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Polyamine acetylation has an important regulatory role in polyamine metabolism. It is catalysed by GCN5-
related N-acetyltransferases, which transfer acetyl groups from acetyl-coenzyme A to the primary amino
groups of spermidine, spermine (Spm), or other polyamines and diamines, as was shown for the human Sper-
Polyamines midine/Spermine N'-acetyltransferase 1 (HsSSAT1). SSAT homologues specific for thialysine, a cysteine-derived
Spermine lysine analogue, were also identified (e.g., HsSSAT2). Two HsSSAT1 homologues are present in Arabidopsis,
SSAT namely N-acetyltransferase activity (AtNATA) 1 and 2. AtNATA1 was previously shown to be specific for 1,3-dia-
minopropane, ornithine, putrescine and thialysine, rather than Spm and spermidine. In the present study, in an
attempt to find a plant Spm-specific SSAT, AtNATA2 was expressed in a heterologous bacterial system and
catalytic properties of the recombinant protein were determined. Data indicate that recombinant AtNATA2
preferentially acetylates 1,3-diaminopropane and thialysine, throwing further light on AtNATA1l substrate
specificity. Structural analyses evidenced that the preference of AtNATA1, AtNATA2 and HsSSAT2 for short
amine substrates can be ascribed to different main-chain conformation or substitution of HsSSAT1 residues
interacting with Spm distal regions. Moreover, gene expression studies evidenced that AtNATA1 gene, but not
AtNATA2, is up-regulated by cytokinins, thermospermine and Spm, suggesting the existence of a link between
AtNATAs and N'-acetyl-Spm metabolism. This study provides insights into polyamine metabolism and structural
determinants of substrate specificity of non Spm-specific SSAT homologues.

Thialysine

1. Introduction

Polyamine acetylation has an important regulatory role in several
organisms, since it affects both polyamine function and homeostasis
(Pegg, 2008; Tavladoraki et al., 2012). Acetylation reduces the number
of positive charges on polyamines, thus altering their capacity to interact
with several macromolecules. In mammals, acetylated spermine (Spm)
and spermidine (Spd) are substrates of peroxisomal polyamine oxidases
(PAOs) and are readily secreted into the extracellular space, thus playing

a key role in the control of intracellular polyamine levels and of cellular
processes related to polyamine content (Pegg, 2008). In bacteria, poly-
amine acetylation neutralizes their toxicity and plays an important role
in bacterial virulence and pathogenicity (Fukuchi et al., 1995; Barba-
gallo et al., 2011; Joshi et al., 2011; Planet et al., 2013). Acetylated
polyamines have been also detected in several plant species, among
which Nicotiana plumbaginifolia, Helianthus tuberosus and Arabidopsis
(Del Duca et al., 1995; Mesnard et al., 2000; Tassoni et al., 2000; Fli-
niaux et al., 2004; Hennion et al., 2012; Toumi et al., 2019), but only

Abbreviations: Acetyl-coenzyme A, acetyl-CoA; CoA, coenzyme A; Dap, 1,3-diaminopropane; DTNB, 5,5-dithiobis-(2-nitrobenzoate); MSA, multiple sequence
alignment; NATA, N-acetyltransferase activity; NHQ, N'-Spm-acetyl-coenzyme A bi-substrate analogue; Nor-Spm, norspermine; PAO, polyamine oxidase; Orn,
ornithine; Put, putrescine; SAT, Spd acetyltransferase; Spd, spermidine; Spm, spermine; SSAT, Spermidine/Spermine Nl—acetyltrasferase; T-Spm, thermospermine.
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limited information exists on their physiological roles. However, a role
of acetylated polyamines in plant development and responses to envi-
ronmental and biotic stress has been suggested (Tassoni et al., 2000;
Hennion et al., 2006; Addio et al., 2011; Jammes et al., 2014; Lou et al.,
2016).

Spermidine/Spermine N'-acetyltransferases (SSATs) are GCNS5-
related N-acetyltransferases (Neuwald and Landsman, 1997) that ca-
talyse the transfer of acetyl groups to the aminopropyl end(s) of Spd and
Spm, using acetyl-coenzyme A (acetyl-CoA) as a cofactor. SSATs are
present in several organisms, among which animals (Coleman et al.,
1996; Montemayor and Hoffman, 2008; Lien et al., 2013), protozoan
parasites (Rojas-Chaves et al., 1996) and bacteria (Zhang et al., 2012; Li
et al.,, 2019). Human SSAT1 (HsSSAT1) is a highly regulated enzyme
with broad substrate specificity, being able to acetylate substrates with
the general structure HyN(CHy)sNHR, including N'-acetylSpm,
sym-norspermine, and sym-norspermidine, but not putrescine (Put),
Nl-acetylSpd, and sym-homospermidine, which have terminal amino-
butyl groups (Della Ragione and Pegg, 1983; Hegde et al., 2007; Pegg,
2008). In contrast to HsSSAT1, E. coli Spd acetyltransferase (SAT),
encoded by the speG gene, transfers the acetyl group from acetyl-CoA to
either end of Spd (aminopropyl or aminobutyl end) (Fukuchi et al.,
1994; Sugiyama et al., 2016). Interestingly, the acetyltransferase enco-
ded by the human gene locus BC011751, annotated as HsSSAT2 (Cole-
man et al., 2004; Han et al., 2006) because of its sequence similarity
with HsSSAT1, does not acetylate Spm or Spd, but rather thialysine, a
structural analog of L-lysine, which is considered to be a source of me-
tabolites with antioxidant properties and can act as an antimetabolite by
competing with L-lysine (Jun et al., 2003; Coleman et al., 2004; Proietti
et al., 2020). GCN5-related N-acetyltransferases that preferentially
acetylate thialysine are also present in Caenorhabditis elegans (CeSSAT;
Abo-Dalo et al., 2004), Leishmania major (LmSSAT; Liiersen et al., 2005)
and Schizosaccharomyces pombe (SpSSAT; Coleman et al., 2004).

