)
towards acetyl-CoA of 43.7� 8.4 µM and a turnover rate (kcat)
of 36.4� 2.0 min�1 (Fig. S4c), which is in the same range (24–
59 µM) as the Km of NatA (Liszczak et al., 2013; Weyer et al.,
2017), NatB (Hong et al., 2017; Huber et al., 2020) and Naa50
(Liszczak et al., 2013). To validate the results of the in vitro acety-
lation assays, we determined the substrate specificity of AtNAA60
by applying the previously established in vivo GAP assay (Dinh
et al., 2015). In the GAP assay, several hundred N-termini from
bacterial proteins were offered in a competitive manner to the
recombinant AtNAA6020-200 variant. Based on the quantified
acetylation level of the N-termini characterized by MS, 66 Na-
termini were acetylated specifically after expression of
AtNAA6020-200 (Table S3). Of these N-termini, 58 start with the
iMet. The web logo of these substrates reveals that position 2 is
highly variable (Fig. 2b). Furthermore, eight identified substrates
of AtNAA60 (10%) were subject to iMet excision before acetyla-
tion (Fig. 2c). Seven of these substrates displayed an Ala N-termi-
nus. However, an AA-starting peptide was not acetylated in vitro
(Fig. 2a). The broad substrate specificity identified here agrees
with the observed substrate spectrum of the human NAA60 (Van
Damme et al., 2011b; Aksnes et al., 2015b).

As human NAA60 is a bi-functional enzyme that also exhibits
Kat activity (Yang et al., 2011; Chen et al., 2016), we tested
whether this holds true also for AtNAA60. To compare the Nat
and the Ne-Kat activities of AtNAA6020-200, we used specific syn-
thetic peptide substrates, which have an identical amino acid
sequence (AAK(2-aminobenzoyl)GAK(ac)AAK(2.4-dinitro-
phenyl)-6-aminohexanoic acid-rrr and A(ac)AK(2-aminoben-
zoyl)GAKAAK(2.4-dinitrophenyl)-6-aminohexanoic acid-rrr
(r = D-arginine). The peptide substrate for the Nat assay has a free
alpha amino group at the N-terminus and an acetylated lysine
side chain, while the peptide for the Kat assay has a free epsilon
amino group at the lysine side chain and an acetylated
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N-terminus. The Na-terminal acetylation rate was around 450-
fold higher than the Ne-Lys acetylation rate, indicating
AtNAA60 Nat activity is higher than its Kat activity for the tested
peptides (Fig. 2d).

Structural characterization of AtNAA60

To characterize AtNAA60 at the atomic level, AtNAA6020-200
was crystallized in complex with AcCoA (AtNAA60/AcCoA) and
in complex with the bisubstrate analog CoA-Ac-MVNAL

(Fig. S5a) (AtNAA60/CoA-MV). The design of the bisubstrate
was based on the most effectively acetylated substrate MVNALE
(Fig. 2a). For both complexes, well-diffracting crystals in space
group P 21 21 21 with two NAA60 molecules per asymmetric
unit but with different cell dimensions could be obtained. Initial
phases for the AtNAA60/AcCoA complex were obtained by
molecular replacement with the HsNAA60/CoA-MK structure
(Stove et al., 2016). The AtNAA60/CoA-MV data set was phased
using AtNAA60/AcCoA as the molecular replacement search
model. Subsequently, X-ray structures could be built at 1.75�A

(a)

(c) (d) (e)

(f) (g) (h)

(i) (j) (k)

(b)

Fig. 1 N-terminal acetyltransferase activity
and subcellular localization of At5g16800. (a)
In vitro N-terminal acetylation activity of full-
length HisMBP-At5g16800 tested with
MVNA peptide (NatC/E/F substrate), n = 1.
(b) Fractionation of untransformed Nicotiana

benthamiana leaf cells (mock) and cells
transiently expressing At5g16800-YFP into
supernatant (S) and pellet (P) by differential
ultracentrifugation. The At5g16800-YFP
fusion protein was immunologically detected
using a polyclonal GFP-specific antiserum (A-
6455; Thermo Fisher Scientific, black arrow).
Immunological detection of the marker
proteins UGPase (UDP-glucose
pyrophosphorylase; AS05086; Agrisera,
V€ann€as, Sweden), plasma membrane
H+ATPase (AS07260; Agrisera) and CNX1/2
(CALNEXIN HOMOLOG 1/2, AS122365;
Agrisera) was used to identify fractions
corresponding to the cytosol (Cyt; 2nd panel),
the plasma membrane (PM; 3rd panel) and
the endoplasmatic reticulum (ER; lower
panel) respectively. (c–k) Subcellular
localization study of full-length At5g16800 in
fusion with CFP (c–e) or YFP (f–k) in
N. benthamiana. (c) CFP-At5g16800 signal
in pavement cells. (d) Autofluorescence of
the chloroplasts. (e) Merge of both signals in
the bright field image of N. benthamiana
pavement cells. (f, i) At5g16800-YFP signal
in two independently transformed
N. benthamiana leaves. (g) Staining of the
cells shown in (f) with the plasma
membrane-specific dye MM4-64. (h) Merge
of the At5g16800-YFP (f) and the plasma
membrane signal (g). (j) Detection of the
Golgi marker AtXylt-mTQ2 in the CFP
channel of cells shown in (i). (k) Overlay of
the At5g16800-YFP-specific signal (i) and
the Golgi-marker (j). Cytosol and nucleus are
marked with black arrows and N in (e),
respectively. Bars, 20 µm.
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for AtNAA60/AcCoA and 1.77�A for AtNAA60/CoA-MV
(Table S4). Both structures show the characteristic Gcn5-related
N-acetyltransferase (GNAT) fold (Vetting et al., 2005) with six
b-strands and four a-helixes and a central AcCoA- and substrate-
binding site (Fig. S5b).

