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Abstract

Grasspeaisanutritious cropwith high seed
protein content of good quality yet presence of
neurotoxin B-ODAP (beta-oxalyl di-amino
propionic acid) haslimited itshuman consumption.
Information of gene sequence is prerequisite for
application of advanced biotechnol ogical toolslike
gene editing therefore transcriptome sequencing
of Lathyrus sativus genotypes was doneto identify
the key genes involved in B-ODAP biosynthesis.
Alignment of the RNA sequence data from 10 days
old leaf tissue with bacterial serine acetyl
transferase (SAT), followed by homology
modelling, protein domain characterization, and
phylogenetic analysis led to the identification of
transcript (ID-15184) as putative LSSAT encoding
transcript. Pathway mapping and study of
conserved domain confirmed its role in cysteine
and methionine metabolism as it carried domain
like PLNO2739, SATase N, DUF3422, CysE,
LbH_SAT, which areinvolved in transfer of acetyl
group to serine, leading to formation of O-acetyl
serine (precursor of B-ODAP). Molecular docking
also showed interaction with L-serineasligand at
amino acid residues at active site.
Semiquantitative RT-PCRwasdonein 10 daysold
leaves was done with primers designed from ID-
15184. Sequencing of the resultant amplicon (nchi-
Accession no-MW590957) was found to be
significantly similar to known SAT genes. However,
expression of putative candidate LSSAT gene in
both high and low ODAP containing genotypes
indicated it does not deter mine the rate of ODAP
biosynthesis, but isinvolved in synthesis of acetyl
serine which is utilized by other enzymes for
synthesis of neurotoxin as well as cysteine.
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I ntroduction

Thegrass pea (Lathyrus sativus) isamajor pulse crop produced in Central India, Africa, Ethiopia,
and South Asian nations*?. It possessestol eranceto water scarcity 3, cold and common insect pests. Itis
usualy cultivated asafellow crop after rice on residual soil moisture®>®’. Apart from favorable agronomic
traits, grasspeaisknownto have high biol ogical va ue seed protein ranging from 24%t0 34.6%8°%°, Despite
these agronomic and nutritiona advantages, grasspeaisnot cultivated widdly. It isfrequently overlookedin
conventiona agriculture becauseit causesaneurologica condition caused by an antinutritiona factor, 3 -N-
oxalyl-L- a, B -diamino-propionic acid (f -ODAP)1121314 Excess consumption of the Lathyrus sativus
seeds for at least 2-3 months causes neurolathyrism?*>,

B- ODAP is postulated to be synthesized in a two-step reaction addition to the O-acetyl serinemetabolic
pathway in Chloroplast and mitochondriat”!8, It is made from aheterocyclic -isoxazoline-L-alanine (BIA)
by the enzyme-Cyanoal anine synthase (CAS)®. B.I.A. isthe primary precursor of f-ODAP, madefrom O-
acetyl-L-serine (OAS) and theisoxazoline-5-onering, potentialy by the cysteine synthase (CSase) enzyme.
ThisOASissynthesized from Serine by the Serine acetyltransferase(SAT) enzyme®®. So SAT is the main
pioneer enzyme of the 3- ODAP biosynthesis pathway®. Thisserine O-acetyltransferase (SAT) makestrimer
with cysteine synthase and formsareversible cysteineregulatory complex (CRC) that iscritical in regulating
sulfur homeogtasis™.

By conventiona breeding, somaclona variation, mutation breeding, and microbiol ogical degradation,
large effortshave been made to reduce the seed B-ODAP content inthelast two decades. Still, littlehasbeen
achieved?. Silencing thekey enzymes coding genesof the ODA P biosynthesispathway like CoA synthetase,
Serineacetyl Transferase, and ODA Psynthase?* 2025 by gene-editing techniques can | ead to the devel opment
of zero B-ODA P contai ning genotypesor prevent its synthesisand storagein seeds at | east. Soidentification
and characterization of thegenesencoding key pathway enzymesarecritical to using the gene-editing gpproach.

To characterize the key enzymes of B-ODAP biosynthesis in L sativus and obtain the sequence of
putative gene serine acetyltransferase, wemade an effort in thisstudy to analyzetheleaf tissuetranscriptome
of two L sativusgenotypes viz. RLK1950 — high -ODAP content landrace and Mahateora— low 3-ODAP
containslandrace?®. Thetranscriptome sequence was screened to identify the coding sequence of serine
acetyltransferase (Accession no-MW590957). In silico characteri zation, docking between ligand L-serine
and SAT gaveapositive output about theidentification of SAT. A detail ed study on subcdllular locdization and
pathway mapping correlatesitslink to sulfur metabolism, akey criterion for serine acetyltransferase. Further
constitutive expression of genesand transcript confirmation after sequencing have opened anew window for
fellow researchersto producetoxin-free grass peasoon.

Materials and Methods
Insilicoidentification of Putativetranscripts

Loca BLAST wasperformed using BLAST2GO (https.//www.bl ast2go.com/) with acut-off e-value
of 10 to identify sequences encoding or corresponding to serine-acetyl transferase encoded genes. The
nucleotide of asequence of geneencoding SAT (Serineacetyltransferase) from Staphyl ococcusaureus(strain
MRSA252) wasretrieved from the Uniprot id- Q6GJEO (CY SE_STAAR). It wasused asaquery sequence
for dignment search with thetranscriptome sequencefile of RLK-1950 (202 R).
Sequence-based homology char acterization of putativetranscripts

The sequence homology search using NCBI-BLASTn (https.//blast.ncbi.nim.nih.gov/Blast.cgi) was
used to compare probabl e candidate sequences from the Lathyrus sativus transcriptometo other known
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serine acetyltransferases.