In Arabidopsis genome, two SSAT-like genes have been identified in
adjacent positions: AtNATA1 (N-acetyltransferase activity 1; At2g39030)
and AtNATA2 (At2g39020). AtNATA1 is highly regulated (Adio et al.,
2011; Jammes et al., 2014), differently from AtNATA2 which is consti-
tutively expressed (Adio et al., 2011; Lou et al., 2016). The AtNATA1
gene was shown to encode for protein with N-acetyltransferase activity,
though discrepancy exists among published data regarding AtNATA1
substrate specificity. Some data indicate that 1,3-diaminopropane (Dap)
is the best substrate, followed by thialysine (Jammes et al., 2014), while
other data indicate that ornithine (Orn) (Adio et al., 2011) or Put (Lou
et al.,, 2016) are best substrates. Furthermore, it was suggested that
AtNATAL, together with arginine decarboxylase 1, which was shown to
have also N-acetylOrn decarboxylase activity, provides a pathway for
the synthesis of acetylated Put from N®-acetylOrn (Lou et al., 2020).
Conversely, no information on AtNATA2 substrate specificity is avail-
able so far.

Acetylated polyamines are substrates of PAOs in plants as well. In
particular, it was shown that the physiological substrates of the cytosolic
AtPAOS5, encoded by a gene up-regulated by cytokinins, Spm and ther-
mospermine (T-Spm), are N'-acetylSpm, Spm and T-Spm, and that the
catalytic activity on N'-acetylSpm is higher than on Spm (Ahou et al.,
2014). It was also shown that AtPAO5 is involved in N'-acetylSpm, Spm
and T-Spm homeostasis and that it influences plant development and
xylem differentiation through a T-Spm dependent mechanism (Alab-
dallah et al., 2017). However, the physiological role of AtPAOS5 related
to N'-acetylSpm homeostasis has not been determined so far, partly
because of the lack of information regarding N'-acetylSpm biosynthetic
pathway.

In the present study, to identify the physiological function of
AtNATAZ2, and in particular to investigate whether AtNATA2 is a Spm-
specific SSAT, the AtNATAZ2 gene was expressed in a heterologous bac-
terial system and the catalytic properties of the recombinant protein
were analysed. The results evidenced that, similarly to the close ho-
molog AtNATA1, recombinant AtNATA2 is not Spm-specific. Instead, it
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preferentially acetylates Dap and thialysine, which are also the preferred
substrates of AtNATA1 according to one of the previous reports (Jammes
et al., 2014) and at variance with others (Adio et al., 2011; Lou et al.,
2016). Thus, the N'-acetyl-Spm biosynthetic pathway in plants is still to
be unveiled. Structural analyses indicated that the preference of
AtNATA2, AtNATA1 and HsSSAT?2 for short polyamines can be ascribed
to a different main-chain conformation and/or side-chain substitution of
HsSSAT1 residues interacting with Spm distal regions with respect to the
acetyl-CoA cofactor. In parallel, gene expression studies highlighted that
AtNATA1 gene, but not AtNATA2, is up-regulated by cytokinins, Spm
and T-Spm, similarly to the AtPAOS5 gene.

2. Material and methods
2.1. Plant material, growth conditions and treatments

All experiments were performed with Arabidopsis (Arabidopsis
thaliana) ecotype Columbia. For in vitro growth, seeds were sterilized,
stratified and put on agar plates containing half-strength Murashige and
Skoog basal medium with Gamborgs vitamins and 0.5% (w/v) sucrose
(1/2MS). Seedlings were grown at 23 °C and under a 16/8 h light/dark
photoperiod. For qRT-PCR analysis following hormone or polyamine
treatment, 7-day-old seedlings grown on 1/2MS agar plates were
transferred in 1/2MS liquid medium and were left to grow for seven
more days. After addition of fresh medium, seedlings were treated with
5 uM 6-benzylaminopurine (BAP) for 6 h. Seedlings were also treated
with various concentrations (i.e., 0.1 mM, 0.5 mM and 1 mM) of Spm, T-
Spm, Spd, Put or Dap for 24 h. Data obtained using the lowest polyamine
concentration that significantly affected gene expression levels under
our experimental conditions (i.e., 0.5 mM) are reported.

2.2. Isolation and cloning of AtNATA2 cDNA

AtNATA2 cDNA was amplified through RT-PCR using the sequence-
specific oligonucleotides AtNATA2-F2/(5'- GCCTCGCATATGGCAGC
CGCCGCACCGCCACCGCCACC-3')/AtNATA2-R2  (5'- GGTACGCTC-
GAGCTAGTGGTGGTGGTGGTGGTGTCCTCCGATGTTGACCTGAT-
CAAAAGCTTCAAGAG-3’'). The underlined regions in oligonucleotides
AtNATA2-F2 and AtNATA2-R2 indicate Ndel and Xhol sites, respectively.
The AtNATA2-R2 primer was designed to insert the coding sequence of
the dipeptide linker GlyGly followed by a 6-His-tag at the 3’ terminus of
AtNATA2 cDNA and prior to the stop codon. The amplified cDNA was
subcloned into the pGEM-T Easy vector (Promega), sequenced, and then
cloned in the pET17b plasmid (Novagen) between Ndel and Xhol re-
striction sites (AtNATA2-pET17b construct). For heterologous expression
of AtNATA2 in Escherichia coli, AtNATA2-pET17b construct was intro-
duced into BL21 (DE3) E. coli strain.

2.3. Heterologous expression of AtNATAZ2 in E. coli

To obtain recombinant AtNATA2, a culture of the BL21 (DE3) E. coli
strain containing the AtNATA2-pET17b construct was treated with 0.4
mM isopropyl p-D-1-thiogalactopyranoside for 4 h at 30 °C. Following
induction, the culture was centrifuged at 3,000 g, the bacterial pellet
was resuspended in extraction buffer (100 mM Tris-HCI, 150 mM NaCl,
20% glycerol), and cells were disrupted by sonication. Cell lysate was
tested by immunoblotting using an anti-(His)e antibody (Abcam) and
enzyme activity assays to detect accumulation of recombinant protein.

2.4. Purification of recombinant AtNATA2 from E. coli

To purify AtNATA2 recombinant protein, bacterial cell lysates were
applied to Ni%t-charged Sepharose (GE Healthcare) equilibrated in
extraction buffer. Resin was washed first with extraction buffer and then
with 100 mM Tris-HCI, pH 7.8, 20 mM imidazole. Recombinant protein
was eluted with 100 mM Tris-HCI, pH 7.8, 300 mM imidazole, and
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dialyzed against 100 mM Tris-HCI, pH 7.8, 20% glycerol using centrif-
ugal filter devices (Millipore) with a cut-off of 10 kDa.

