
ORIGINAL RESEARCH
published: 06 July 2018

doi: 10.3389/fpls.2018.00876

Edited by:

Roc Ros,

Universitat de València, Spain

Reviewed by:

Peng Zhang,

Shanghai Institutes for Biological

Sciences (CAS), China

Takahiro Mori,

The University of Tokyo, Japan

John F. Honek,

University of Waterloo, Canada

*Correspondence:

Bartosz Sekula

bartosz.sekula@nih.gov;

sekula.bartosz@gmail.com

Specialty section:

This article was submitted to

Plant Metabolism

and Chemodiversity,

a section of the journal

Frontiers in Plant Science

Received: 10 April 2018

Accepted: 05 June 2018

Published: 06 July 2018

Citation:

Sekula B, Ruszkowski M and Dauter Z

(2018) Structural Analysis

of Phosphoserine Aminotransferase

(Isoform 1) From Arabidopsis

thaliana– the Enzyme Involved

in the Phosphorylated Pathway

of Serine Biosynthesis.

Front. Plant Sci. 9:876.

doi: 10.3389/fpls.2018.00876

Structural Analysis of Phosphoserine
Aminotransferase (Isoform 1) From
Arabidopsis thaliana– the Enzyme
Involved in the Phosphorylated
Pathway of Serine Biosynthesis
Bartosz Sekula* , Milosz Ruszkowski and Zbigniew Dauter

Synchrotron Radiation Research Section, Macromolecular Crystallography Laboratory, National Cancer Institute, Argonne,

IL, United States

Phosphoserine aminotransferase (PSAT) is a pyridoxal 5′-phosphate (PLP)-dependent
enzyme that catalyzes the conversion of 3-phosphohydroxypyruvate (3-PHP) to 3-
phosphoserine (PSer) in an L-glutamate (Glu)-linked reversible transamination reaction.
This process proceeds through a bimolecular ping–pong mechanism and in plants takes
place in plastids. It is a part of the phosphorylated pathway of serine biosynthesis,
one of three routes recognized in plant organisms that yield serine. In this three-
step biotransformation, 3-phosphoglycerate (3-PGA) delivered from plastidial glycolysis
and Calvin cycle is oxidized by 3-PGA dehydrogenase. Then, 3-PHP is subjected to
transamination with Glu to yield PSer and α-ketoglutarate (AKG). In the last step of
the pathway, serine is produced by the action of phosphoserine phosphatase. Here
we present the structural characterization of PSAT isoform 1 from Arabidopsis thaliana

(AtPSAT1), a dimeric S-shaped protein that truncated of its 71-residue-long chloroplast-
targeting signal peptide. Three crystal structures of AtPSAT1 captured at different stages
of the reaction: (i) internal aldimine state with PLP covalently bound to the catalytic
K265, (ii) holoenzyme in complex with pyridoxamine-5′-phosphate (PMP) after transfer
of the amino group from glutamate and (iii) the geminal diamine intermediate state
wherein the cofactor is covalently bound to both, K265 and PSer. These snapshots
over the course of the reaction present detailed architecture of AtPSAT1 and allow for
the comparison of this plant enzyme with other PSATs. Conformational changes of the
protein during the catalytic event concern (i) the neighborhood of K265 when the amino
group is transferred to the cofactor to form PMP and (ii) movement of the gate-keeping
loop (residues 391–401) upon binding of 3-PHP and PSer. The latter conformational
change of the loop may likely be one of key elements that regulate catalytic activity of
PSATs.

Keywords: serine metabolism, PSAT, PLP, pyridoxal 5′-phosphate, transaminase, geminal diamine

Abbreviations: 3-PGA, 3-phosphoglycerate; 3-PHP, 3-phosphohydroxypyruvate; 5,10-CH2-THF, N5,N10-methylene-
tetrahydrofolate; AKG, α-ketoglutarate; AT, aminotransferase; GCS, glycine cleavage system; PLP, pyridoxal 5′-
phosphate; PMP, pyridoxamine-5′-phosphate; PSAT, phosphoserine aminotransferase; PSer, 3-phosphoserine; SHMT, serine
hydroxymethyltransferase; THF, tetrahydrofolate.

Frontiers in Plant Science | www.frontiersin.org 1 July 2018 | Volume 9 | Article 876

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2018.00876
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2018.00876
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2018.00876&domain=pdf&date_stamp=2018-07-06
https://www.frontiersin.org/articles/10.3389/fpls.2018.00876/full
http://loop.frontiersin.org/people/313072/overview
http://loop.frontiersin.org/people/244219/overview
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Sekula et al. Structures of AtPSAT1

INTRODUCTION

Serine is one of the endogenous proteinogenic amino acids
which also acts as the precursor of glycine, tryptophan, and
cysteine (Ireland and Hiltz, 1995). Moreover, it is an important
intermediate in the biosynthesis of phospholipids, porphyrins,
and nucleobases (Munoz-Bertomeu et al., 2013). Ser is also the
major source of one-carbon units, essential for the methylation
of nucleic acids and proteins (Ho and Saito, 2001).