Sub-cellular localization of putative were analysed using TargetP program (http://www.cbs.dtu.dk/
services/ TargetP/predictions/pred.html/) and WoL F PSORT (http: //www. genscript.com/tools'wolf-psort/
)?". Target P? retrieved thedatafrom SWISS-PROT?. Conserve domain search of putativetranscriptswas
donewith CDD dataversion 3.19. (https://www.nchi.nlm.nih.gov/Structure/cdd/wrpsh.cgi). Redundancy
reducti on was performed by maintai ning the specificity cut-off at >0.95% by using Hobohm a gorithm 2%,
and we eliminated undeserving sequences. Using MEGA X software’s pairwise alighment®-32, we used the
Smith-Waterman algorithm and the PAM 250 scoring matrix (https://www.megasoftware.net/) used for
evolutionary study through themaximum compositelikelihood method®. To determinethe metabolic pathways
involvedin candidatetranscripts, we performed KEGG pathways mapping (http://genome.j p/kegg/mapper/).

To determinetheprotein structure of putativetranscripts, the nucl eotide sequenceswere converted into
their respective peptide sequences using EM BOSS Transeq (https://www.ebi.ac.uk/Tool g/st/emboss_transeg/
). These peptide sequences were searched for the best protein structurein the PDB databank through the
swiss-model (swissmodel.expasy.org). After that, the resulted protein structureswere analyzed in PyMol
software. Stereochemical feasibility of the protein model as checked by Ramachandran plot through
PROCHECK onlineserver (https://saves.mbi.ucla.edu)®.

Docking

The docking was performed through the pathdock server, and then theresult wasandyzedin PYMOL.
Wetook atemplate of candidate gene SAT asproteinand L- serineasaligand in thisdocking process. We
have downl oaded theligand o-acetyl Serine XML format from theligand book (https://ligandbook.org). Then
we haveconvertedit into PDB format through open bible 2.4 software. Templ atetaken from protein homol ogy
modeling and downloaded from PDB database. (https.//www.rcsb.org/structure).
Primer Designing

Putative candidatetranscripts were screened and sel ected based on the parameters mentioned above.
Themost suitable candidate sequence bel onging to the transferase family was used to design primersfor RT-
PCR-based vaidation. All the sequenceswere subjected to Primer designing through primer quest IDT (Integrated
DNA Technology https:.//eu.idtdna.com/PrimerQuest/Home/Index) (Supplementary File Table 2).

Expression analysisof selected transcripts
(@ RNA extraction and cDNA synthesis

Leaf samples of 11 Lathyrus genotypes were collected from 10 days old plants because ODAP
Synthesisishigher in 10 daysold plants. Healthy and tender |eaveswere used for RNA extraction using
TRIZOL Reagent. RNA quantity was checked using Nanodrop (Thermo Fisher Scientific, USA). Quality
was measured through Formal dehydetreated agarose gdl, followed by cDNA synthesisusing Bio-rad script
cDNA Synthesis kit (as per manufacturer’s instructions).
(b)  Semi-quantitative RT- PCR based geneexpresson andysis

Semi-quantitative reverse transcriptase PCR was carried out to study the expression of ODAPrelated
genes. ThecDNA generated from thetotal RNA isolated from | eaf tissuesof 11 different Lathyrusgenotypes
having differential ODA P content were subj ected to semi-quantitative expression profiling ina 10ul reaction
using candidate gene-specific primers designed from transcriptome sequence. The resultant PCR product
was resolved on 1.5 % Agarose gel at 70V. The presence of ampliconsand their respective intensity were
recorded under agel documentation system (BioRad make). The expression was analyzed by comparing the
relativefluorescent intensitiesof cDNA ampliconsunder agel documentation system.

Semi Q RT-PCR was executed in 10ul reaction solution & LsActin primer was used asan internal
control for normalization of cDNA conc. Master mix of PCR buffer contain 10mM polymerase buffer, 1mM
dNTPs, 0.1 units Taq polymerase (Invitrogen) & 1uM primer. PCR thermal profilewas 94°C for 5 mins,
followed by 35 cyclesof 94°C for 45 sec, 55°C for the 30s, 72°C for 1 min, and afinal extension of 72°C for
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2mins.Asaresult of PCR, theamplified product wasresol ved on 1% TAE agarose gel with EtBr 0.0003 %.
Quantity one4.5.1 chemidoc EQTM softwarefrom Bio-Rad was used for imaging.

Theamplified fragmentsof the desired size (~ 500bp) weree uted from gel usingaThermofisher Gel
Extraction kit (as per the manufacturer’s instruction). The eluted DNA sample was sent for sequencing to
Thermo Fisher Scientific, Gurgaon, for bidirectiona sequencing onthelon Torrent PGM sequencer.