2.5. Enzymatic activity assays

To determine the catalytic properties of recombinant AtNATA2, an in
vitro assay was performed based on the quantification of CoA-SH
released during reaction using the reagent 5,5-dithiobis-(2-nitroben-
zoate) (DTNB; Bode et al., 1993; Coleman et al., 2004; Lin et al.,
2010; Jammes et al., 2014), essentially as described by Jammes et al.
(2014). In detail, reaction mixtures of 50 pl were prepared containing
100 mM Tris/HCl, pH 8.0, 1 mM acetyl-CoA, recombinant AtNATA2
(circa 0.3 pg) and 5 mM of various putative substrates (Dap, thialysine,
Spm, Spd, Orn, Nor-Spm, Put and N-monoacetyl-Put. Conversely,
N-monoacetyl-Dap could not be tested since it was not readily available.
Following incubation at 30 °C for various time intervals, the reaction
was stopped by adding 150 pl ethanol. To quantify the released CoA-SH,
an aliquot of 500 pl of 0.2 mM DTNB in 100 mM Tris/HCI, pH 8.0 was
added and absorption at 412 nm was measured. K, values of recombi-
nant AtNATA2 for various substrates were determined from
Michaelis-Menten plots. Nonlinear least-squares fitting of data was
performed using Graphpad Prism software. For stoichiometric analyses,
0.5 mM of Dap or Put were added to a reaction mixture containing re-
combinant AtNATA2 (circa 0.3 pg) and 2 mM acetyl-CoA. Released
CoA-SH was quantified at various time points until the end of the
reaction.

2.6. Quantitative RT-PCR analysis

Total RNA was isolated from whole Arabidopsis seedlings using the
RNeasy Plant Mini kit (QIAGEN) or TRIzol® Reagent (Ambion). Resid-
ual genomic DNA in RNA samples was digested by the RNase-Free DNase
Set (QIAGEN) according to the manufacturers’ protocol. Synthesis of
c¢DNA and PCR amplification were performed using GoTaq® 2-Step RT-
gPCR System (Promega). The qPCR reactions were performed in a
Corbett RG6000 (Corbett Life Science, QIAGEN) using the program:
95 °C for 2 min, followed by 40 cycles at 95 °C for 3 s and 60 °C for 30 s.
The gene for ubiquitin-conjugating enzyme 21 (UBC21; At5g25760) was
used as reference gene using the oligonucleotides UBC21-for (5-
CTGCGACTCAGGGAATCTTCTAA-3') and UBC21-rev (5-TTGTGCCATT-
GAATTGAACCC-3). For qRT-PCR analysis of AtNATA1 and AtNATA2
expression levels, the oligonucleotides AtNATAI1-qPCR-for (5-
GAGTCTGGTCTTGCCTCCAC-3), AtNATAI1-gqPCR-rev (5-ATGCGTCT-
CAAGAAAGGGG-3’), AtNATA2-qPCR-for (5-GCTTCTCTAGAACCTCTCC
ATCG-3) and AtNATA2-qPCR-rev (5-CATGTTTGGTTCCGGTGCTG-3)
were used. Relative expression levels are expressed as fold-changes
(2724CY). Reactions were performed in triplicate and mean values +
SE were calculated. At least three independent biological replicates were
performed for each experiment, and mean values of relative expression
levels from the different biological replicates are shown.

2.7. Sequence alignments and phylogenetic analysis

The sequences of proteins analysed in this work were downloaded
from the UniProt knowledgebase (UniProt Consortium, 2019). Multiple
sequence alignments were performed using Clustal Omega (ClustalO; htt
ps://www.ebi.ac.uk/Tools/msa/clustalo/; Sievers et al., 2011). Se-
quences were analysed for the presence of putative PEST motifs using
the PESTFIND program (http://emboss.bioinformatics.nl/cgi-bin/embo
ss/epestfind; Rogers et al., 1986). The amino acid sequences of
AtNATA1 (UniProt ID: Q9ZVO05), AtNATA2 (UniProt ID: Q9ZVO06),
HsSSAT1 (UniProt ID: P21673) and HsSSAT2 (UniProt ID: Q96F10)
were given as queries to the BLASTP program (Altschul et al., 1997) to
identify homologous proteins by sequence similarity searches. Phylo-
genetic analyses of amino acid sequences were performed using the
MEGAS software (Stecher et al., 2020) and the Neighbour-Joining (NJ)

125

Plant Physiology and Biochemistry 170 (2022) 123-132

method (bootstrap1000). Abbreviations and accession numbers are lis-
ted in Supplementary Table S1.

2.8. Homology modelling of AtNATA1 and AtNATAZ2 and structure
analysis

The sequences of AtNATA1 and AtNATA2 were used to search the
NCBI database for homologous proteins of known 3D structure using the
BLASTp algorithm (https://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul
et al., 1997). This search retrieved the proteins listed in Supplementary
Table S2, the co-ordinate files of which were downloaded from the
Protein Data Bank (PDB; http://www.rcsb.org/; Berman et al., 2000).
Based on the E-values calculated by BLASTp, both AtNATA1l and
AtNATA2 match most closely Pseudomonas aeruginosa probable N-ace-
tyltransferase (E-values 1e 2* and 4e 2!, respectively), then HsSSAT2
(E-values 3e™'7 and 2e7'%, respectively), followed by mouse SSAT1
(MmSSAT1; E-values 2¢71° and 3e’12, respectively) and HsSSAT1
(E-values 2e° and 4e 11, respectively). Considering that AINATAT and
AtNATA2 E-values and percentage sequence identity with the bacterial
enzyme were only marginally better than those with HsSSAT2 (Sup-
plementary Table S3), HsSSAT2 was chosen as a template for AINATA1
and AtNATA2 model building, because the alignments with both Ara-
bidopsis proteins presented a lower number of inserted residues, and
these were grouped in a smaller number of regions, which is the most
commonly observed situation in protein evolution. Additionally, the
structure determination of the P. aeruginosa protein is not associated
with a peer-reviewed publication describing the details of the structure
(Supplementary Table S2).

The 3D models of AtNATA1 and AtNATA2 were built using Swiss-
Model (https://swissmodel.expasy.org/; Guex and Peitsch, 1997). The
UCSF Chimera package (Pettersen et al., 2004) was used for 3D structure
visualization, analysis and comparisons, including pairwise structure
superimpositions. To model AtNATA1 and AtNATA2 complexes with
acetyl-CoA and substrates, each 3D model was optimally superimposed
to the HsSSAT1 structure and the co-ordinates of the CoA cofactor
covalently bound to Spm were imported into each model. The Spm
moiety was computationally modified to obtain Put, Orn and other
ligands.