Plant organisms have developed three independent routes
for Ser biosynthesis (Supplementary Figure S1): two non-
photorespiratory pathways, (i) phosphorylated and (ii) glycerate
pathways, and also (iii) glycolate pathway that is linked with
photorespiration (Ros et al., 2014). Both non-photorespiratory
routes start with 3-PGA. In the phosphorylated pathway, which
operates in plastids, 3-PGA is delivered from plastidial glycolysis
and Calvin cycle. In contrast, the glycerate cycle is fed with
3-PGA from cytosolic glycolysis and enzymes of this pathway
are localized in either cytosol or peroxisomes. Although both
routes start with the same substrate, their organization is
very different. The first reaction of phosphorylated pathway
is NAD+-dependent oxidation of 3-PGA to 3-PHP by 3-PGA
dehydrogenase. In the following step, PSer aminotransferase
catalyzes transfer of amino group fromGlu to 3-PHP to yield PSer
and AKG. The last step involves cleavage of the PSer phosphate
group by PSer phosphatase. In the glycerate pathway, the order of
reactions is somewhat shuffled, with 3-PGA dephosphorylation
followed by oxidation and finally aminotransfer. The glycolate
route takes place in mitochondria, mostly within photosynthetic
cells, whose activity is strongly connected with the day-night
cycle (Cascales-Minana et al., 2013) and is regulated by the
circadian clock (McClung et al., 2000). It starts with the
biotransformation of two Gly molecules. The first molecule is
utilized by GCS (Bauwe, 2017) which transforms THF to 5,10-
CH2-THF. The reaction of 5,10-CH2-THF with the other Gly
molecule, catalyzed by SHMT, yields Ser. In mitochondrion,
direction of this thermodynamically unfavorable reaction toward
Ser synthesis is attained through a high activity of the GCS,
which delivers 5,10-CH2-THF for the SHMT reaction (Rebeille
et al., 1994). However, plants have several isoforms of SHMT,
localized in mitochondria, chloroplasts, nuclei, and cytoplasm
(Ruszkowski et al., 2018). SHMTs outside the mitochondrial
matrix preferentially catalyze a reversed Ser-to-Gly conversion to
generate one-carbon units.

Plants have developed the alternate routes for Ser production
probably because there was a necessity to bypass Ser biosynthesis
through the glycolate pathway and make it independent of
daylight to supply Ser equally to all tissues (Ros et al., 2014).
Out of the two non-respiratory pathways, more Ser is produced
through the phosphorylated pathway, which is important during
the night and in non-photosynthetic tissues (Ros et al., 2014).
Phosphorylated pathway activity regulates the glycolytic flux,
affects the Krebs cycle and tryptophan biosynthesis rate (Munoz-
Bertomeu et al., 2013). It is important for the plant development,
especially at its early stages with respect to root formation
(Benstein et al., 2013). Under environmental stress (high salinity,
flooding or low temperature), the activity of phosphorylated

pathway is alleviated which suggests that supplying with
Ser is important for non-photosynthetic cells under harsh
conditions (Ho and Saito, 2001). The phosphorylated pathway
also affects other metabolic pathways like glycolysis, the
tricarboxylic acid cycle, and amino acid biosynthesis (Toujani
et al., 2013). Moreover, the phosphorylated pathway is induced
upon infection of plants by pathogens (Benstein et al.,
2013).

Phosphoserine aminotransferases belong to the class IV of ATs
with the α-type fold (Liepman and Olsen, 2004). The α family
of ATs predominantly catalyzes reactions at substrate Cα, that
is the carbon atom of the substrate which is imine-bonded to
PLP during the catalysis (Liepman and Olsen, 2004). PSATs are
PLP-dependent enzymes that catalyze the second step of the
phosphorylated pathway – reversible conversion of 3-PHP to
PSer in a Glu-linked reaction (Basurko et al., 1999). In general,
this class of enzymes is characterized by the presence of two
domains with mixed α/β fold. Also, the conserved catalytic lysine,
which directly follows a hydrophobic β-strand, is localized closer
to the C-terminus than the Gly-rich region (Grishin et al., 1995).
Another common feature of PSATs is an aspartate residue which
hydrogen bonds the pyridoxal ring N1 atom and precedes the
Schiff base lysine by 20–50 amino acids.

The transamination reaction catalyzed by PSAT consists of
two reversible half-reactions (Figure 1; Eliot and Kirsch, 2004).
At the beginning of the catalytic event, the internal aldimine
is protonated at Nζ of the catalytic lysine residue by the
hydroxyl (O3) group of PLP which allows for the alignment
of the imine and pyridine ring in a plane. In the first step,
the amine nitrogen atom of Glu performs a nucleophilic attack
on the iminium carbon of the internal aldimine and, through
PLP-Glu geminal diamine intermediate, substitutes lysine Nζ

with the creation of PLP-Glu external aldimine. Because PLP
acts as an “electron sink,” it withdraws electrons from the
intermediate and triggers the rearrangement of the double bond
to form a ketimine. Afterwards, hydrolysis of the imine bond
releases the newly created AKG. Now, the enzyme holding
PMP is ready to accommodate 3-PHP, which then forms a
covalent bond with PMP. The subsequent release of a water
molecule produces another ketimine, and afterwards PLP-PSer
external aldimine. Then, Nζ of the catalytic lysine performs a
nucleophilic attack on the C4′ of PLP to form PLP-PSer geminal
diamine intermediate. The reaction ends when the initial internal
aldimine state is restored and PSer is released from the active
site.