For AtNAA60/CoA-MV, the structure is complete for residues
24–200 and contains a bisubstrate analog with the peptide
sequence M1pV2pN3pA4p (Fig. 3a). The root mean square devia-
tion (rmsd; Ca) between the two AtNAA60/CoA-MV complexes
is 0.64�A (i.e. both molecules have very similar overall conforma-
tion). Loop a1–a2 and hairpin b60–b70 fold over part of the sub-
strate binding site and are in direct van-der-Waals contact. The
sidechain of residue M1p is positioned in a hydrophobic pocket
formed by residues F46, P47, I48 (loop a1–a2), I156 (b5) and
Y181 (hairpin b60–b70) (Fig. 3b). Additionally, there are distinct
interactions between the substrate peptide main chain and the
protein. The M1p amide nitrogen and carbonyl oxygen form
hydrogen bonds to the carbonyl oxygen of H154 and the
sidechain of Y181, and V2p forms hydrogen-bonds via its amide
and carbonyl groups to the L117 backbone carbonyl and the Y50
sidechain, respectively. The N3p sidechain amino group engages
in a polar contact to the F180 backbone carbonyl (Fig. S5c). A4p
is not involved in intermolecular interactions and no electron den-
sity could be attributed to L5p. In summary, residues 1 and 2 of
the bound inhibitor show specific interactions with the active site,
and the structure suggests high selectivity for methionine in posi-
tion 1 as it perfectly matches the hydrophobic binding pocket.

For AtNAA60/AcCoA, the structure is complete for residues
24–199 and contains AcCoA (Fig. S5b). The rmsd(Ca) between
the two protein chains A and B in the asymmetric unit is 1.23�A.
This indicates a higher local flexibility of AtNAA60/AcCoA com-
pared to the AtNAA60/CoA-MV complex.

Structural determinants of the catalytic mechanism and
substrate specificity

NTA by Nats is generally carried out via base catalysis (Liszczak
et al., 2011). In AtNAA60 a water molecule is present in the
active site, which is probably involved in the deprotonation of
the target amine. This catalytically important water is coordi-
nated by the Y115 hydroxyl group, the H154 backbone amide
nitrogen, the I116 carbonyl oxygen and the target M1p nitrogen
(Fig. 3c). Of note, the arrangement of the active site residues and
the catalytic water are similar to the HsNAA60 structures (Stove
et al., 2016; Chen et al., 2016). The substrate specificity of
AtNAA60 for N-termini containing the initiator methionine can

(a)

(b)

(c)

(d)

Fig. 2 Substrate specificity of AtNAA60. (a) Substrate specificity of
AtNAA6020-200 tested in vitro with six different peptides. The peptides
SESS, EEEI, MDEL, MLGTE and MVNALE were previously identified as
NatA, Naa10/Naa80, NatB and NatC/E/F substrates. Data represent
mean� SD (n = 3). c, concentration. (b, c) Global acetylome profiling
(GAP) assay of AtNAA60 in Escherichia coli. Web logos of N-termini from
E. coli proteins specifically acetylated at the initiator methionine (iMet) (b)
or at the second last amino acid after iMet excision (c), after expression of
AtNAA60 in E. coli (n = 2–3). Amino acids are colored according to their
chemical properties: polar amino acids (green), basic (blue), acid (red) and
hydrophobic amino acids (black). (d) HPLC-based in vitro analysis of the
Na-terminus and Ne-Lys acetylation catalyzed by AtNAA60. The
conversion rate as defined in the Material and Methods section was
normalized to 1 µMNAA60 (+NAA60). The assay approach lacking the
enzyme was applied as a control (�NAA60, n = 3 technical replicates).
Data represent mean� SE.
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be explained by the multiple interactions of M1p with the
residues forming the hydrophobic pocket. Upon peptide binding
the hydrophobic residues F46, P47, I48 and I156 rearrange to
accommodate M1p (Fig. S5d). Smaller sidechains such as alanine
or serine would spatially fit in this pocket, rationalizing the acety-
lation of alanine residues in the GAP assay (Fig. 2c). However,
forming fewer hydrophobic interactions than M1p, the A1p (of
the AAGSS peptide) was not acetylated in vitro (Fig. 2a). At the
second position of the substrate there is enough space for amino
acids with bulkier sidechains. Together, the structure visualizes
the observed substrate specificity.