The structure-based multiple sequence alignment (MSA) shown in
Fig. 1 was obtained as follows:

(i) ClustalO (https://www.ebi.ac.uk/Tools/msa/clustalo/; Sievers
et al,, 2011) was used to produce an initial MSA comprising
AtNATA1, AtNATAZ2, their homologues of known structure listed
in Supplementary Table S2, and additional homologues from
other species, namely HsSSAT2-like from Mus musculus
(MmSSAT2), and SSAT from L. major (LmSSAT), C. elegans
(CeSSAT) and S. pombe (SpSSAT);

(i) Structure superimpositions between each pair of structures pre-
sent in the initial MSA were obtained as follows: An initial
structure alignment was generated automatically by Chimera. A
structural superimposition was then performed including only
structurally aligned residues the Co atoms of which were at a
distance not higher than 2.2 A. This procedure was repeated until
all and only residue pairs satisfying this distance threshold were
superimposed.

(iii) The initial MSA produced by ClustalO was thus manually
adjusted based on the structure superposition between HsSSAT2,
HsSSAT1 and the 3D models built for AtNATA1 and AtNATA2
(see below) to produce the structure-based MSA shown in Fig. 1.
Of the two monomers present in the functional homodimer,
HsSSAT2 chain B (comprising residues 2-59 and 70-170) was
used in all comparisons, because it is more complete than chain A
(comprising residues 3-30, 35-60 and 68-170). Chain B was also
chosen as a reference for AtNATA2 and AtNATA1 models, since
they were built using HsSSAT2 as a template. Chain A of HsSSAT1
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SA o HEEEEES

AtNATA2 maaaappppptaapepnmvaplispighPMFSRIRLATPSDVPFIHKLIHQMAVIZERLTH 60
AtNATAL  ---——-- mapptaapepntvpetsptghrmFSRIRLATPTDVPFIHKLIHOMAVI3ERLTH 53
HsSSSAT2  ———-————————————————————————— MASVRIREAKEGDCGDILRLIRELAEEKLSD 32
MmSSAT2  ——————————————————————————— mastrirearesdcgdimrmirelaejieklsh 32
LaSSAT  -—-————————————————————————— msaplvtvrraeredtgcmydlimelaiyerape 34
ImSSAT  -————————————————————————— msaagvtvrraeredtgrmydlimelaiyerape 34
SPSSAT  -—————————————————————————— mgsvrirsvikedlptvygfikelaejiekced 32
CeSSAT  —-——————————————————————————— mknfeivtvtpdhaeqlismihelaejiekmks 32
HsSSAT1  -———————————————————————————— mMAKFVIRPATAADCSDILRLIKELAKyeymee 32
MmSSAT1  ———————————————————————————— makfkirpatasdcsdilrlikelakyeymed 32

C
SA I O O O N N o N
AtNATA2 LFSATESGLASTLFTSrpfQSFTVFLLEVsrspfpatitsspspdftpffkthnldlpid 120
AtNATA1 LFVATESGLASTLENSrpfQAVTIVFLLEIspspfptthd-asspdftpflethkvdlpie 112

HsSSAT2 QVKISEEALRADGFGDN--PFYHCLVAEI Ipapgk-—-———-—-———--——————————————— 65
MmSSAT2 gvkiseealradgfgen--pffhclvaeiipapge------—--—-————-—————-———————-— 65
LaSSAT cvvvskaemeeegfger--plwsafvaelgqetd-----—————-——---—------—--——-——- 65
LmSSAT cvvvskagmeeegfger--plwsafvaelgetn-----—-—----——--—-———-—-————————— 65
SpSSAT gveatipnlevafgfgf--idevtpvaygvfi-------- - - - - ———— - ——————— 60
CeSSAT svvnjjaekiirkdienka~~vhgfia-—c<-—cmecmmm o n e s s m e s 55
HsSSSAT1  QVILTEKDLLEDGFGEH--PFYHCLVAEVPkehwt-—-—-—-———-—oommmmmmmm 65
MmSSAT1 qvilBkdligedgfigeh--pfyhclvaefpkehwt---————-——-————————c———- 65
D

appa a aaaaaaaa
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Fig. 1. Structure-based multiple
sequence alignment comprising
AtNATA1, AtNATA2 and homologous
proteins from different species. In-
sertions and N-terminal extensions in
AtNATAI and AtNATA2 are underlined.
“W”, “[1” and “@” symbols indicate the
115, 37 and 4 residues, respectively,
which are structurally conserved in: i)
AtNATA1 and AtNATA2 models, and
HsSSAT2 and HsSSAT1 structures
(HsSSAT2 residues: 3-26, 33-48, 50-59,
70-81, 83, 85, 87, 89-122, 124-129,
145-149, 153-157); ii) AtNATA1l and
AtNATA2 models, and HsSSAT2 struc-
ture, but not HsSSAT1 (HsSSAT2 resi-
dues: 27-32, 82, 84, 88, 123, 130-144,
158-169); iii) HsSSAT2 and HsSSAT1
structures, but not AtNATA1l and
AtNATA2 models (HsSSAT2 residues: 2,
49, 86, 152), respectively. Residues that
are structurally aligned to each other are
uppercase. Residues not observed in the
3D structure of HsSSAT2 chain B and
residues that are not present in
AtNATA1 or AtNATA2 models are
shown in italic. Conserved structural
domains in GCN5-related N-acetyl-
transferases (Neuwald and Landsman,
1997) are indicated by labelled hori-