In this work, we describe a structure of the isoform 1 of
chloroplastic PSAT from A. thaliana (At), which is further
referred to in the manuscript as AtPSAT1. The gene coding
for AtPSAT1 is localized in the lower arm of chromosome 4
and encodes the protein with an N-terminal plastidial transit
peptide (Ho and Saito, 2001). AtPSAT1 mRNA is expressed
in all tissues with the highest expression level observed in
the light-grown roots and shoots, with significantly lower rates
of the dark-treated individuals (Ho et al., 1998). AtPSAT1 is
accumulated in the stele, especially in the cells close to the xylem
in leaf, stem, and root sections. The full-length recombinant
protein was reported previously to be inactive and insoluble,
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FIGURE 1 | Schematic representation of the transamination reaction catalyzed by PSAT isoform 1 from Arabidopsis thaliana (AtPSAT1). Reaction states presented in
the crystallographic snapshots in this work are contoured with red dotted line.

however, a variant truncated of approximately sixty N-terminal
residues was active, with the KM-values for Glu and 3-PHP
of 70 µM and 5 mM, respectively (Ho et al., 1998). The
authors reported that cysteine at high concentration presented
some inhibitory properties toward AtPSAT1, but no inhibition
was observed by 5–50 mM serine, threonine, valine, glycine,
tryptophan, or O-acetyl-L-serine. Our crystal structures capture
the enzyme with cleaved signal sequence in three different
states, as: (i) internal aldimine with PLP covalently bound to
the catalytic K265, (ii) the holoenzyme in complex with PMP
after the transfer of the amino group from Glu, and (iii) the
PLP-PSer geminal diamine intermediate wherein the cofactor
is covalently bound to both K265 and to PSer. We discuss
the structural adaptability of AtPSAT1 over the course of the
catalytic event and we also compare AtPSAT1 structure with
other ATs.

MATERIALS AND METHODS

Cloning, Overexpression, and
Purification of AtPSAT1
AtPSAT1 was cloned and purified using a modified protocol
recently applied for the production of Medicago truncatula
N-carbamoylputrescine amidohydrolase (Sekula et al.,
2016) and thermospermine synthase (Sekula and Dauter,
2018). Isolation of total RNA from leaves of A. thaliana was

performed with RNeasy Plant Mini Kit (Qiagen). SuperScript
II reverse transcriptase (Life Technologies) and oligo dT
(15 and 18) primers were used for the preparation of the
complementary DNA (cDNA). The following primers, forward:
TACTTCCAATCCAATGCCCGTGTCTTCAACTTCGCGGCG
and reverse: TTATCCACTTCCAATGTTACTAAGCATGCTTA
GCCTGGAAATCTTTC, and cDNA as a template were used in
polymerase chain reaction to obtain the AtPSAT1 open reading
frame with the encoded protein starting from the codon number
72. The incorporation of AtPSAT1 gene into pMCSG68 vector
(Midwest Center for Structural Genomics) was performed
according to the ligase-independent cloning protocol (Kim et al.,
2011). The vector introduces N-terminal His6-tag followed by
the Tobacco Etch Virus (TEV) protease cleavage site to the
cloned protein. In the next step, the BL21 Gold Escherichia coli
competent cells (Agilent Technologies) were transformed with
the vector containing AtPSAT1 gene. The cells were precultured
at 30◦C in LB medium with ampicillin (150 µg/ml) overnight.
Next, 1.5% v/v of the culture was used as inoculum of the fresh
LB medium with ampicillin. It was cultured at 37◦C until OD600
reached the value of 1.0. In the next step, the culture was cooled
to 10◦C for 2 h and then the protein production was induced
with 0.5 mM of isopropyl-β-D-thiogalactopyranoside. At this
point K2HPO4 (40 mM) was added. The culture continued for
16 h at 18◦C. Before pelleting the cells at 3,500 × g for 30 min,
the culture was cooled to 4◦C. The cell pellets were resuspended
in 35 ml of the binding buffer (50 mM HEPES pH 7.4; 500 mM
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NaCl; 20 mM imidazole; 1 mM tris(2-carboxyethyl)phosphine,
TCEP) and frozen at −80◦C. Thawed cells were disrupted by
sonication in an ice/water bath for 4 min (bursts of 4 s with
26 s intervals). Then, they were pelleted by centrifugation at
25,000 × g for 30 min at 4◦C.

The first step of AtPSAT1 purification was performed using a
column packed with 5 ml of HisTrap HP resin (GE Healthcare)
connected to VacMan (Promega). The supernatant was applied
to the column and washed five times with 40 ml of the binding
buffer. The protein elution was performed with 20 ml of elution
buffer (50 mMHEPES pH 7.4; 500 mMNaCl; 400 mM imidazole;
1 mM TCEP). His6-tagged TEV protease (final concentration of
0.1 mg/ml) was used to cleave the His6-tag from AtPSAT1. This
step was simultaneous to the overnight dialysis at 4◦C against
the dialysis buffer (50 mM HEPES pH 7.4; 500 mM NaCl; 1 mM
TCEP). After dialysis, the sample was applied onto HisTrap HP
resin to remove the cleaved His6-tag and TEV protease. The
final step of the purification of AtPSAT1 was size exclusion
chromatography on HiLoad Superdex 200 16/60 column (GE
Healthcare) connected to the AKTA FPLC system (Amersham
Biosciences). The running buffer was 25 mM HEPES pH 7.4,
100 mM KCl, 50 mM NaCl, and 1 mM TCEP.