To further characterize NAA60 kinetics and substrate binding,
the novel bisubstrate CoA-Ac-MVNAL was probed for its impact
on NAA60 catalytic activity. This bisubstrate analog is a potent
competitive inhibitor of NAA60 with a half-maximum inhibitor
concentration (IC50) of 2.3� 1.2 µM and a Ki of
0.32� 0.06 µM (Fig. S6a). Microscale thermophoresis experi-
ments showed that CoA-Ac-MVNAL binds tightly to NAA60
with a dissociation constant (Kd) of 26.4� 7.1 nM (Fig. S6a).
Furthermore, the effect of CoA-Ac-MVNAL on the stability of
NAA60 was investigated using nano-differential scanning fluo-
rometry (nanoDSF). NAA60 showed an unfolding transition
temperature of 54°C, shifting to 76°C when the bisubstrate
analog was added in 2 molar fold excess. Notably, the shape of
the first derivative of the thermal unfolding curve was narrowing
upon inhibitor addition, indicating that the inhibitor limits
NAA60 flexibility (Fig. S6a).

Characterization of AtNAA60 enzymatic mechanism

The importance of specific residues on acetylation efficiency was
then examined using structure-based mutagenesis studies. Vari-
ous single mutations in the active site (Y115A, Y181A, H154A/
F) and substrate binding pocket (F46A, P47A, I48A, Y50A,
F180A) were tested. Mutations in the active site impaired acetyla-
tion, whereas mutations in the substrate binding pocket showed a
milder decrease of acetylation efficiency. These results confirm

the critical role of these residues for the enzymatic mechanism
(Table 1). As expected, the F46A mutation has a strong effect on
NAA60 catalytic efficiency, as it contacts the M1p and its corre-
sponding residue F34 in human was also shown to position the
AcCoA (Chen et al., 2016). The influence of the H154A/F muta-
tion is difficult to quantify, as these mutations lead to destabiliza-
tion of the protein, as shown by nanoDSF (Fig. S6b). The
structure demonstrates that the replacement of H154 by an A or
F would abolish the hydrogen bonds to E97 of loop b3–b4 and
to the Y115 sidechain, leading to the destabilization of the pro-
tein (Fig. S6c). However, when E97 is mutated to an alanine,
abolishing the hydrogen bond with H154, protein stability is
only mildly affected, and the catalytic efficiency is decreased by
20% compared to the wild type. The Y115A and Y181A mutants
are catalytically defective as the Y115A mutation impairs the
coordination of a water molecule essential for the catalysis and
the Y181A mutation breaks the hydrogen bond with the M1p
main chain carbonyl.

(a) (b)

(c)

Fig. 3 Structure of the AtNAA60/CoA-MV
complex. (a) AtNAA60 is shown in light
brown and the bisubstrate analog is shown
as blue sticks with nitrogen, oxygen,
phosphorus and sulfur shown in blue, red,
orange and yellow, respectively. The
2mFobs-DFcal electron density around the
bisubstrate is shown at a contour level of 1r
(gray mesh). (b) The sidechain of M1p is
positioned in a hydrophobic pocket formed
by residues F46, P47, I48, I156 and Y181. (c)
The catalytically important water (green) is
coordinated by Y115, the backbones of
H154 and I116 and the target nitrogen of
M1p. Dashed lines represent hydrogen
bonds.

Table 1 Catalytic efficiency of SUMO-AtNaa6020-200 (SUMO-WT) and
mutants.

Enzyme
kcat
(min�1)

Km

(µM)
Wild type efficiency
(%)

SUMO-WT 49.2� 3.6 60.6� 15.2 100.0� 25.9
F46A 0.3� 0.3 28.4� 29.7 1.2� 1.3
P47A 10.2� 0.4 34.5� 4.8 36.5� 5.3
I48A 3.3� 0.1 8.8� 1.9 46.4� 10.1
Y50A 25.7� 2.4 25.7� 2.4 68.3� 16.1
E97A 32.2� 1.4 46.5� 10.7 72.5� 11.4
Y115A 0.2� 0.1 20.5� 10.0 1.0� 0.8
H154A nd nd nd
H154F nd nd nd
F180A 13.0� 0.6 5.7� 2.1 280.7� 104.1
Y181A 0.4� 0.1 1.8� 7.7 1.5� 1.6
AtNAA6020-200
(WT)

36.4� 2.0 43.7� 8.4 102.5� 21.0

The wild type efficiency is based on the kcat/Km value and normalized to
SUMO-WT. nd, not determined. Error values represent SD (n = 3).
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The mutated residues in AtNAA60 (F46, P47, I48, Y50,
Y115, H154 and Y181) are conserved in HsNAA60 (Fig. S1a)
and mutations of the corresponding residues also affected the cat-
alytic activity (Chen et al., 2016; Stove et al., 2016). Overall,
these residues play similar roles in catalytic activity in the two
organisms, underlining that the structure and enzymatic mecha-
nism in both organisms is conserved.