SA NN NN BN N o N I N Y N
AtNATA2 180 zontal bars (A, B, C, D). Positions
AtNATA1 172 involved in acetyl-CoA or polyamine
HsSSAT2 113 binding are labelled with letters ‘a’ or
MmSSAT2 113 ‘p’, respectively. Residues the identity of
LaSSAT 113 which is conserved with respect to
LmSSAT 113 AtNATAZ2, are black-shaded if they are
SpSSAT 109 found at positions labelled with ‘a” or ‘p’
GESSAT 103 and grey-shaded otherwise. Numbers in
HSSSAT1  —------———-- peghSIVGFAMYYFTYdPwI-GKLLYLENFFYMSDIAGFEIESEILKNL 113 parentheses dmdlcate the p iricen,tage of
MmSSAT1 — ————————m— o peghsivgfamyyftydpwi-gkllylRelefiqmsdygagtifiseilknl 113 amino acid  sequence  identity to
e ————————————————— AtNATA2. Sequence accession numbers
A are listed in Supplementary Table S1. At,
Arabidopsis thaliana; Hs, Homo sapiens;
paa N ap PPPPP Mrr}, Mus meculu.s; Lm, Leishmania
sA ol major; Sp, Schizosaccharonyces pombe.
AtNATA2 AKQAVKMGYGR AT OMGAQILO-- - JAVCRLTGDALEAFDQVni--- 236 (100%) Ce, Caenorhabditis elegans.
AtNATAl AKQAVKLGVGR! IVID AL OMGAQVFK-- -8 L.CRLTGDALQAIDKIni--—- 228 (79%)
HsSSAT2 AEVALDKGCSQFRLAVLD RAMDI, GAQDLTeaE FFCFQGEATRKLAGK-—---- 170 (31%)
MmSSAT2 aevalnkgcsqgfrlavldwislkkavnlyikflgagdltesegylsfrfegeamrelagr----- 170 (31%)
LaSSAT lggakeegchgmviygaldwgltpai kydaeida--- nctlkf-----——-—-————--- 158 (30%)
LmSSAT lggakeegchgmviygaldwslapaie) kydaeidp--- nemlkf----———-————-—- 158 (30%)
SpPSSAT areslriggrrl ldwislgraievyiyekagagkvg---gysmmrvtgenlkaladklpgnf 168 (35%)
CeSSAT aelardkgivrlGFlavlidwsknaialydtvdyvnltkseglftfrmdgaainkfade----- 160 (28%)
HsSSAT1 SQVAMRCRCsSMHFLVaewslepsi rrgASDLSseE WRIAY N dkeyllkmatee---- 171 (27%)
MmSSAT1 sqvamkcrcssmhflvaewglepsi rrgasdlsseemlfkidkeyllkmaaee———— 171 (28%)
B
was selected because it provides the best structure superposition For all software, default parameters and thresholds were used. Data-
with HsSSAT2 chain B, whereas chain C of MmSSAT1 was chosen bases were last queried on December 12th, 2020. Images were generated
because it is the only one in complex with Spm. Throughout the using the UCSF Chimera package. Model co-ordinates are available from
text, residues belonging to the monomer chosen as reference are the authors upon request.

indicated by their three-letter code name and number along the
sequence, and residues from the other monomer by the three- 3. Results
letter code, number and chain name. As an example, in

HsSSAT1, Glu92 is from the reference monomer (chain A) and 3.1. Sequence analysis of Arabidopsis AtNATA1 and AtNATA2

Trp154.B from the other one (chain B).

AtNATA1 and AtNATAZ2 genes, and their protein products, AtNATA1
All software and databases used in this study are publicly available. and AtNATA2, are closely related to each other. In fact, they have
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similar gene structure (being both intron-less), 76% nucleotide sequence
identity and 79% amino acid sequence identity. AtNATA1 and AtNATA2
also have 31-32% identical amino acids with the thialysine-specific
HsSSAT2 over 152 aligned residues and 27-28% identical amino acids
with the Spm/Spd-specific HsSSAT1 over 119 aligned residues (Fig. 1).
With respect to the human SSATs, AtNATA1 and AtNATA2 have an
additional N-terminal region of 22 and 29 amino acids, respectively
(Fig. 1). Moreover, these N-terminal regions are predicted to comprise a
potential PEST motif (AtNATA1 with high probability, and AtNATA2
with low probability) and are found upstream of a methionine residue
which is well aligned to the first methionine residue of HsSSAT1 and
HsSSAT2, and thus may have a regulatory role at a post-transcriptional
level (Supplementary Fig. S1). These N-terminal regions are highly
conserved in most AtNATA homologues from dicots, but not in those
from monocots, Amborella, Selaginella, Physcomitrella and the Sol-
anales group II (Supplementary Fig. S1; Supplementary Fig. S2).
AtNATA1 and AtNATA2 also present a long insertion (amino acid re-
gions 45-105 and 75-135, respectively) with respect to homologous
proteins of known structure (Fig. 1; Supplementary Fig. S1), which bears
a putative PEST motive. BLASTp searches indicated that these insertions
are only present in plant AtNATA-like sequences, and that neither of
them is homologous to proteins of known structure.

The phylogenetic analysis of AtNATA homologues from representa-
tive plant species highlighted that the relationships among AtNATA-like
amino acid sequences closely reflect the taxonomic evolutionary re-
lationships between the plant families to which they belong. AtNATA1
and AtNATA2 are grouped together with AtNATA homologues of plants
of the order of Brassicales. In this group, the two Arabidopsis proteins
are found within distinct sub-groups, which indicates that AtNATA1 and
AtNATAZ2 have evolved through a gene duplication event that occurred
recently, during diversification of the Brassicales. However, the
AtNATA]1 gene copy was lost in some of the Brassicales species, such as
the Brassicaceae that have only the AtNATA2 homolog (Lou et al.,
2016). Similarly, AtNATA-like sequences from Malpighiales, Fabales,
Cucurbitales and Poales form monophyletic groups. Only AtNATA-like
sequences of Solanales form two distinct groups (Solanales I and II;
Supplementary Fig. S2), due to a gene duplication event which took
place after monocot and dicot divergence.

3.2. Substrate specificity of recombinant AtNATA2

AtNATA2 was expressed in E. coli, and the recombinant protein was
purified by affinity chromatography to electrophoretic homogeneity
(Supplementary Fig. S3). Catalytic properties of recombinant AtNATA2
were analysed by an in vitro assay based on the quantification of CoA-SH
released during reaction (Bode et al., 1993; Coleman et al., 2004; Lin
et al., 2010; Jammes et al., 2014). Recombinant AtNATA2 was shown to
be more active towards Dap and thialysine than other substrates (Fig. 2;
Table 1). Indeed, determination of catalytic constants indicated that the
AtNATA2 catalytic efficiency (kcat/Km) towards Dap is similar to that
measured with thialysine and 19- to 27-fold higher than that with Orn
and Put (Table 1). AtNATA2 catalytic activity towards Dap was further
shown to be higher at 30 °C than 23 °C, and at basic than acidic pH,
reaching a maximum at pH 8.5 (Fig. 3). Furthermore, it was shown that
AtNATA2 is able to exert catalytic activity towards N-monoacetyl-Put,
though with a 7-fold lower k., value than towards Put (Table 1). In
addition, stoichiometric analysis evidenced a molar ratio of around 2
between the released CoA-SH and consumed Dap or Put, indicating that
Dap and Put are di-acetylated during the AtNATA2 catalysed reaction.