Crystallization and Data Collection
AtPSAT1 was concentrated with Amicon concentrators
(Millipore) to the final concentration of approximately 15 mg/ml,
determined by the absorbance measurement at 280 nm, with the
extinction coefficient of 34380. Full saturation of the cofactor
was obtained by addition of 1 mM PLP (final concentration) to
the concentrated protein sample. AtPSAT1 crystallized in the
77th condition of the Index Screen (Hampton Research), which
contains 0.2 M lithium sulfate, 25% PEG 3350, and 0.1 M Tris
at pH 8.5. Significantly better-diffracting crystals were obtained
by streak seeding of the drops which were set up with the PEG
concentration lowered to 17%. The protein was crystallized
by sitting drop method. Such conditions were used for the
crystallization of AtPSAT1-PLP and AtPSAT1-PMP complexes,
but the AtPSAT1-PMP complex was obtained by addition of
10 mM Glu to the protein sample before crystallization setup.
The AtPSAT1-PSer complex was cocrystallized with 50 mM
PSer in 19% PEG 3350 and 0.1 M Tris at pH 8.5, without
lithium sulfate. Crystals were transferred to the mixture of
the well solution with 2-methyl-2,4-pentanediol at the volume
ratio 2:1 to provide a sufficient cryoprotection before freezing
in liquid nitrogen. In case of crystals of AtPSAT1-PMP and
AtPSAT1-PSer, 10 mM Glu or 50 mM PSer were included in the
cryoprotectant solution, respectively.

The diffraction data were collected at SER-CAT 22-ID and
SBC 19-ID beamlines at the Advanced Photon Source (APS),
Argonne National Laboratory, United States. The diffraction data
were processed with XDS (Kabsch, 2010); for details see Table 1.

Structure Determination and Refinement
The structure of AtPSAT1 was solved by molecular replacement
in Phaser (McCoy et al., 2007); the structure of Pseudomonas
aeruginosa PSAT (PaPSAT, PDB ID: 4xk1) was used as a search
model. The initial model was rebuilt in ARP/wARP (Langer

et al., 2008). Then, the structure was subjected to manual and
automatic refinement with Coot (Emsley et al., 2010), Refmac
(Murshudov et al., 2011), and Phenix (Adams et al., 2010). At the
later stages of the structure refinement, TLS parameters (Winn
et al., 2003) were applied. The refined structure of AtPSAT1
was used as the model for determination of the structures of
AtPSAT1 with ligands. The stereochemical restraints for ligands
were generated in Sketcher from CCP4 (Winn et al., 2011) and
Elbow (Moriarty et al., 2009). The quality of refined structures
was controlled by Rwork, Rfree factors (Brunger, 1992) and
geometric parameters. The evaluation of the final structures
was performed in PROCHECK (Laskowski et al., 1993) and
MolProbity (Chen et al., 2010). The final refinement statistics are
given in Table 1.

Other Software Used
Molecular illustrations were created with UCSF Chimera
(Pettersen et al., 2004). Ramachandran plot was calculated in
Rampage (Lovell et al., 2003). Secondary structure was recognized
with ProMotif (Hutchinson and Thornton, 1996) within PDBsum
server (de Beer et al., 2014). Sequence alignment was performed
in CLUSTAL W (Thompson et al., 1994), and edited in BioEdit
(Hall, 1999). Sequence conservation was calculated in ConSurf
(Ashkenazy et al., 2016) based on the sequence alignment
performed in Muscle (Edgar, 2004) under the MEGA7 suite
(Kumar et al., 2016) with sequences classified to the eukaryotic
PSAT family (IPR022278) by InterPro (Finn et al., 2017). Surface
electrostatic potential was calculated in PDB2PQR and APBS
(Baker et al., 2001; Dolinsky et al., 2004).

RESULTS AND DISCUSSION

AtPSAT1 With the Fold of α-Type
Aminotransferases
The subunit of AtPSAT1 has the length of 430 residues, including
the predicted N-terminal transit peptide. According to the
previous reports, transit peptide with the length of 60- (Ho et al.,
1998) or 76-residues (Liepman and Olsen, 2004) was predicted.
The previous study (Ho et al., 1998) also confirmed that the full-
length protein was insoluble and inactive, however, the construct
truncated of about 60-residues regained its catalytic activity.
An additional analysis in the ChloroP 1.1. server (Emanuelsson
et al., 1999) indicated an 86-residues-long signal sequence,
however, based on the sequence homology with different PSATs
(Supplementary Figure S2) and the analysis of available structural
data of PSATs from other kingdoms of life, the designed construct
was truncated before residue R72. Thus, the expressed protein
(residues 72–430) has the length of 359 residues, plus the
N-terminal SNA tag (the remaining sequence after the TEV
protease cleavage). Truncation of the 71-residue peptide seems to
be adequate since the electron density maps for the N-terminal
part of AtPSAT1 structure is clearly defined (except for the
SNA tag). On the other hand, a longer transit peptide is very
doubtful – the polypeptide chain in the structure of AtPSAT1
starts with a 12-residue long bent coil with a short fragment
(residues 74–75) in β-strand conformation and reaches the PLP
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TABLE 1 | Data-collection and refinement statistics.