Oligomeric status of AtNAA6020-200

The structure of truncated AtNAA60 (residues 20 to 200) com-
plexed with AcCoA or CoA-Ac-MVNAL is a monomer, while
the corresponding truncated HsNAA60 variant (residues 5 to
184) was described to form a homodimer when complexed with
CoA (Chen et al., 2016; Stove et al., 2016). As AtNAA60 and

(a)

(b) (c)

(d) (e)

(f) (g)

(h) (i)

(j)

(k)

(l)

(m)

Fig. 4 Contribution of the AtNAA60 C-terminus to subcellular localization. (a) The secondary structure prediction of the AtNAA60 C-terminus was done
with the PSIPRED server (Buchan & Jones, 2019) and shows the predicted a5 (amino acids 206–230). Conf., confident level; Pred, prediction. AA, amino
acid. (b–i) Subcellular localization of GFP-AtNAA601-205 (b–e) and CFP-AtNAA60206-270 in Arabidopsis thaliana protoplasts (f–i). GFP- (b) and CFP- (f)
fluorescence was recorded for localization of GFP-AtNAA601-205 or CFP-AtNAA60206-270. Chloroplasts were imaged by recording the Chl
autofluorescence (c, g). Merge of the fluorescent protein signal and the Chl autofluorescence (d, h). Bright-field image of the corresponding protoplast (e,
i). Bars, 10 µm. (j) Helical wheel representation of the predicted a5-helix with a hydrophobic face on the lower site, a hydrophilic face on the upper site,
and residues R218 and K227 at the interface. The arrow indicates the direction of the hydrophobic moment. Hydrophilic, neutral and hydrophobic residues
are shown in blue, gray and green, respectively. (k) Circular dichroism spectra of AtNAA60205-270 dissolved in water, incubated with liposomes or mixed
with 78% trifluorethanol (TFE). (l) Intrinsic tryptophan fluorescence assay of AtNAA60205-270 in water and with liposomes. The vertical lines and the
arrow highlight the fluorescence maxima and the corresponding blue-shift, respectively. RFU = relative fluorescence unit. (m) Liposome flotation assays of
AtNAA60205-270 and AtNAA6020-200 in the presence (+) and absence (�) of liposomes. Presence of the proteins in the collected fractions (B, M, T) was
visualized by silver-staining of SDS-PAGE-separated proteins. B, bottom fraction; M, middle fraction; T, top fraction.
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HsNAA60 present a high conservation in structure and mecha-
nism of action, we investigated AtNAA60 oligomeric status upon
incubation with AcCoA, CoA, CoA-Ac-MVNAL or no ligand.
Analytical SEC and MALS analysis showed that all AtNAA60

complexes are a monomer in solution (Fig. S4a,b). To rationalize
this intriguing difference between the human and plant NAA60,
we compared AtNAA60/CoA-MV and HsNAA60/CoA-MK
structures. The structures superimpose well (rmsd(Ca) = 1.42�A),

(a)

(b)

(c)

(d)

(e)

(g)

(h)

(f)
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but with two striking differences. The loop b2–b3 is extended in
Arabidopsis and the loop b3–b4 shows a different architecture
(Fig. S7a). Importantly, the two AtNAA60 structures show simi-
lar conformations of loop a1–a2 and hairpin b60–b70 as
HsNAA60/CoA-MK, closing over the substrate-binding site.
Superposition with HsNAA60/CoA shows that positions of hair-
pin b60–b70 are dramatically different (Fig. S7b), and only
HsNAA60/CoA adopts a dimer-forming conformation with hair-
pin b60–b70 rotated away from the active site. The dimer inter-
face of HsNAA60/CoA is formed by antiparallel interaction of
two b70 strands from the two protomers and the interaction of
hairpin b60–b70 with part of the substrate binding pocket of the
other protomer (Stove et al., 2016). The sequence of the b6–b7
loop region differs between Hs and At (Fig. S1a), which might
explain why AtNAA60 does not form dimers.

Characterization of the AtNAA60 plasma-membrane tar-
geting in planta

In contrast to HsNAA60 localizing to the Golgi via two amphi-
pathic helices at the C-terminus (Aksnes et al., 2017), AtNAA60
associates to the plasma membrane in planta (Fig. 1c–h). Because
only the truncated AtNAA6020-200 is soluble and secondary struc-
ture prediction of the C-terminal region AtNAA60202-270 sug-
gests that it contains one a-helix (Fig. 4a), we hypothesized that
the C-terminal AtNAA60202-270 is responsible for the membrane
association in plants. Transient expression of the C-terminally
truncated AtNAA601-205 protein fragment in fusion with GFP
(GFP-AtNAA601-205) resulted in nucleocytoplasmic localization
of GFP-AtNAA601-205 in Arabidopsis leaf protoplasts and
tobacco pavement cells (Figs 4b–e, S8a–e). Transiently expressed
CFP-AtNAA601-270 (named in Fig. 1 CFP-At5g16800) was
localized at the plasma membrane in both plant species
(Figs 1b–g, S2), implying that the C-terminal domain
AtNAA60206-270 is necessary and sufficient for plasma membrane
association. Indeed, when we fused this domain to the C-termi-
nus of CFP (CFP-AtNAA60206-270), the resulting fusion protein
is associated with the plasma membrane (Figs 4f–i, S8f). Co-
staining of the Golgi apparatus with SYP32 revealed a potential
overlap with CFP-AtNAA60206-270 signal in Arabidopsis proto-
plasts (Fig. S8g–j), which has not been found with CFP-
AtNAA601-270. These results suggest that the C-terminal domain
of AtNAA60 is sufficient for localization of the full-length
AtNAA60 at the plasma membrane.