Results

Anandysisof local blast searchesusing bacterid SAT (Serineacetyltransferase) from Saphyl ococcus
aureus (strain MRSA252) as query sequence revealed transcripts encoding SAT in Lathyrus. It led to
identification of 10 most similar sequenceswith contigidsas|D-15184, ID-68475, ID-19615, ID-79795,
ID-1498, ID-45, ID-44, 1D-52098, ID-42842, 1D-19615 and 1 D-8529 (Supplementary File Table 1) . Out
of these ten transcripts, the contig, ID-15184, showed alow e value 3.22046e-7 with ahigh hit length of
1490, digning thelength of 79 and ahigh smilarity of 79.7%. Although, few other transcriptslike|D-79795
weresimilar (Smilarity 92.6%) but showed alesssignificant evalue of 0.116651 compared to ID-15184.
Therefore, considering all the parameterslike sequenceidentity, similarity, and evalue, four sequences, i.e.,
ID-15184, ID-68475, ID-19615, ID-79795, were selected for further analysis
Homology based char acterization of Putativegene L SSAT

The sel ected transcri pt sequences corresponding to contig ID-15184, ID-79795, ID-68475, and ID-
19615 weredigned using BLASTn (NCBI). For alignment, astandard non-reductant database optimized for
themegablast wasused asitismost suitablefor aclosaly related sequence with asequence having morethan
95% smilarity. BLAST andysisyiel ded 34 homol ogous sequences matching with query transcript sequence.
Among them, serineacetyltransferase (SAT) of Medicago truncatula (A ccession no-XM003612271) showed
the highest smilarity with the putative candidate transcript | D-15184 (score of 1096 and query cover of
93%), followed by SAT mRNA fragment from Cicer arietinum (Accession No-XM004512190).

To understand the genetic rel atedness and evol utionary development of SAT encoding candidate
transcript in L. sativus, phylogenetic analysiswascarried out. The 28 homol ogous nucl eoti de sequences
obtained with BLASTn of ID-15478 transcript were compared by the Nei ghbour-Joining method® with
1000 replicate bootstrap analysis *. Codon positionsincorporated as 1st +2nd+3rd+ Non coding. After
deleting al ambiguous positionsfrom each sequence, 1002 positionswere present in the dataset.

Thegreatest compositelikelihood techniquewas utilized to cal cul ate phyl ogenetic distance (Figure 1b)
and phylogenetictree (Figure 1b) usng MEGA X3 software, where pairwise distance and rel ated substitutions
parametersarecorrectly determined by maximizing thecompositelikelihood. SerineAcetyl Tranderasereferred
to as SAT, isreported to beinvolved in L-cysteinebiosynthesisfrom L-serine. Itisfound inalmost al crop
plantsin Chloroplast and also mitochondria genome®. Theisoform-specificinduction of SERAT or SAT has
been reported on exposure of the plant to abiotic stresseslike cold or soil stresses. The putative SAT candidate
transcript (ID-15184) comparison showed the highest similarity to variant formsof the SAT genein Cicer
ariitinumand Medicago truncatula (Figure 1a) with lesser smilarity to Lupin. TheL. sativus SAT transcript
(ID-15184) made a different subgroup from the Arachis genus. At the sametime, the SAT mRNA of P.
Vulgaris, V. radiata, and V. ungui cul ate consisted of an altogether different subgroup whichisrelatively
moresimilar to that of ornamental plants Rosa chinensisand Ziz phusjujuba.
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Table1: Conserve domain comparison between our candidatetranscript 1d-15184 and SAT geneof OS=
Saphylococcus aureus (strain MRSA 252) Q6GJEO

Trans ID-15184 Serine acetyltransferase OS=Staphylococcus aureus (strain
cript MRSA252) Q6GJEQ
S. Domain | Accession Description Interval E-vaue Domain | Accession | Description Interval E-value
No. name name
1 PLNO2 | PLNO02379 Serine 1-933 2.28e-133
379 acetyltransferase
2 CysE COG1045 SAT amino acid 361-858 | 1.26e-65 CysE COG1045 | SAT amino | 1-195 1.62e-97
transport and acid
metabolism transport and
metabolism
3 CysE TIGR01172 | Serine-o- 364-849 | 8.34e-61 CysE TIGRO11 | Serine-o- 7-167 1.07e-93
acetyltransferase; 72 acetyltransfe
Cysteine rase;
biosynthesis & AA Cysteine
biosynthesis biosynthesis
& AA
biosynthesis
4 LbH_S | Cd03354 SA.T.and SAT 547-843 | 1.17e-36 LbH_SA | Cd03354 | SA.T.and 66-166 1.45e-54
AT catalyze the Co-A T SAT
dependent catalyze the
acetylation Co-A
dependent
acetylation
5 SATase | Pfam06426 | SA.T.;Ntermina | 205-459 | 7.37e-22 CysE PRK1113 | SAT 10-173 3.84e-54
N domain hydroxyl 2 Provisional
group of L-serine
to form O-
acetylserine
6 SATase | Smart00971 | N-termina domain | 205-459 | 9.87e-17 Hexapep | Pfam0013 | Bacteria 119-148 | 2.71e-03
_N of serine 2 transferase
acetyltransferase, hexapeptide
which is conserved
in plants and
bacteria.
7 DUF34 | Pfam11914 | Thispresumed 600-845 | 6.44e-04
32 domainis
functionally
uncharacterized,
whichisfoundin
eukaryotes. It is
associated with
pfam0096 & has
two conserved
motifs: Y PSPV
AND PSP

1(a)

W DEERARER 2457 1201 PRIDICTT N Arachis sypniara =208 acetdtoacsferase 2 lie (| CO2A00577 sin wariant X2 reRk A
4 85 1-43% 1201 PRITICTT - Arachis =, X mANA
L TNC T 1T Arachis A miEna,
T4 INC 1T Arachis 1T midna
HLLIZ LU Arachis 14Ma,

A0031443- 1462 PHLLIC LL. Aractes 5 5 1 { CAEAERRY Lanssal vananl £ re M8
4 1210 PHLDIL TLL. Araches ) 1 I

oafd ntba M Goene o4 MR corlig 191847 0478 UHE Lype.
e 2 L0OCT 07407 313 mRAA

Gl ke 3 | =) 20EH curly 1£184.204- 1800+
o auelylrs
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an32tios variant X2 mRHA

transzript variant X2 —RHA
{ tran=zript varant X1 —RHA
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1(b)