Structure AtPSAT1-PLP AtPSAT1-PMP AtPSAT1-PSer

Data collection

Beamline 19ID 19ID 22ID

Wavelength (Å) 0.979 0.979 1.0

Temperature (K) 100 100 100

Space group P212121 P212121 C2

Unit cell parameters

a, b, c (Å) 84.2, 105.9, 186.9 84.6, 106.5, 187.8 189.7, 53.3, 137.9

β (◦) 91.9

Number of subunits in the asymmetric unit 4 4 4

Oscillation range (◦) 0.5 0.5 0.5

Resolution (Å) 76.78–1.57 (1.66–1.57) 77.14–1.75 (1.85–1.75) 44.4–1.70 (1.80–1.70)

Reflections collected/unique 1703523/230909 1253772/170626 568810/149284

Completeness (%) 99.2 (98.1) 99.4 (96.6) 98.1 (95.6)

Multiplicity 7.4 (7.3) 7.3 (7.5) 3.8 (3.6)

Rmerge (%) 8.9 (96.5) 10.2 (76.7) 8.0 (55.4)

< I/σ(I) > 13.33 (1.85) 14.3 (2.14) 10.1 (1.83)

CC1/2 99.9 (68.4) 99.8 (84.1) 99.7 (81.9)

Refinement

Rfree reflections 1155 1024 1190

No. of atoms (non-H)

Protein 11492 11459 11310

Ligands 157 122 106

Solvent 1875 2031 1512

Rwork/Rfree (%) 15.7/17.5 15.3/18.7 18.1/20.9

Mean ADPa (Å2)

Protein 21.4 22.2 25.8

Ligands 27.1 28.5 21.6

Solvent 32.0 33.8 33.5

RMSD from ideal geometry

Bond lengths (Å) 0.01 0.01 0.01

Bond angles (o) 1.5 1.6 1.3

Ramachandran statistics (%)

Favored 98 97 97

Allowed 2 3 3

Outliers 0 0 0

PDB code 6czx 6czy 6czz

aADP, atomic displacement parameter. Values in parentheses refer to the highest resolution shell.

binding site around G79. Thus, a more pronounced truncation
of the N-termini would most likely affect the active site of the
enzyme.

The protein mass calculated from the retention volume
from size exclusion chromatography (∼80 kDa) and the crystal
structure analyzed with PISA server (Krissinel, 2015) confirm the
assembly of AtPSAT1 to be homodimeric (Figure 2). Therefore,
the asymmetric unit with four subunits represents two functional
AtPSAT1 dimers. The subunit of AtPSAT1 consists of two
domains with mixed α/β topology (Figure 3A). This is a
typical fold of class IV of the α-type ATs with a much larger
N-terminal catalytic domain and a smaller C-terminal domain.
Hydrophobic core of the N-terminal domain is constituted by a
seven-stranded β-sheet with one anti-parallel strand (↑β2-↓β10-
↑β9-↑β8-↑β5-↑β3-↑β4). The sheet is covered from the inner
side of the AtPSAT1 dimer by helices α4, α5, η9, α10, α11,

and by long loops from the outer side. An integral part of
this domain is also a helical bundle (α1, η2, α3, α12) which
builds a substantial part of the dimer interface. The small
C-terminal domain comprises residues 326–430 which form a
three-stranded anti-parallel β-sheet (↑β11-↓β12-↑β14) and a
bundle of three helices (α13, η15/α15, α16). The symmetrical
S-shaped dimer of AtPSAT1 (Figure 2) is formed through an
extensive interface area (Figure 3B) which is over 2300 Å2,
or about 14% of the subunit surface. The dimer interface
is created by residues from the N-terminal coil, α1, η2,
the loop between α11 and α12, the loop after η9, η10, the
loop between β9 and β10, and the helices α4 and α5. The
small domain does not directly take part in formation of the
AtPSAT1 dimer, however, through a small β-sheet (↑β1-↑β13)
it stabilizes the N-terminal coil. The dimer interface is rather
flat with no significant cavities. Conservation of the residues
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FIGURE 2 | Biological assembly of AtPSAT1 dimer. Chains A and B are colored in yellow and light blue; the bound cofactor (PMP) is shown in balls-and-sticks
representation (magenta). Coloring is used consequently throughout the manuscript unless stated otherwise.

FIGURE 3 | The subunit of AtPSAT1. (A) Arrangement of the secondary structure elements of AtPSAT1, helices (blue) and sheets (lime green); cofactor (PMP) is
shown in balls-and-sticks representation (magenta). (B) Sequence conservation of the eukaryotic PSATs mapped the surface of AtPSAT1 monomer with marked
location of the active site and schematic boundaries of dimer interface; asterisk indicates active site of the other subunit of the dimer.

at the interface is generally high among eukaryotic PSATs
(Figure 3B). However, the highest conservation is, of course,
observed around the PLP binding site, thus around the catalytic
venue.