Contribution of the AtNAA60 C-terminus to membrane
binding

The in planta deletion analysis of AtNAA60 fused to fluorescent
proteins demonstrate that the C-terminal domain, AtNAA60206-
270, is necessary and sufficient for localization of AtNAA60 to the
membrane. The predicted a-helix (P206-V230, a5) is amphi-
pathic with a strong hydrophobic moment and the residues R218
and K227 positioned at the border of the hydrophobic/hy-
drophilic interface are able to snorkel into the membrane
(Fig. 4j). These features classify a5 of AtNAA60 as a canonical
type A amphipathic helix (Segrest et al., 1990).

Next, we tested the conformation of AtNAA60205-270 in the
presence of liposomes and its interaction with liposomes mimick-
ing plant plasma membrane lipid composition (Yoshida &
Uemura, 1986; Uemura et al., 1995; Grison et al., 2015). Circu-
lar dichroism experiments revealed that AtNAA60205-270 is
unstructured in solution and adopts a helical secondary structure
only in the presence of liposomes. Trifluoroethanol (TFE), used
to probe a-helix propensity (Stjepanovic et al., 2011), also
induces a5 helix formation (Fig. 4k). The intrinsic tryptophan
fluorescence of AtNAA60205-270, containing only the W239, pre-
sents a blue shift upon addition of liposomes, indicating interac-
tion of the AtNAA60 C-terminus with the liposomes (Fig. 4l).
To confirm the binding of AtNAA60205-270 to the liposomes, we
performed density gradient flotation assays. AtNAA60205-270 only
floats when incubated with liposomes, whereas AtNAA6020-200 is
always found in the bottom fraction (Fig. 4m). Therefore, we
conclude that AtNAA60205-270 is necessary and sufficient for
binding to plant plasma membrane-like liposomes.

Identification of AtNAA60 substrates in vivo

The identification of AtNAA60 as the first plasma membrane-res-
ident N-terminal acetyltransferase prompted us to investigate its
biological function in vivo. We therefore identified two homozy-
gous T-DNA insertion mutants. The integration of the T-DNA
in the first intron of At5g16800 caused significant destabilization
of the AtNAA60 transcript in naa60-1 (Fig. 5a,b). In naa60-2,
the T-DNA is inserted in the last exon of AtNAA60 (Fig. S9a).
The vegetative and generative growth of both mutants was indis-
tinguishable from the wild type when grown under nonstressed
conditions (Figs 5c,d, S9b). Because NAA60 is Golgi-localized
and required for ribbon formation of Golgi stacks at the nucleus

Fig. 5 In vivo identification of AtNAA60 substrates. (a) Schematic depiction of the AtNAA60 gene. Black arrows represent exons and lines represent
introns. The triangle indicates the T-DNA insertion site. Binding sites of the qRT-PCR primers are shown as gray arrows. Bar, 200 bp. (b) Quantification of
relative NAA60 transcript levels in leaves of 6-wk-old soil-grown Arabidopsis plants. Data represent mean� SE. Asterisks indicate significant differences
between wild type and naa60-1 (Student’s t-test, P < 0.001, n = 3) (c) Top view on 7-wk-old wild type and naa60-1 Arabidopsis thaliana plants grown
under short-day conditions. Bar, 2 cm. (d) Representative growth phenotype of 11-wk-old plants grown under short-day conditions. Bar, 2 cm. (e, f)
Representative electron microscope images of the Golgi apparatus in roots of 1-wk-old wild type (e) and naa60-1 (f) Arabidopsis seedlings. Bar, 100 nm.
(g) N-terminal acetylation frequency of soluble proteins isolated from leaves of 6-wk-old Arabidopsis plants (n = 3–4 from two or three individual pools of
leaf tissue for each genotype). (h) Enzymatic activity of purified HisMBP-AtNAA60 on diverse substrate peptides as determined by the transfer of isotope-
labeled acetyl-group from acetyl-CoA. MQGR and MAPR are N-termini from HsNAA60 substrates identified in Aksnes et al. (2015b). MQPT is the N-
terminal sequence of DUF662 (At5g03660). Data represent mean� SE. Different letters indicate individual groups identified by pairwise comparisons with
a Holm–Sidak, one-way ANOVA (P < 0.05, n = 4).
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in humans, we determined Golgi-stack formation in the Ara-
bidopsis wild type and the naa60-1 mutant by electron
microscopy. In contrast to the function of NAA60 in human
cells, absence of AtNAA60 in plant cells had no impact on the
formation of the Golgi apparatus (Fig. 5e,f), which agrees with
the exclusive localization of the full-length AtNAA60 at the
plasma membrane (Fig. 1b–g).