(Gene. 15478 202R _contig_15184 0

H_00361227 Medicago_truncatula_sedne_acetytransferase_2 (LOC11409367) 0.135

AM_013598127 Medicago_truncatula_serine_acetyltransferase_2_(LOC11409367) (.126 0.000

HM_0045121%0 Cicerarietinum_sering_acetyltransferase 2 (LOC101431313) 0.142 0.089 0.100

M 016345907 Arachis_ipaensis_serine_acetyltransferase 2 (LOC107642518) 0187 0158 0.156 0.157

YM_016345908 Arachis_ipaensis_serine_aceylransferase_2 (LOC107642518) 0.187 0.158 0.156 0.157 0.000

A0 _025842483 Arachis_hypogaea_serine_acetyltransierase 2(L0C112600272) 0.190 0.159 0.188 0.157 0.005 0.00

1 _029298196. Arachis_hypogaea_serine_acetyltransfrase(LOCT12800272) 0.190 0.159 0.158 0.157 0.005 0.005 0.000

AM_016108035 Arachis_duranensis_serine_acetyltransferase(LOC107487415) 0.181 0.185 0.158 0.156 0.005 0.005 0.000 0.000

M_016108054. Arachis_duranensis_serine_acetyltransferase 2 (LOC107487415) 0.181 0.155 0.158 0.156 0.005 0.005 0.000 0.000 0.000

AM_007157922. (PHAVU_002G114700g) 0.183 0.174 0473 0.173 0477 0477 0.475 0475 0175 0.475

AM_007157921 Phaseolus_wigaris(PHAVU_002G114700g) 0.183 0.174 0.173 0.173 0.177 0.177 0175 0475 0.175 0.175 0.000
XM_017570563 Vigna_angularis_serine_acety transferase_24LOC108334667) 0.205 0.181 0.180 0.179 0.184 0.184 0.182 0.182 0185 0185 0.029 0.029

14 _028056859. Vigna_unguiculata_serine_acetyftransferase_2-LOCT14172263) 0.207 0.188 0.188 0.181 0.181 0.181 0.180 0.180 0.182 0.182 0.030 0.030 0.02
0 _028056854.Vigna_unguiculata_senine_acetyltransferase 2(L0C114172263) 0.207 0.186 0.188 0.181 0.181 0.181 0,180 0.180 0.182 0.182 0.030 0.030 0.022 0.000

XM_01466391 1 Vigna. radita Jer, radata_sefine acetytransfrase_2LOCI06T7453) 0199 0180 0.180 0.477 0.184 0.184 0.182 0.182 0185 0.185 0.0 0.034 0.012 0.028 0.028

0 _022775644.1Vigna_radiata \ver._radiata_serine_aceiyltransferase 2 (LOC106776453) 0.193 0.180 0.180 0.177 0.164 0.184 0.182 0.182 0.185 0.185 0.034 0.034 0.012 0.026 0.028 0.000

XI_019589334._Lupinus _angustifus_serine_ acetytransierase_2-ike (LOCIOG346784) 0224 0.184 0.185 0.185 0.162 0.162 0.162 0162 062 0162 0.162 0.962 0.169 0.172 0.472 0.169 0,169

XM _025076740.Ziziphus_jujuba_serine_acetyltransferase_2_ (LOC107424304] 0279 0.264 0.254 0.250 0.226 0.226 0.231 0.231 0.226 0226 0.226 0.226 0.243 0235 0.235 0.46 0.246 0.282

Figure. 1. () Phylogenetictreeof andigned homol ogoussequenceof candidate contigid-15184fromMEGAX
(b) Phylogenetic distance of 1D-15184 with other homol ogous sequences obtained from MEGA X

A conserved domain search of putative transcript 1D-15184 of Lathyrus sativus with SAT of
Saphylococcusaureus (strain MRSA 252, Q6GJEQ) by NCBI protein BLAST showed that it belongsto
the PLN superfamily having aconserved domain like of PLN02379, COG1045, TIGR01172, Cd03354,
Pfam06426, Smart00971, Pfam11914( Table 1). There arethree domains specific to CysE in the protein
domain that correspondsto ID-15184: COG1045for Serine acetyltransferase [ Amino acid transport and
metabolism], TIGRO1172 for Cysteinebiosynthesis[Amino acid biosynthesis, Serinefamily]., and LbH_SAT
with Cd03354 domain (Table 1). All threedomains arerel ated to the enzyme Serine acetyltransferase (SAT),
which catayzes co-enzymeA (CoA) dependent acetyl ation of L-serineinitshydroxyl (-OH) groupside. This
isthe 1st step to forming L-cysteine in bacteria & plants. The O-acetylserine is also a precursor of 3-ODAP
biosynthesis wherein the presence of cyanolalanine synthase (CAS) enzyme reactstoisoxazoline-5-oneleading
to theformation of ashort-lived intermediate, whichisfinally converted to f-ODAP by an uncharacterized
enzyme. Thus, the putative SAT transcript identified in L. sativus can help study and identify the branching
point in the B-ODAP biosynthesis pathway.

Sub Cdllular L ocalisation of Putative SAT transcript

SAT anditsisoformsareknownto belocated in Chloroplast and mitochondria. Thus, the putative SAT
encoding transcript analysi swas conducted to understand itscel lular or subcel lular [ocalization. Variousonline
serversareavailableto andyze the possible sub-cellular location of proteins or enzymes®. Possiblecellular
localization of LsSAT was predicted through Target P& WoL F-PSORT online server. Scanning the LSSAT
suggested that it possibly belocated in Chloroplast & mitochondria(Table 2). As per the Target Presult
sectionresults, cTP-achloroplast transit peptide; SP-signal peptide; mTP- mitochondrial targeting peptide
werefoundinthetranscript ID-15184; with reliability classvaue (RC) as0.012 for Chloroplast and 0.003
for signal peptide. A lower RC value, i.e., lessthan 0.2, corresponds to amore probable and significant
locdlization prediction .