The Dali server (Holm and Rosenstrom, 2010) search through
the Protein Data Bank (PDB) (Berman et al., 2000) shows
a few protein structures with a significant sequence identity
(Supplementary Figure S2), which are structurally very similar to
AtPSAT1: PaPSAT (PDB ID: 4xk1, r.m.s.d. = 1.0 Å, Z = 53.8),

Yersinia pestis PSAT (YpPSAT, PDB ID: 3qbo, r.m.s.d. = 1.3 Å,
Z = 51.9), Homo sapiens PSAT (HsPSAT, PDB ID: 3e77,
r.m.s.d. = 1.2 Å, Z = 51.2), E. coli PSAT (EcPSAT, PDB ID:
1bjo, r.m.s.d. = 1.3 Å, Z = 52.0) (Hester et al., 1999), Bacillus
alcalophilus PSAT (BaPSAT, PDB ID: 4azj, r.m.s.d. = 1.1 Å,
Z = 54.1) (Battula et al., 2013), Salmonella enterica (SePSAT,
PDB ID: 3qm2, r.m.s.d. = 1.4 Å, Z = 48.0). It is not surprising
that the overall active site architecture is similar among PSATs
of different species since they catalyze the same reaction. In all
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FIGURE 4 | Charge distribution on the surface of selected aminotransferases (ATs): A. thaliana phosphoserine aminotransferase (AtPSAT1, this work), Homo sapiens

PSAT (HsPSAT, PDB ID: 3e77), A. thaliana tryptophan aminotransferase (AtTrpAT, PDB ID: 3bwn), Hordeum vulgare alanine aminotransferase (HvAlaAT, PDB ID:
3tcm).

PSATs PLP is π-stacked with Trp (W171 in AtPSAT1 ) that
has been shown by mutagenesis to be necessary for the full
PSAT activity (Mishra et al., 2012). However, a detailed look
into other PSATs shows that the enzymes are not identical.
For example, in the structure of HsPSAT (PDB ID: 3e77), the
N-terminal coil at first look seems to be placed significantly
further from the active site, leaving about 6–7 Å free space in
the neighborhood of the catalytic Lys. Longer coil in AtPSAT1
has in this region P80 in cis conformation; the structure of
HsPSAT lacks it. In fact, the expressed HsPSAT started with
L17, thus at the end of the N-terminal coil. Residues 8–16
visible in the structure came from the expression tag. Sequence
alignment (Supplementary Figure S2) and structural comparison
of different PSATs allow to predict similar conformation of this
coil to AtPSAT1. Another distinguishing feature of HsPSAT, is
C80 corresponding to T146 of AtPSAT1 which interacts with
the phosphate group of PLP. In other PSATs there is Ser (in
BaPSAT and PaPSAT) or Arg (EcPSAT, SePSAT, and YpPSAT).

Long sidechain of this Arg residue in EcPSAT, SePSAT, and
YpPSAT increases the positive charge around the substrate
binding site and may directly take part in stabilization of the
bound ligands, but it is unlikely to H-bond the phosphate of
PLP. These three proteins also present significantly different
conformation of the loop between α3 and β2, although this
feature concerns region rather far away from the catalytic site.
However, the D100A mutation of HsPSAT (corresponding to
D164 of AtPSAT1), which is very close to this loop, causes
significant solubility decrease and activity loss (Hart et al.,
2007). Noteworthy, this mutation in HsPSAT is one of the
causes of the rare disorder named PSAT deficiency (Hart et al.,
2007).

Among the plant ATs with structures deposited in the
PDB there are two, although more divergent from AtPSAT1:
A. thaliana tryptophan aminotransferase (AtTrpAT, PDB ID:
3bwn, r.m.s.d. = 3.4 Å, 14% sequence identity) (Tao et al., 2008)
and Hordeum vulgare alanine aminotransferase (HvAlaAT, PDB
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FIGURE 5 | Internal aldimine in the AtPSAT1-pyridoxal 5′-phosphate (PLP) structure. (A) OMIT Fo–Fc electron density map for K265 and PLP contoured at 3σ;
(B) 2Fo–Fc map electron density map for K265 and PLP contoured at 1σ. (C) A detailed PLP binding mode; asterisks indicate residues from the other subunit.

ID: 3tcm, r.m.s.d. = 3.3 Å, 13% identity) (Duff et al., 2012).
The structural comparison of AtPSAT1 with other structures
of plant ATs shows that these proteins share the S-like shape
of the dimer (Figure 4), although some, like HvAlaAT, are
bulkier, as if the “font” was changed. This is caused by the
bigger C-terminal domains and additional helices in the PLP-
binding domain, which in HvAlaAT form a β-sandwich fold,
not observed in PSATs. PSATs have fewer helical fragments
in their catalytic domains than the standard of eight to nine
helices in other ATs (John, 1995). ATs are most of the times
dimers, however, there are examples of ATs which are active as
tetramers, like the unusual Archean aspartate AT (Tanaka et al.,
1992), or monomers, as for instance AlaAT from Trypanosoma
cruzi (de Morais et al., 2016). The distinctive feature of PSATs,
shared between species, is a rather open and vast, positively
charged region, localized not only around the PLP-binding
site, but also around the entire catalytic site (Figure 4). It
is easily explainable by the necessity of PSATs to attract
phosphorylated, thus negatively charged substrate, 3-PHP. In
other plant ATs (AtTrpAT and HvAlaAT), which do not utilize
phosphorylated substrates, this positively charged patch covers a
much smaller area, only directly around the PLP-binding sites
in a deep tunnel (AtTrpAT) or is even completely covered by
residues from the mostly helical extended N-terminus (HvAlaAT,
Figure 4).