Next, we profiled the N-terminal acetylome in leaf cells of
naa60-1 to identify AtNAA60 substrates in vivo. Characterization
of more than 2059 N-terminal peptides from 1623 distinct
nonredundant proteins by MS/MS analysis suggested that loss of
AtNAA60 function had no significant impact on the NTA at the
global scale (Fig. 5g; Tables S5–S7). In total, 47% of the charac-
terized N-termini in the leaves of wild type Arabidopsis are modi-
fied by NTA (Fig. 5g). Among them, 956 N-termini
corresponded to peptides displaying the first Met (iMet) or the
second amino acid unmasked by the removal of iMet by cytosolic
MetAPs (Frottin et al., 2009). In total, 51% of these experimen-
tally identified acetylated N-termini in Arabidopsis were acety-
lated after removal of the iMet. The remainder are acetylated at
the iMet (27%). Only one protein, At5g03660, was significantly
less acetylated in naa60-1, suggesting that the plasma membrane
localization of AtNAA60 restricts the access of potential sub-
strates to AtNAA60 (Fig. 5g). Indeed, At5g03660 is a plasma
membrane-localized protein that is enriched in purified plasmod-
esmata (Benschop et al., 2007; Fernandez-Calvino et al., 2011).
AtNAA60 acetylates a peptide representing the At5g03660 N-ter-
minus (MQPTE) with the same efficiency as a human NAA60
substrate (MQGRR) (Figs 5h, S4d). By contrast, AtNAA60 does
acetylate a peptide less efficiently, where a P is inserted in the sec-
ond position of At5g03660 (MPQPT, Figs 5h, S4d), as suggested
from the inhibitory role of P2 for substrate recognition by cat-
alytic subunits of Nat complexes (Goetze et al., 2009). Based on
the membrane localization of both proteins, the decreased NTA
frequency of At5g03660 in naa60-1 and the acetylation of the
At5g03660 N-terminus by AtNAA60 in vitro, we concluded that
At5g03660 is a bona fide AtNAA60 substrate.

Impact of NAA60 in plants upon protein-harming stress

Imprinting of the proteome by protein modifications contributes
to the tolerance of plants towards protein harming stresses such
as high sodium chloride (NaCl) concentration (Isayenkov &
Maathuis, 2019). To understand the biological relevance of pro-
tein acetylation by the membrane-associated NAA60 under abi-
otic stress, we challenged naa60-1 and the wild type with
cytotoxic concentrations of NaCl during germination. Applica-
tion of 120 mM NaCl decreased germination efficiency of
naa60-1 to 30% of control conditions, while germination effi-
ciency of the wild type was not affected by this treatment
(Fig. 6a,b). Also, naa60-2 was more sensitive to high salt applica-
tion when compared to the wild type (Fig. S9c,d). Transcrip-
tional induction of the high salt responsive gene, DREB2A,
verified the impact of the treatment applied here on the wild type
(Fig. S10a). However, the high salt treatment had no significant
impact on AtNAA60 transcription (Fig. S10b). The decrease of

naa60-1 germination efficiency correlated with the applied NaCl
concentration (Fig. S10c). Complementation of naa60-1 with
AtNAA60-YFP under control of the CaMV35S-pro results in
wild-type-like tolerance towards high salt stress (Fig. 6a,b). The
exclusive localization of AtNAA60-YFP at the plasma membrane
of naa60-1/CaMV35SPro:AtNAA60-YFP demonstrates the crucial
function of NAA60 in this compartment under high salinity
(Fig. S10d–f).

Discussion

Despite the prevalence of NTA in the plant proteome, the acety-
lation machinery has barely been characterized in plants. Thus
far, only candidates for NatA, NatB and NatC have been experi-
mentally confirmed in Arabidopsis (Pesaresi et al., 2003; Linster
et al., 2015; Huber et al., 2020).