Wolf P Sort’s alternate method of analysis of subcellular location resulted in 14 hits for transcript ID-
15184. Out of these 14 hits, five hits corresponded to the Chloroplast, five corresponded to mitochondria,
one hitto thevacuole, and onehit to mitochondriachl oroplast, both mitochondria(supplementary fileFigure
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1). Thus, theaverageva uein Chloroplast and mitochondriais6, suggesting locdlization of the encoded SAT
proteininthese subcel lular compartmentsin L. sativus(Table 2).

Table2: Subcellular localization of putative contig | D-15184 based on Target Pand Wolf P Sort analysis

Contig name Cellular localization
Target P WoLF PSORT
Sequence 331 cTP 0.012; mTP 0.618; SP 0.030; other 0.631; prediction chlo:
Loc RC-2(cTP- Chloroplast transit peptide; SP-Signal Peptide; | 5.5, mito: 5.5
mTP-Mitochondrial targeting peptide; (chlo: chloroplast;
1D-15184 Loc RC: Localization reliability class) cyto: Cytoplasm)

Table3: B-ODAP content in 11 diverse genotypes. Lathyrus sativus™

S. No. Genotype B-ODAP content (%)
1 | No-2208 0.59
2 | SEL-519 1.49
3 | 1L-143099 141
4 | 1L-527 151
5| AKL-19 154
6 | MAHATEORA 0.32
7 | PUSA-24 0.84
8 | BIO-L-202 0.50
9 | RLK-498 1.00

10 | SEL-522 142
11 | RLK-1950 1.90

Semi-QuantitativeRT PCR based validation of candidatetranscript | D-15184

Out of al theten putative SAT-rel ated transcripts, four candidatetranscripts(i.e., ID-15184, ID-68475,
ID-19615, ID-79795) were sdl ected based on high similarity and low eval ue (local blast data) for validation
in the high and low B-ODAP containing L. sativus genotypes. By IDT-primer quest, primerswere designed
for semi-quantitative PCR analysis (PaaY 1, PaaY 1a, UNK1, UNK2 & NTA) (Supplementary Table 2).
Since B-ODAP biosynthesis occurs maximumin 10 days ol d seedlingsand then at the pod formation stage,
ten daysold seedlingswereused for RNA isolation.

Theamplification obtained in the primer UNK 1, UNK2 & NTA irregular banding pattern givesno
correlation with the seed ODAP content (Figure 2). The Primer PaaY designed from 1D-15184 amplified at

amost asimilarlevel inal the11 genotypes, suggesting asimilar expression leve with no specific correation
to seed ODAP content (Figure 2b).

LINKZ?

: NIA
. 3)

Figure2: Semi-quantitative RT- PCR profileof 10 daysold plant of Lathyrussativusin 11 diverse genotypes.
(a) Expression of LSACTIN for normalization of cDNA obtained from theleaf of 10 daysold seedlings

(b) Expressionof PaaY primer constructed from ID-15184, dl thediverse genotypesshowing equa expression
asof LsACTIN
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(c) Expression of UNK 1 designed from ID-68475. Only seedling no 1 showsintenseexpression & therest
others show afaint banding pattern which does not correlatewith ODAP content

(d) Expression of UNK 2 designed ID-19615Al1 seedlingsexcept 6, 8, 10 & 11 show intense expression,
which meansno relation to ODAP content

(€) Expression of NTA primer designed from ID-79795. All seedlingsshow afaint expression

Sequencing of amplicons obtained with PaaY 1 & PaaY 1b Primer

The putative SAT geneamplified in selected L. sativus genotypes, with primer PaaY 1 (Ampliconsize-
112), was sequenced to confirm the transcript sequence of 1D-15184. BLASTn result of the sequenced
amplicon of PaaY showed aresemblancewith Serine acetyltransferase. PaaY 1 haslessamplicon sizesoit
may giveafa se-positiveresult; therefore, PaaY 1b was constructed with moreamplicon sizearound 516 bp
fromthesame contig ID 15184. Theamplified fragmentswere el uted from the agarose gel and sequenced.
The DNA sequence dataobtained chromatogram in the ABI-SEQ fileformat was uploaded to the FINCHTV
softwarefor quality analysisand trimming. The sequences showing Q valueslessthan 20 (Q<20) were
trimmed from both sides. The sequence (Pa7) of theampliconsof Primer PaaY 1b corresponding to candidate
transcript ID-15184 wasthen converted into FASTA format for further analysis.

Homology Modelling

A Homology modeling of the candidate transcript 1D-15184 was performed through the SWISS-
MODEL workspace (https://swissmodd .expasy.org/interactive) and amod base online dataserver (https.//
modbase.compbio.ucsf.edu/modwely). It ismatched with thesimilar templateinthe SWISS-MODEL template
library (SMTL*), avast structura database derived from the Protein DataBank containing experimentally
established protein structures PDB database. It usesBLAST and HHblits programs™. A totd of 41 templates
werefound corresponding to transcript ID-15184. It showed significant matchesto thetemplateid such as
1t3d, 6jvu, 3gvd, 6wye, 4h70, 1s3q, 1ssm (Figure 3) that supported itsidentity with serine acetyltransferase.
Significant matching with the PDB templates4hzc and 4hzd a so indicatestheidentity of thetranscript smilar
to that of CysE, involved in Cystinebiosynthesisof LsSAT.