3.3. AtNATAI and AtNATAZ2 structural analysis

To elucidate the structural determinants of substrate specificity, 3D
models of AtNATA1 and AtNATA2 homodimers have been obtained
(Fig. 4). Inspection of these models and of structure-based sequence
alignments (Fig. 1) shows that the long insertions are located on the
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Fig. 2. Time course of acetyltransferase activity of recombinant AtNATA2 in
vitro with different acetyl acceptors. Catalytic activity is reported as percentage
relative to the maximum activity. Each point represents the mean value from
three independent experiments and bars indicate SE. Dap: 1,3-diaminopropane;
Nor-Spm: norspermine; Orn: ornithine; Put: putrescine; Spd: spermidine;
Spm: spermine.

Table 1

Catalytic parameters of recombinant AtNATA2 with the indicated substrates.
Values indicate means of three replicates & SD. Acetyl-CoA: acetyl-coenzyme A;
Dap: 1,3-diaminopropane; Nor-Spm: norspermine; Orn: ornithine; Put: putres-
cine; Spd: spermidine; Spm: spermine.

keat 571 K (mM) keat/Km (mM s 1)
Dap 1.02 + 0.20 0.77 +0.18 1.33
Thialysine 0.78 + 0.20 0.90 + 0.36 0.87
Put 0.07 £+ 0.023 1.29 + 0.37 0.05
Orn 0.02 + 0.005 0.29 + 0.07 0.07
Nor-Spm 0.03 + 0.010 2.73 + 0.83 0.011
Spd 0.02 £ 0.004 1.70 + 0.80 0.012
Spm 0.01 + 0.006 n.d.* n.d.
N-monoacetyl-Put 0.01 + 0.005 n.d. n.d.
Acetyl-CoA n.d. 0.42 + 0.06 n.d.

*n.d. = not determined.

external sides of both proteins and are, therefore, not expected to affect
the rest of the fold (Fig. 4). The core of the fold is predicted to be
conserved with respect to HsSSAT2, to which both AtNATA1l and
AtNATA2 monomers are aligned for 152 out of 170 total HsSSAT2 res-
idues. Indeed, residues involved in acetyl-CoA binding are structurally
conserved in AtNATA1 and AtNATA2 with respect to HsSSSAT2, most of
them being either identical or substituted by residues with similar
physical-chemical properties (Fig. 1). However, differences in residue
size are observed at a few positions, namely HsSSAT2 residues Gly102,
GIn103, Ile105, Leul27 and Leul39, which in AtNATA1 and AtNATA2
are replaced by the bulkier Arg, Lys, Phe, Trp and Phe, respectively.
With respect to HsSSAT1, AtNATA1 and AtNATA2 conserve the GCN5-
related N-acetyltransferase fold in the A and C regions, but they are
expected to diverge from HsSSAT1 in the B and D regions. Indeed,
among HsSSAT1 residues involved in acetyl-CoA binding (Lu et al.,
1996; Bewley et al., 2006; Zhu et al., 2006), residues Tyr100, Argl101,
Gly104 and Gly106 are conserved in AtNATA1 and AtNATA2, and res-
idues Tyr27 and Leu91 are conservatively substituted by Phe and Ile
residues, respectively (Fig. 1). On the other hand, the short C terminal
MATEE sequence, which was shown to be important in HsSSAT1 rapid in
vitro degradation and for the stabilizing effect of polyamine analogues
on HsSSAT1 (Coleman and Pegg, 1997), is not present in the two Ara-
bidopsis proteins or in HsSSAT2 (Fig. 1).

Comparative analysis of the ligand binding pockets of AtNATA2 and
AtNATA1 with those of HsSSAT2, HsSSAT1 and MmSSAT1 revealed that
they present significant differences in shape, dimension and chemical-
physical nature of surrounding residues (Fig. 1; Fig. 5; Fig. 6). These
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Fig. 3. Catalytic activity of recombinant AtNATA2 as a function of pH (A) and
temperature (B). Catalytic activity was measured using Dap as a substrate. Data
are expressed as percent of maximum activity. Each point represents the mean
value from three independent experiments and bars indicate SE.

differences result from the fact that only a small fraction of HsSSAT1
acidic, hydrophobic and aromatic residues lining the Spm binding site
are conserved in terms of both main-chain position and identity in
AtNATA2, AtNATA1 and HsSSAT2 (Fig. 1; Fig. 5). These are: i) Asp93
and Glu92, which are within salt-bridge distance from the first (NY and
second (N?) Spm amino groups and participate in HsSSAT1 catalytic
mechanism (Hegde et al., 2007; Bewley et al., 2006); and ii) Trp154
from the monomer not taken as reference (Trp154.B; see Materials and

AtNATA2
(ACO)

AtNATA1
(ACO)
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Methods), which makes hydrophobic contacts with the methylene
groups between the second (Nz) and third (N3) Spm amino group.
Furthermore, Leul28 residue of HsSSAT1 catalytic site is conserved in
main-chain position, but its side-chain is replaced by different aliphatic
side-chains, such as those of Ile in AtNATA1 (Ile187), Val in AtNATA2
(Val195) and Ala in HsSSAT2 (Alal28). All of the other HsSSAT1 resi-
dues involved in interactions with Spm present significant differences in
HsSSAT2 and the Arabidopsis homologues: i) HsSSAT1 Glu28, which
interacts with the third (N®) and fourth (N%) Spm amino groups, is
conserved in type in the other three enzymes (Glu28 in HsSSAT2, Glu49
in AtNATA1 and Glu56 in AtNATA2), but its main-chain and, conse-
quently, side-chain is placed in a different position with respect to the
other ligand-binding site residues; ii) Glu32, which interacts with Spm
N4, is replaced by His in AtNATA2 (His60) and AtNATA1 (His53), and
conservatively substituted by Asp in HsSSAT2 (Asp32); iii) Asp82.B,
which is salt-bridged to Spm N3, is replaced by the hydrophobic Pro in
AtNATAL1 (Pro140.A) and by the polar Ser in AtNATA2 (Ser148.A) and
HsSSAT2 (Ser82.A); iv) Trp84.B, which packs with the Spm methylene
groups between N° and N* is conserved in HsSSAT2 (Trp84) and
replaced by Phe in AtNATA2 (Phe150.A) and AtNATA1 (Phel42.A). As
shown in Fig. 6, Trp84.B of HsSSAT1 packs with the methylene groups of
Spm comprised between N° and N*, whereas in HsSSAT2 3D structure
the loop comprising Trp84.B assumes a different conformation that
places the side-chain of HsSSAT2 in a position that would clash with
Spm distal region. In the 3D models of AtNATA2 and AtNATA1, the
homologous loops are predicted to assume a conformation similar to
that of HsSSAT2, and the side-chains of Phe150.A and Phel42.A are
predicted to assume a position similar to that of Trp84.A in HsSSAT2
and, therefore, overlap with the Spm region comprised between N° and
N* as well (Fig. 6).