In this study, we unambiguously identify a novel plasma mem-
brane-localized NAA60-type Na-acetyltransferase in the reference
plant A. thaliana. We show that plant NAA60 acts post-transla-
tionally on a plasma membrane protein and contributes to high
salt stress tolerance. AtNAA60 crystal structures reveal the
NAA60 substrate binding mode and elucidate its broad substrate
specificity. We show that full-length AtNAA60 is exclusively
located at the plasma membrane and that its C-terminal region
(residues 206–270) is necessary for plasma membrane binding
in vivo. Sequence analysis of the AtNAA60 C-terminus revealed a
putative type A amphipathic a-helix (residues 206–230) with an
explicit hydrophilic and hydrophobic face, suggesting a periph-
eral orientation towards the membranes. Indeed, the AtNAA60
C-terminus forms an a-helix that associates with liposomes,
mimicking plant plasma membranes and is necessary for lipo-
some binding. Similarly, the HsNAA60 C-terminus is essential
for localization to the Golgi and is composed of two amphipathic
helices (Aksnes et al., 2017). In humans, the C-terminus has been
shown to prefer binding to membranes containing phosphatidyli-
nositol (PI4P; Aksnes et al., 2017), which is also present in low
amounts in plant plasma membranes (Cacas et al., 2016). When
compared, the length and hydrophobic moment of the combined
two human helices is similar to that of the single amphipathic
helix in Arabidopsis, suggesting similar membrane binding in
both organisms. In addition, it has been shown that the residues
following the two helices affect membrane-binding capacity in
human (Aksnes et al., 2017). This indicates that the exclusive
plasma membrane localization of AtNAA60 cannot be simply
explained by differences in the amphipathic helices, but is
encoded in the entire C-terminus. Of note, the lipid composition
of the plant plasma membrane varies significantly with different
environmental exposures (Uemura et al., 1995), suggesting that
AtNAA60 needs to tolerate a wide range of lipid compositions in
order to maintain plasma membrane binding.

Regardless of its novel localization, AtNAA60 presents a simi-
lar substrate specificity as its human homolog (Aksnes et al.,
2015b). Compared to AtNatB, which requires an acidic residue
following the iMet (Huber et al., 2020), AtNAA60 specificity is
broad, as it acetylates the initiator methionine with little restric-
tions for the following amino acids. As human NAA60 displays
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Kat activity in vitro (Chen et al., 2016), we also tested the bifunc-
tional Nat/Kat activity of the plant NAA60. We found that it
preferentially acetylates protein Na-termini, while the activity on
internal Ne-Lys-residues was marginal for the tested peptide.
However, our results do not eliminate a potential side activity of
plant NAA60 on internal Lys residues in vivo.

The structure of the enzymatic active part of AtNAA60 adopts
the conserved GNAT-fold and has a similar overall structure to
its human homolog (Chen et al., 2016; Stove et al., 2016). Fur-
thermore, the structure of AtNAA60 with the new bisubstrate
analog CoA-Ac-MVNAL allowed us to decipher the enzymatic
mechanism and mode of substrate binding. The bisubstrate’s first
amino acid (M1p) is involved in multiple contacts via its main
chain and its sidechain is placed in a hydrophobic pocket.
Ligand–protein contacts for the consecutive residues are not
sidechain-specific. Moreover, the binding site for the second
amino acid is solvent-exposed and there is no significant struc-
ture-based amino acid preference, apart from a tryptophan
residue, which seems to be impossible due to steric clashes. This
agrees with the GAP assaysresults (Fig. 2b), where no substrate
with a tryptophan at the second position was found. The catalytic
mechanism of AtNAA60 seems to be conserved with HsNAA50
and HsNAA60, as residues essential for activity are conserved.
Moreover, a well-ordered water molecule, probably involved in
base catalysis, is present in the active sites of HsNAA50 and
HsNAA60 (Liszczak et al., 2011; Stove et al., 2016). The major
structural differences between AtNAA60 and its human homolog
are found in loop regions, with the loop b2–b3 in Arabidopsis
being elongated, whereas the loop b3–b4 is of similar length but
does not superimpose well. In both organisms, the loop b3–b4 is
vital for protein stability as it folds back to the core of the enzyme
(Stove et al., 2016). However, in Arabidopsis back-folding is less
pronounced, as it involves only the interaction of E97 and H154,
whereas in human loop b3–b4 (residues E80, D81 and D83)
interacts with the core enzyme (residues Y136, H138 and H159).
Moreover, in contrast to HsNAA60, AtNAA60 is a monomer in
the presence of AcCoA or CoA in solution. In the HsNAA60
dimer, the hairpin b60–b70 blocks the peptide entry site of the
second protomer, indicating that the observed dimer is an inac-
tive form. Nevertheless, in both studies truncated protein ver-
sions were used for crystallization and oligomerization tests.
Whether in vivo AtNAA60 or HsNAA60 dimerize at their respec-
tive membranes and whether the amphipathic helices play a role
in oligomerization is not known. In agreement with the specific
acetylation of membrane proteins by HsNAA60 (Aksnes et al.,
2015c), a global N-acetylome profiling approach revealed one
plasmodesmata localized protein as substrate of NAA60 in plants.
It can be concluded that the constraints for an NAA60 substrate
are not sequence-based, but are the membrane localization of the
substrates. The consequences of NTA for proteins localized at the
membrane are currently unknown. However, NTA of cytosolic
proteins affects protein stability in yeast, humans and Arabidop-
sis, suggesting that NTA is a significant determinant of protein
fate in all eukaryotes (Hwang et al., 2010; Shemorry et al., 2013;
Park et al., 2015; Xu et al., 2015). Remarkably, a large fraction of
integral membrane proteins are also N-terminally acetylated in
Holoarchea, although the overall degree of NTA is only 14–19%
in these prokaryotes (Falb et al., 2006). This allows us to specu-
late on a conserved function of NTA for the fate of membrane
proteins in prokaryotes and eukaryotes. In this respect, it is note-
worthy that the Ac/N end rule pathway also degrades Cog1, a
subunit of the Golgi-associated COG complex, and perilipin 2, a