Seq Qligo- Found

— Seq —
Template identity state QSQE By Methcoo Resolution Similarity Coverage Description

; 45 45 | hcmo- - ) — I ; "
1t3d1.4 4645 Hexamer (.57 HHblits  X-rzy Z20A 0.44 0.78 Zerne acetyliransferase

. hcrmo- 2 p

o A4 ) g = 5 3 = v | 5f 3
Gvu 1A 4922 Ve 0.56 HHblits  X-rey 2.80A 044 077 £crnc acclyltransicrasc
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Figure3: Result of homology modeling report of candidatetranscript in ID-15184 obtained from swiss
mode (https://swissmodd .expasy.org/interactive/5zAY V X /templ ates)
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Template I T3D hasahigher sequenceidentity of 48.45%. For docking, We selected a template with
ahigher QSQE (quaternary structure quality estimate)score. The QSQE scoreisavaue between0to 1,
representing the expected accuracy of inter-chaininteractionsfor amodel created using aspecific alignment
and template. In general, a greater QSQE is “better” when modeling the projected quaternary structure.

Ramachandran plotswere constructed to determinewhether template 1T3D isstereochemically stable®
through PROCHECK onlineserver (https.//saves.mbi.ucla.edu).

The PDB file containing the coordinates of the structure of interest isthe only input required for
PROCHECK*. ThisPROCHECK anayzesresidue-by-residue geometry and overall structural geometry
to determinethe stereo-chemical quality of aprotein structure. According to the standard stereochemical
parameters described by Morris®, our template 1t3d hasthe most favored region > 90%, which meansour
templateis stable enough to perform the docking procedure. Moreover, it hasan additiona alowed region of
9% and only a0.5% disallowed region (Table 4). From the summary of the Ramachandran plot, out of 251
residues, therearefivelabeled residues, andinthe chil-chi2 plot, out of 134 residues, oneislabeled residue.
Labeled residues arethose residuesthat have unfavorabl e conformations (score < -3.00) (Figure4b). Other
propertiesarelike maximum deviationis5.3; Bond length/angleis4.7; abad contact isO; 1 cis peptide G-
factorsDihedrasis-0.12; covalent 0.23; Morisclassesis122; overall: 0.02, Planar groups. 98.8% within
limits 1.2% highlighted.

To further analyze the stability of template 1t3d, the WHAT CHECK program was run (https:.//
saves.mbi.ucla.edu/). It checksvarious stereochemica propertiesof theres duesinthemode and isderived
from the WHAT IF program®, asubset of protein verification tools. Theseresults showed its 1st generation
packing quality as. -0.143, Ramachandran plot appearanceis-0.327, chi-1/chi-2 rotator normdity is-0.150;
backbone conformation is-31.972; bond length & bond angleis0.789, 0.959 respectively; Side chain
planarity is1.326, and omegaanglerestraintsare 1.149.

The predicted protein contained 261 amino acid residues, out of which 24 residueswere Glycine, 14
residueswereproline. The 3D protein model of this protein was devel oped from the SwissModel (Figure
43). The Ramachandran plot (Figure 4b) was also produced, and the datashowed (Table4) thelikelihood of
the predicted SAT domain corresponding to ID-15184.

Table4: Ramachandran Plot statisticsfor the predicted protein from SAT candidate transcript ID- 15184

Regions No. of Percentage
residues

Most favored regions [A, B,L] 200 90.1%

Additional allowed regions{a,b,,p] 20 9.0%

Generously allowed region [~a,~b,~l,~p] 1 0.5%

Disallowed regions [XX] 1 0.5%*

Non-glycine & Non-proline regions 222 100.0%

Figure4: (a) 3D-View of 1T3D protein obtained from (https//sM ssmodel .expasy.org/templates/1t3d.1)
sourceauthor 4 (b) Ramachandran plot of 1T3D produced using PROCHECK; (c) Sequence of Amino
Acid of template I T3D obtained from the Swissmode.
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Figure5(a): Protein befbre do&i ng (b) Protein after doE:ki ng wi thli gand L-serine(c) Resultsobtained
from Patch dock server.

Pathway mapping resultsdepicted that putativetranscripts havearolein sulfur metabolism, Glycine,
Serine, and threoninemetabolism. Figure 6 depictsputativetranscriptssharing similaritieswith EC-2.3.1.30.
Aswecan see, the putativetranscript (1D-15184) produces O-acetyl-I-serine by taking L-serine asasubstrate.
Findly, O-acetyl-I-serine has been used asasubstrate in the cysteine and methionine metabolism pathways.
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Figure6: Pathway mapping of candidate transcript | D-15184, the corresponding enzyme serine acetyl
transferase (E-2.3.1.30) showninred colour

3.6 Molecular Docking

The predicted enzyme was docked with L-Serine as Ligand, the SAT enzyme’s reported substrate, to
confirmits catalytic activity. L-serinewasused asaligand and template I T3D, obtained from homol ogy
modeling of candidate transcript 1D-15184, to study ligand-protein interactions. Docking simulation was
performed intheonline platform PatchDock (https://bioinfo3d.cs.tau.ac.il/PatchDock/).