PLP Bound in the Active Site Forms
Internal Aldimine With K265
The positive electrostatic potential around the catalytic venue is
achieved by the contribution of K174, H396, R397, R403, and
R110∗, H111∗ (asterisks indicate residues from the other subunit
within the dimer), and secures the binding of both, PLP and the
negatively charged substrates. The two active sites in the dimer
are distant from each other by about 30 Å and are placed in
the cavities on the opposite sides of the dimer (Figure 2). The
PLP prosthetic group creates a Schiff base (internal aldimine)
between C4′ and Nζ of K265 (Figures 5A,B), the residue placed
in the coil between β9 and β10. Most of the residues interacting
with PLP are placed on the C-terminal sides of the β-strands of
the large domain core. PLP is bound inside the active pocket
with its pyridoxal ring π-stacked with W171 on the re-face of
the cofactor (Figure 5C). The protonated N1 of the pyridoxal
ring is H-bonded to the carboxylate of D241. Another hydrogen
bond is created between the hydroxyl group of PLP and T221.
Phosphate of PLP creates a much more pronounced hydrogen
bonding network with the protein. It includes direct H-bonds
with backbone amides of A145 and T146, which, due to the
placement at the N-terminal part of the α4 helix, possess an
increased positive charge. Hydrogen bonds of PLP phosphate
group also involve interactions with the side chain amide of
Q264 and the hydroxyl group of T146. The phosphate also forms
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FIGURE 6 | AtPSAT1-PMP complex. (A) OMIT Fo–Fc electron density map for K265 and PMP contoured at 3σ; (B) 2Fo–Fc map electron density map for K265 and
PMP contoured at 1σ. (C) A detailed PMP binding mode; asterisks indicate residues from the other subunit. (D) Comparison of the conformation of AtPSAT1-PMP
(light blue) with AtPSAT1-PLP internal aldimine (pink).

contacts with residues of the AtPSAT1 dimer mate, particularly
hydrogen bonds with: the side chain amide of N306∗, the main
chain amide of T307∗, and the side chain hydroxyl group of
T307∗. Moreover, the phosphate of PLP creates water-mediated
hydrogen bonds with the hydroxyl group of S243, the backbone
amide of G262, the carbonyl oxygen of T307∗ and Nε of Q142∗.
Altogether, before the catalytic event, the PLP prosthetic group
in AtPSAT1 structure presents a very conserved conformation in
the internal aldimine state similar to that observed in other ATs,
where C4′ atom of PLP is exposed to the entrance of the pocket.

Complex With PMP Shows the Enzyme
Primed for a Covalent Binding of 3-PHP
The AtPSAT1-PMP complex was obtained by crystallization of
AtPSAT1-PLP with Glu. Neither Glu nor AKG (after the transfer
of the amino group to PLP) were present in the crystal structure.
However, electron density maps (Figures 6A,B) revealed the
cofactor with the amino group already transferred from Glu
and no longer covalently bound to K265, clearly showing that
the first half of transamination reaction had taken place. The
overall AtPSAT1-PMP structure is very similar to AtPSAT1-PLP
(r.m.s.d. = 0.4 Å). Position of PMP is almost identical as PLP,
thus its interactions with the protein are preserved (Figure 6C),
excluding of course the broken covalent bondwith K265. Position
of the amine transferred to C4′ is almost in plane with the PMP
pyridoxal ring, where it creates an intramolecular H-bond with

the hydroxyl group of PMP. Although there is no movement
of the prosthetic group observed during the transfer of the
amino group from Glu and transition from the internal aldimine
state to form PMP, the protein modifies conformation in the
neighborhood of K265. The change concerns the main chain of
Q264 and residues K265 and N266 (Figure 6D). The side chain
of K265 is more bent with the Nζ amine moved by about 2 Å
from its position in AtPSAT1-PLP structure. The Cα position of
K265 andN265 is shifted away from the PMP by about 0.7 Å. This
conformational change influences the position of the carbonyl
oxygen of Q264 (which is rotated toward PMP by over 30◦) and
the conformation of N266 side chain as well. Such adaptation of
the protein allows to achieve the position of the cofactor amino
group exposed slightly toward the entrance of the active site. This
way, PMP is ready for a nucleophilic attack on the Cα of 3-PHP
bound in the active site in the next stage of the transamination
reaction.

AtPSAT1-PSer Structure Brings Insights
Into the Unexpected Geminal Diamine
Intermediate State
Initial unsuccessful attempts to determine the structure of
AtPSAT1-PSer complex resulted in a very “blurry” difference
electron density maps around the catalytic site. Finally,
crystallization of AtPSAT1 with 50 mM PSer and without sulfate
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ions in the crystallization conditions succeeded and the structure
has shown somewhat unexpected results. The electron density
maps (Figure 7A and Supplementary Figure S3) revealed not only
the position of PSer in the active site itself, but they also indicated
the presence of two covalent bonds: between the nitrogen atom
of PSer and C4′ of PLP, and between C4′ of PLP and Nζ atom
of K265. Thus, the structure does not show neither the last step
of the transamination reaction, in the internal aldimine state
(with PSer non-covalently bound just before its release from the
active site) nor the PLP-PSer external aldimine. The reaction
snapshot in the AtPSAT1-PSer structure actually shows one
of the reaction intermediates – the PLP-PSer geminal diamine
(Figure 1).