(a)

(b)

Fig. 6 naa60-1mutants are sensitive to NaCl stress. Seeds from wild type,
naa60-1 and two independent naa60-1/AtNAA60-YFP Arabidopsis

thaliana lines were surface sterilized, stratified for 48 h, and germinated on
19MSmedium or 19MSmedium supplemented with 120mM NaCl.
Germination rate was quantified after 2 wk of growth under short-day
conditions. (a) Representative sections of germinated and nongerminated
seeds. Bar, 1 cm. (b) Quantification of the germination rate. Data
represent mean� SE. Different letters indicate individual groups identified
by pairwise comparisons with a Holm–Sidak, one-way ANOVA (P < 0.05,
n = 3 individual experiments with 24 seeds).
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lipid droplet-associated protein that is released upon nutrient
stress (Shemorry et al., 2013; Nguyen et al., 2019). In plants,
NTA also occurs post-translationally on nuclear-encoded plastid-
localized proteins (Dinh et al., 2015; Rowland et al., 2015), and
is suggested to affect stability of plastid proteins in the green algae
Chlamydomonas rheinhardtii (Bienvenut et al., 2011).

The plasma membrane is the cellular interface that regulates
the exchange of molecules and information between cells and
their environment. Loss of the plasma membrane-resident
NAA60 function in naa60-1 does not affect plant growth and
development under nonstressed conditions. By contrast, transient
depletion of NAA60 induces defects in chromosomal segregation
in Drosophila melanogaster cells (Van Damme et al., 2011b), and
inhibits cell proliferation in human cell lines (Yang et al., 2011).
The decreased cell proliferation in NAA60-depleted human cells
is probably a direct consequence of Golgi ribbon fragmentation
compromising mTOR (Aksnes et al., 2015a; Gosavi et al., 2018),
which is the central regulator of cell proliferation in eukaryotes
(Laplante & Sabatini, 2012; Dong et al., 2017). Remarkably,
expression of DmNAA60 in NAA60-depleted human cells res-
cues the diminished cell proliferation phenotype, suggesting a
conservation of the NAA60 function in animals (Yang et al.,
2011). The different physiological function of NAA60 in animals
and plants appears to be predominantly caused by the organism-
specific subcellular localization of NAA60, as AtNAA60 and
HsNAA60 share broad and overlapping substrate specificities.
Because perception of environmental cues and transport of ions
and metabolites are vital functions of the plasma membrane and
are executed by dynamically regulated plasma membrane-resident
proteins (Wang et al., 2018), we challenged naa60-1 with surplus
NaCl. The sensitivity of naa60-1 and naa60-2 towards enhanced
salinity provides evidence for a relevant function of NTA on
membrane proteins during stress. These results are in agreement
with the critical role of the plasma membrane in osmoregulation
of the cell (Schulz, 2011), and support the previously hypothe-
sized role of NTA in plant stress responses (Linster & Wirtz,
2018). In the pathogen response, NTA tuned plant immunity by
modulating the protein stability of an immune receptor via N-de-
gron formation (Xu et al., 2015). Salinity impairs plant growth
via water stress, via excessive ion uptake and by oxidative stress
due to the generation of reactive oxygen species (Isayenkov &
Maathuis, 2019). If oxidized proteins accumulate, they tend to
aggregate and become cytotoxic (Cohen et al., 2006). Thus,
destruction of misfolded proteins is critical for successful adapta-
tion to high salt conditions. However, it is currently unclear how
NAA60 contributes to salinity resistance due to the manifold
impact of NTA on protein fate.

Conclusion

N-terminal protein acetylation is one of the most abundant pro-
tein modifications in humans and plants. In contrast to phospho-
rylation, which is catalyzed by thousands of specific kinases in
humans and plants, only eight N-acetyltransferases are considered
to imprint the proteomes of humans and Arabidopsis with acety-
lation marks. Here we uncover a novel plasma membrane-

resident N-acetyltransferase in Arabidopsis and identify a plas-
modesmata-localized protein as its substrate. These findings
demonstrate a remarkable evolution of the NTA machinery in
the different phyla of eukaryotes: In humans and plants, mem-
brane-associated N-acetyltransferases of the F-type acetylate post-
translationally proteins in different membrane systems, while
NTA is restricted to ribosomes in fungi. The C-terminal tail of
NAA60 displays organism-specific adaptations and serves as the
anchor for the selective membrane association in plants and
humans. This organism-specific localization is an important trig-
ger for the neofunctionalization of NAA60 in plants. Further-
more, we have demonstrated the functional relevance of post-
translational NTA by NAA60 in the high salt stress response of
plants. Our results shed light on the evolution of the enzymatic
machinery that imprints more than 70% of cytosolic proteins in
such diverse organisms as the fruit fly, Arabidopsis and humans,
and opens new avenues to study the stimulus-induced dynamic
adaptation of the N-acetylome in eukaryotes.
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