These data indicate that the preference of AtNATA2, AtNATA1 and
HsSSAT2 for short substrates, comprising only two amino groups (such
as Dap, Put and Orn), over substrates comprising three or four amino
groups, is likely contributed by the fact that although HsSSAT1 residues
interacting with Spm regions proximal to the acetyl-CoA cofactor (from
N'to N?) are mostly conserved in both Arabidopsis protein and
HsSSAT?, residues interacting with Spm distal regions (from N° to N*)
assume different conformation (like Glu28 and Trp84.B) and/or are
replaced by residues differing in size (like Trp84.B), chemical nature (e.

Fig. 4. 3D atomic models of AtNATAl and
AtNATA2 homodimers in complex with acetyl-CoA.
In the models, main-chain atoms are represented as
ribbon and colour-coded as follows: Blue, residues
that are structurally conserved with respect to both
HsSSAT2 and HsSSAT1 structures (indicated by “W”
in Fig. 1); Cyan, residues that are structurally
conserved with respect to HsSSAT2 structure, but
not HsSSAT1 (indicated by “[J” in Fig. 1); Yellow,
residues that are structurally conserved between
HsSSAT2 and HsSSAT1 structures, but not in
AtNATA1 and AtNATA2 models (indicated by “@”
in Fig. 1); Magenta, residues that are not structur-
ally conserved in either of the aforementioned
groups of structures. Acetyl-CoA (ACO) is shown as
sticks and coloured by atom type (C, green; N, blue;
O, red; P, orange).
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HsSSAT2

depending on the colouring of the ribbon.

HsSSAT1
Spm

HsSSAT1
ws4.B

AtNATA2
F150.A

AtNATA1
F120.A

HsSSAT2
W84.A

Fig. 6. Comparison among substrate binding-site pockets of human SSAT
structures and Arabidopsis NATA models. The loop regions comprising residue
Trp84.B of HsSSAT1 and HsSSAT2, Phel50.A of AtNATA2 and Phel42.A of
AtNATALI are shown as ribbon and coloured white, yellow, orange and red,
respectively. The aforementioned residues and the Spm ligand of HsSSAT1 are
shown as sticks and coloured by atom type (N, blue; O, red; C, white, yellow,
orange, red and green in HsSSAT1, HsSSAT2, AtNATA2, AtNATA1 and Spm,
respectively).
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Fig. 5. Comparison among substrate
binding-site residues of human SSAT struc-
tures and Arabidopsis NATA models. Ribbon
representation of the 3D structures of
HsSSAT2 and HsSSAT1 homodimers, which
have been experimentally determined by X-
ray crystallography (Han et al., 2006; Hegde
et al., 2007), and of the atomic models of
AtNATA2 and AtNATA1 homodimers, built
in this work. Colour-coding is as follows:
Blue, regions that are structurally conserved
among HsSSAT2, HsSSAT1, AtNATA2 and
AtNATA]1 (indicated by “W” in Fig. 1); Cyan,
regions that are structurally conserved
among HsSSAT2, AtNATA2 and AtNATAL,
but not HsSSAT1 (indicated by “[J” in
Fig. 1); Green, regions that are structurally
conserved among HsSSAT1, AtNATA2 and
AtNATA1, but not HsSSAT2; Magenta, other
regions. Protein ligands, ie., acetyl-CoA
(ACO;  HsSSAT2) and  N'-Spm-ace-
tyl-coenzyme A bi-substrate analogue (NHQ)
comprising covalently linked acetyl-CoA and
Spm (HsSSAT1, AtNATA2 and AtNATA2) are
shown as sticks and coloured by atom type:
N, O, C, S and P atoms are blue, red, white,
yellow and orange, respectively. Residues
interacting with Spm in HsSSAT1, and
structurally equivalent residues in HsSSAT2,
AtNATA2 and AtNATALI are shown as sticks
and coloured by atom type: N, O and S atoms
are blue, red and yellow, respectively; C
atoms are blue, cyan, green or magenta

HsSSAT1

) AtNATA1
(NHQ)

g, Glu32 replacement by His in AtNATA2 and AtNATA1) or both
(Asp82.B replacement by Ser and Pro). Based on these observations, the
lack of activity of HsSSAT1 towards short diamines, like Put and Dap,
may be ascribed to the interaction of HsSSAT1 acidic residues, such as
Glu28, Glu32 and Asp82.B, which are in contact with Spm N° or N* in
the crystal structure, with one of the external amino groups of the di-
amines. This would result in the positioning of the other amino group in
a location too distant from the acetyl-CoA cofactor for a reaction to
occur.

3.4. Regulation of AtNATA1 and AtNATA2 gene expression

Studies on regulation of gene expression by qRT-PCR analyses evi-
denced that AtNATA1 gene is highly regulated in agreement with pre-
vious studies (Adio et al., 2011; Jammes et al., 2014). Indeed, AtNATA1
is up-regulated by BAP, as well as by the polyamines Spm and T-Spm
(Fig. 7), but not Put, Dap and Spd. Differently from AtNATA1, AtNATA2
expression levels remained unchanged under all the different conditions
tested (Fig. 7).