In this complex, the prosthetic group, similarly to the
other structures (AtPSAT1-PLP and AtPSAT1-PMP) preserves
interactions with the protein, with a maintained position of the
phosphate group. The pyridoxal ring presents a subtle in-plane
rotation (by about 8◦). As a result of creation of two covalent
bonds, the C4′ atom of PLP presents sp3 hybridization. In the
PLP-PSer geminal diamine state, K265 and its neighborhood
present almost identical conformation as in the internal aldimine
state (the AtPSAT1-PLP structure). The bound PSer creates
several hydrogen bonds in the active site, which include: a
salt bridge between PSer carboxylate and guanidine group of
R403 placed in the β14 strand, an H-bond between one of the
oxygen atoms from the carboxyl group of PSer and Nε of the
indole ring of W171 from the α5 helix. Oxygen atoms from the
phosphate group of PSer create several hydrogen bonds, either
directly with protein side chains or through water molecules
(Figure 7B). These include direct hydrogen bonds with H396,
R397 (loop between β13 and β14), and with R111∗, H110∗

(loop between η2 and α3). The water-mediated hydrogen bonds
include interaction with K174, H-bond with the carboxyl group
of PSer, and interaction with oxygen from PLP phosphate group.

The superposition of AtPSAT1-PLP and AtPSAT1-PSer shows
a pronounced movement of the loop 391–401 toward the
catalytic site associated with PSer binding (Figure 7C). This
clearly shows that during the binding of phosphorylated ligands
(3-PHP or PSer) this gate-keeping loop transits from open to
close conformation in order to stabilize the ligand during the
amino group transfer, in a very similar way to the structure
of BaPSAT (PDB ID: 4azj), where authors captured PLP-PSer
external aldimine state (Battula et al., 2013). Therefore, it is very
likely that sulfate ions, which competed with PSer to interact
with H396, R397, R111∗, and H110∗, prevented from stable PSer
binding in the initial crystallization attempts of AtPSAT1-PSer
complex.

Previous report shows that the transamination reaction
catalyzed by PSAT is able to proceed in both directions
(Basurko et al., 1999) and the donor of the amino group can
be Glu or PSer. Of course, kinetics and thermodynamics
of the reversed reaction may be completely different
than physiological transamination with Glu and 3-PHP
in the direction of PSer synthesis. We observe PLP-PSer
geminal diamine in our structure, which suggests a relative
stability of this intermediate state. It is, therefore, very
likely that the direction of Ser production is controlled

FIGURE 7 | Geminal diamine in AtPSAT1-PSer structure. (A) 2Fo–Fc map
electron density map for K265, PLP, and PSer contoured at 1σ. (B) A detailed
PSer binding mode; asterisks indicate residues from the other subunit.
(C) Comparison of the 391–401 loop conformation in AtPSAT1-PSer structure
(light blue) and AtPSAT1-PLP structure (pink).
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by the activity of PSer phosphatase, catalyzing the final and
irreversible step of Ser synthesis (Wang et al., 2002).

Binding the Substrates Requires a
Conformational Change of AtPSAT1
It has been proposed that ATs reach their full catalytic activity
only in the closed conformation (John, 1995). Taking this into
account, a requirement for the catalytic event to occur is that the
loop 391–401 of AtPSAT1 has to adopt an optimal conformation,
with H396 and R397 poised closer to the PLP binding site to
direct the substrates in the appropriate position (Figure 7C).
This suggests that open-to-close transition of the 391–401 loop
most likely guides the substrates toward the catalytic site. It is
worth noting that the electron density maps for this region in
theAtPSAT1-PSer structure clearly show the position for residues
within this loop. In case of the other two structures, the electron
density maps are blurrier and with no meaningful signal for the
side chain of R397, which indicates a flexibility of this region.
Since binding of PSer apparently stabilizes conformation of the
gate-keeping loop, it is very likely that a similar stabilization
secures 3-PHP as well. Such a bracing would therefore promote
the catalytic event by locking the substrate in an optimal
position.

CONCLUSION

The presented in this work crystal structures of AtPSAT1 bring
detailed insights into the conversion of 3-PHP to PSer. Therefore,
they expand the knowledge about the phosphorylated pathway
of serine metabolism in plants. AtPSAT1 is a dimeric PLP-
dependent AT that, similarly to other α-type ATs, binds the
prosthetic group in the cavity within the large domain. The
three crystal structures of AtPSAT1 present snapshots along the
catalytic event showing PLP internal aldimine state, complex with
PMP after the first half-reaction and PSer-PLP geminal diamine
intermediate state. The structures give detailed information about
the reaction catalyzed by AtPSAT1, revealing structural changes
in the neighborhood of the catalytic K265 during the transition
from the internal aldimine to the PMP complex. Moreover,
the structure of AtPSAT1-PSer shows the closed conformation

of the gate-keeping loop between β13 and β14 (residues 391–
401), required for the stabilization of AtPSAT1-PSer geminal
diamine and most likely for the catalysis as well. The transition
from open to close conformation of the gate-keeping loop
probably improves loading of 3-PHP and discarding PSer after
the catalysis. AtPSAT1-PSer crystal structure additionally shows
that the reverse reaction follows only to the PLP-PSer geminal
diamine intermediate state, at least in the crystalline state.
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