The PatchDock agorithm isbased on computer vision algorithmsfor object detection and image
segmentation. It consistsof 3 important stages: surface patch making, molecular shaperepresentation, and
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filtering and scoring. Generdly, it empl oys segmentation techni questo ascertain geometric patcheslike convex,
concaveandflat surfaces. Geometric hashing & Pose-clustering a gorithmsare utilized in surface patch making.
Concavepatches & flat patches can proceed with any type of patch & eventualy, in thefiltering and scoring
stage, candidate’s complexes are screened. Complexes having undesirable penetrations of the receptor’s
atoms into the ligand’s atom are jettisoned. Ultimately, the remaining complexes are assigned a score according
to their geometric shape complementarity score and ranked*49%0, Patchdock generates aseriesof potential
complexes between aligand mol ecul e and auser-specific receptor. These complexesareshownin Figurebc.
Therank of thedifferent complexesdepends upon variousfactorslikeinterface shape, sizeof themolecule,
and interface shape™. In theligand-receptor complex, steric classesgive more noise and reducetheir score
and rank. Ininterface shape, convex/concave shapesare easier to find out than flat surfaces, and finaly, the
larger themol ecul g, the higher the score and rank®.

From the patch dock results, we havetaken solution no 1 (i.e., the proposed docking model insolution
no.1) becauseit hasahigher score of 1756 and an areaof 189.30, which hasthe highest among dl solutions.
Inadditiontothat, it hasan ACE of -77.89. It hasthreerotationa anglesof 2.31, 0.16,-0.12, and 3trandationd
parametersof 70.62, 25.43, and 8.83. Clustering RM SD wastaken asfour standardsfor dockinginteraction
(Thehigher the valuelesser will bethe solution no). Duetoitshigher scoreand higher interfaceares, it was
taken asthe best ligand-enzyme compl ex of L-serineand SAT enzyme. AsseeninFigure5a, itisthe 3D
structure of template 1t3d retrieved from the Protei n databank (https.//www.rcsh.org/structure/1T3D), and
Figure5bisthecomplex of 1t3d-L-serine, the protein-ligand interaction is showing oneligand-binding pocket
inthe predicted protein. The PY MOL softwareresults showed that the active site cons sted of 8 amino acids.
GLY 278,ALA 252, PRO 245, ILE 186, LY S 165, ALA 88, VAL230, and TY R-87.

Discussion

Endosymbiotic or endo-symbiosis theory was first forwarded by Russian botanist Konstantin
Mereschkowsk®, which suggested that eukaryotic organelesare derived from prokaryotic cells. Thetheory
holds for mitochondria, plastids such as chloroplasts, based on the evidence such as binary fission of
mitochondriaand plastids; the presence of porinand cardiolipin proteinsfound in bacterial cell membranes,
and most importantly, circular DNA molecules. Plants use many genesof bacteria originfor thebiosynthesis
of amino acids, flavonoids, etc., and stress mitigation. 3-ODAP is a D-amino acid synthesized as a part of
cyanide scavenging pathways in cyanogenic plants like Lathyrus™. Similar pathwaysand d-amino acidshave
been reported in many bacteria®. Sointhisstudy, to screen L. sativus|eaf transcriptome datato identify
candidate SAT gene involved in ODAP biosynthesis, the sequence of Serine acetyltransferase from
Saphylococcus aureus (strain MRSA 252) was used asaquery. Sincethe ODAPbiosynthesisand sulfur
metabolism areknown to occur in Chloroplast or mitochondria?-%2%3%, we checked the candidate gene SAT
(Contig ID-15184). The presence of the signal peptidesin the putative protein model corresponding to
ContigD-15184 showed that the putative protein might belocated in the Chloroplast and mitochondria

Further, the conserved domain search anaysisof candidate transcript (ID-15184) indicated the presence
of domainslike PLN02739, CysE, LbH_SAT, SATase N, and DUF3432. Thisdomain showssignificant
similarity to thedomain of SAT of Staphyl ococcusaureus. (Table 1). Downie, in 1989, reported that SAT is
abacterid enzymebe ongingto thefamily o-acetyltransferase™. ItsSATase N domain, theN-termind domain,
isconserved bothin plantsand bacteria. The SAT case encoding transcript ID-15184 al so possessed the
LbH_SAT domain that catal yzesthe CoA-dependent acetyl ation of the sdechain hydroxyl group of L-serine
toform O-acetyl serine. Theformeation of the O-acetyl serineisthefirst step of abiosynthetic pathway leading
to theformation of L-cysteinein bacteriaand plants®. Thisreaction represents akey metabolic point of
regulation for the cysteine biosyntheti c pathway dueto itsfeedback inhibition by cysteine. Theenzymeisa
175 kDahomo-hexamer composed of adimer of homo-trimers. Each subunit containsan N-termina a pha:
helical region and aC-terminal left-handed beta-helix (LbH) subdomain with fiveturns. Each containsa
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hexapeptide repeat motif characteristic of the acyltransferase superfamily (https://mwww.ncbi.nlm.nih.gov/
Structure/cdd/wrpsh.cgi ?RID=KFMUJKRM014& mode=all).

TheL. sativus LSSAT encoding transcript (ID-15184) also showed phylogenetic similarity to the SAT
of Cicer arietinum (accession no XM 00451290, Locusid LOC101491313) and serine acetyltransferase
two belonging to Medicago trancatula (XM 003612271) as depicted in aphylogenetic tree (Figure 1a).
Boththeplant belongsto the Leguminosaefamily-likeL. sativus. Thegenetic distance (Figure 1b) ca culated
through maximum compaositelikelihood corrd ateswith the phyl ogenetic treeresults. Putativetranscript encoding
LSSAT dso showed acloser genetic distance of 0.126, with Medicago truncatula serine SAT (LOC11409367,
Accession no-XM013598127) followed by the accession no-XM00361226. The transcript sequence
ID15184 was distantly related to Ziziphus jujube SAT 2 MRNA fragment (LOC107424304, Accession
No-XM 025076710) hibiscusplant isornamental.