4. Discussion

Dap is present in various organisms, such as bacteria and plants. Two
pathways leading to Dap biosynthesis have been identified so far. In
some bacteria species, such as Acinetobacter baumannii and Vibrio chol-
erae, Dap is produced following conversion of aspartate semialdehyde to
L-2,4-diaminobutanoate by a 2-ketoglutarate 4-aminotransferase, and
then conversion of L-2,4-diaminobutanoate to Dap by L-2,4-dia-
minobutanoate decarboxylase (Ikai and Yamamoto, 1994; Lee et al.,
2009). In P. aeruginosa and plants, Dap is produced from polyamine
catabolism by a spermidine dehydrogenase (Dasu et al., 2006) and a
PAO with an endo-mode of substrate oxidation (Cona et al., 2006),
respectively. However, plants may have an additional pathway for Dap
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Fig. 7. Regulation of AtNATA1 and AtNATA2 gene expression by cytokinins
and polyamines. Relative expression levels of AtNATA1 and AtNATAZ2 following
treatment of 15-day-old Arabidopsis seedlings with 5 pM 6-benzylaminopurine
(BAP) for 6 h and with 0.5 mM Spm, T-Spm, Spd, Put or Dap for 24 h.
Expression levels were analysed by qRT-PCR. Mean values + SE of relative
expression levels from three independent replicates are shown. Asterisks denote
statistically significant differences from the corresponding untreated seedlings
(C; P < 0.05, one-way ANOVA).

biosynthesis, since not all plant species have a PAO with an endo-mode
of substrate oxidation (Tavladoraki et al., 2016; Salvi and Tavladoraki,
2020). In plants, Dap may be a precursor of uncommon polyamines,
which, in turn, are associated with stress tolerance (Cona et al., 2006).
Furthermore, it has been suggested that in plants Dap is activated
through acetylation to slow down abscisic acid-mediated stomata
closure, probably as a homeostatic mechanism to maintain a proper
balance between water loss and CO, uptake (Jammes et al., 2014).

In the present study, we investigated the catalytic properties of re-
combinant AtNATA2. The best polyamine substrate of the protein
resulted to be Dap, whereas the catalytic efficiency towards Put, Spd and
Spm and Orn is low. These data are consistent with data previously
obtained for the closely related AtNATA1, which was reported to have
high catalytic activity with Dap, and low with Spd and Spm (Jammes
et al., 2014). However, differently from AtNATA1, which has 2.5-fold
lower activity with thialysine (a metabolite which has not been detec-
ted in plants yet) than with Dap, recombinant AtNATA2 has high cata-
lytic activity with thialysine as well (65% of the catalytic activity
towards Dap). This difference between AtNATA1 and AtNATA2 suggests
that small differences in the amino acid sequence of SSATs can influence
substrate specificity. This was also observed for HsSSAT1 and HsSSAT2
that, despite high sequence identity (46%), exhibit different substrate
specificity, HsSSAT1 being Spm- and Spd-specific, and HsSSAT2
thialysine-specific (Coleman et al., 2004). Data presented herein appear
to be in contrast with previous data showing that recombinant AtNATA1
is mainly active with Put and Orn, the acetylated forms of which have
been associated with defense responses (Adio et al., 2011; Lou et al.,
2016). These contradictory data regarding recombinant AtNATA1 and
AtNATA2 proteins may be reconciled by the possibility that the native
enzymes acetylate all three metabolites under conditions in which
intracellular Put or Orn levels exceed Dap levels, as was shown for
Arabidopsis plants (Sanchez-Lopez et al., 2009). Anyhow, all studies
show that AtNATA1 and AtNATAZ2 have low activity with Spm and Spd.
Therefore, the enzymes involved in N'-acetyl-Spd and N'-acetyl-Spm
biosynthesis in Arabidopsis have still to be identified.

The kca and Ky, values obtained for AtNATA2 using Dap as a sub-
strate (1.02 s~! and 0.77 mM, respectively) show that this enzyme has a
catalytic efficiency (1.33 x 10° M~1s™1), which is 3- to 1000-fold lower
than that of the other SSATSs characterized so far. Indeed, HsSSAT1 kcat
towards Spd is 8.7 s7! (Coleman et al., 2004) and the ke values of
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HsSSAT2, SpSSAT, CeSSAT and LmSSAT towards their best substrate
(thialysine) are in the range 5.25-46 s7! (Abo-Dalo et al., 2004; Cole-
man et al., 2004; Liiersen et al., 2005). Additionally, the K, values and
catalytic efficiencies of HsSSAT1, HsSSAT2, SpSSAT, CeSSAT and
LmSSAT towards their best substrates are in the range 0.003-1.96 mM
and 3.6 x 10°-1.35 x 10° M ! s’l, respectively (Abo-Dalo et al., 2004;
Coleman et al., 2004; Liiersen et al., 2005). These differences between
AtNATA2 and the other so far characterised SSATs suggest that Dap
and/or thialysine may not be the physiological substrates of AtNATA2.
Furthermore, recombinant AtNATA2 expressed in a prokaryotic heter-
ologous system may present some local structural differences with
respect to the native conformation of the plant produced protein.

It has been previously shown that AtPAOS5 catalyses the oxidation of
Spm, T-Spm and N'-acetyl-Spm and is involved in the homeostasis of
these polyamines (Ahou et al., 2014; Alabdallah et al., 2017). Further-
more, AtPAO5 is up-regulated by cytokinins, Spm and T-Spm and in-
terferes with auxin and cytokinin signaling pathways, thus contributing
to plant growth and xylem differentiation (Alabdallah et al., 2017).
Interestingly, although neither AtNATA1 nor AtNATA2 are specific for
Spm and Spd, AtNATA1l, but not AtNATA2, was shown to be
up-regulated by cytokinins, Spm and T-Spm similarly to AtPAO5. This
suggests the existence of a link between AtNATA1 and AtPAOS, which is
still to be elucidated.

Previews structural and biochemical studies suggested that HsSSAT1
and MmSSAT1 catalyse the acetyl transfer reaction through an acid/
base-based catalytic mechanism, during which a catalytic base deprot-
onates the N'-amine of the polyamine and a catalytic acid protonates the
sulphur of acetyl-CoA (Hegde et al., 2007; Montemayor and Hoffman,
2008). Indeed, Tyr140 and Glu92 residues are positioned well inside the
catalytic site to fulfil the role of a catalytic acid and base, respectively
(Hegde et al., 2007; Montemayor and Hoffman, 2008). The present
structural studies showed that these amino acids are conserved in
AtNATA1 and AtNATA2 suggesting that the general catalytic mecha-
nism is conserved in these plant enzymes. The present structural ana-
lyses also suggest that the preference of AtNATA1l, AtNATA2 and
HsSSAT2 for short amines can be attributed to their ligand binding
pockets which differ in shape and chemical-physical nature from those
of HsSSAT1 and MmSSAT1.

Overall, this study gives an insight into polyamine acetylation in
plants and contributes to understanding polyamine metabolism and
physiological roles. Moreover, it provides a comparison among the
structural determinants of substrate specificity of different plant and
human SSAT homologues.
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