Homol ogy model sof candidate transcript |D-15184 encoding LSSAT produced from SWISS-M ODEL
templatelibrary Pwas searched. Out of 41 templates, 1t3d has ahigher QSQE score, i.e., 0.57, and high
coverageof 0.78 (Figure3). Itisatemplate of SAT genefrom E. coli. Duetoitshigh QSQE scoreand high
coverage, thistemplate was screened to check whether thistemplateis stereochemically stableor not. In
addition, PROCHECK (https://saves.mbi.ucla.edu/) and theWHAT CHECK program was used to study
the stereochemical propertiesof template 1t3d.

Inthe pro check program, out of 261 amino acids, 200 amino acids represent the allowed region which
is>90%( Table4), indicating the quality of the predi cted template . The stability of thetemplateisimportant
to conduct further analyseslike docking with asuitableligand. Molecular docking isauseful tool to check the
enzyme-substrateinteraction and subsequently provide evidence of thefunctiona propertiesof theenzyme.
Thedocking of putative SAT enzyme encoding transcript identified from L. sativus showed asinglebinding
pocket intheprotein corresponding to ID-15184, which had an affinity sitefor binding L-serineasligand. The
PYMOL view of docked template showed that eight amino acidsviz., GLY 278, ALA 252, PRO 245, ILE
186, LY S 165, ALA 88, VAL230, and TY R-8 have el ectrostatic interaction with theligand L-serine. The
finding is per the beta ODA P biosynthesi s pathway proposed by Malathi et al. whereinasingleligand L-
serine bindsto enzyme serine O-acetyl transferase (EC 2.3.1.30). Interaction of serine O-acetyl transferase
with L-serineleadsto theformation of O-acetyl I-serine®. Thedocking analysisof putative LsSAT interacting
with L-serineiscorrelated with the ODAP biosynthesispathway in L. sativus. Pathway mapping (Figure 6)
also revedled that putative transcript hasarolein amino acid metabolism® and sulfur metabolism®. Thus
putativetranscript (ID-15184) hasamajor rolein sulfur assimilation and cysteine synthase complex 5=,

Semi-Quantitative RT PCR Validation of the selected transcript

The semi-Quantitative RT PCR results of primer PaaY 1 (designed from putative candidate LSSAT
encoding transcript ID-15184) were performed in 11 diverse L. sativus genotypeswith varied seed ODAP
content (Table 3). Inal genotypes, an amplicon of about 112 bp was obtained with asmilar expressonlevel.
Although 11 genotypes had varied seed ODA P content (Table 3), theamplicon intensity on thegel did not
show differential expression. Theenzyme SAT wasfound to expressuniformly in L. sativus, which suggests
that theformation of substrate o-acetyl-l Serineisacommon step shared by the ODAP biosynthesisand L-
cysteine biosynthes s pathways. The pathway isbifurcated after the formation of o-acetyl-l Serine, whichis
used by the enzyme p-(isoxazoline-5-on-2-yl) -L-alanine synthase (EC 2.5.1.119), 3-(isoxazoline-5-on-
4-yl)-L-alanine synthase (EC 2.5.1.47), Cysteine synthase; (EC 2.5.1.51), B-pyrazolyl alanine synthase
(EC 2.5.1.52) and L-mimosine synthase as per the proposed pathway by Malathi et al. and Song et al. 202

Amplicon sequencing of putative LsSAT encoding amplicon and Phylogenetic analysis

Tofurther confirmtheresultsobtained fromin-silico anays's, amplicon resequencingwasdone. The
sequencing of thegel € uted fragments matched with the sequence of theknown serine-o-acetyl transferase
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gene. Analysis of the eluted sequence al so consisted of domainslike PLN02739, SATase N, CySE with
accession no PLN02739, pfam06246smart00971, TIGR01172, and COG1045 (Supplementary Figure 3).
Theseresultsindicate that the candidate gene corresponding to 1D-15184 mRNA is SAT encoding gene,
having aroleinthe ODAP biosynthesis pathway in the L. sativus gene. The phylogenetic tree of eluted
sequences Pa7 (Supplementary Figure 2) also showed significant homol ogy with the transcripts of serine
acetyltransferase of Cicer arietinumand Medicago truncatula.

Conclusion

The study conducted to screenthe L. sativus|eaf transcriptome of genotype RLK 1950 to identify the
genes related to f ODAP biosynthesis and seed ODAP content in Lathyrussativusled totheidentification
transcript ID-15184, atranscript encoding Serine acetyltransferasein L. sativus (LsSAT) (Accession No-
MW590957). Protein domain search, model ling, and docking resultsof putative LSSAT showed that it carries
thereaction of acetylation of Serinetoform O-acetyl serineand might belocated in Chloroplast or mitochondria
Theexpression anaysisshowed asimilar expressionintheleavesof 10 days old seedlingsof both low and
high ODA P contai ning genotypes suggesting that this is the primary step in the f-ODAP synthesis. Further
confirmation was obtained by amplicon sequencing of LSSAT re-established the structural and functional
properties. Thetranscript ID-15184 isthus considered encoded by the LSSAT genein L. sativus. Theresults
formthe basisfor further screening of the transcriptometo discover other genes corresponding to alanine
synthase, cysteine synthase, and oxalyl transferase, which may directly correlate with seeding and leafing
ODAP content. It will also pavetheway for further identification of key regulatory genes and subsequent
genetic modificationsto devel op toxin-free, safe Lathryusgenotypes.
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