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Abstract

The biosynthesis of cysteine is crucial and critically regulated by two enzymes. i.e., serine acetyl transferase (SAT) and
O-acetyl serine (thiol) lyase (OAS-TL). A descriptive account on the activity and regulatory mechanism of the enzyme is
available in bacteria and plants. But no such studies yet performed in cyanobacteria, to understand the evolutionary aspect
of cysteine biosynthesis and its regulation. Therefore, in our study a detailed bioinformatic analysis has been performed to
understand all the possible features of cyanobacterial SATs and OAS-TLs. The analysis of SAT and OAS-TL sequences from
cyanobacteria depicted that the large genome and morphological complexities favoured acquisition of these genes. Besides,
conserved function of these enzymes was presumed by their sequence similarity. Further, the phylogenetic tree consisted
of distinct clusters for unicellular, filamentous, and heterocytous strains. Nevertheless, the specificity pocket, SVKDR for
OAS-TL having K as catalytic residue was also identified. Additionally, in silico protein modelling of SAT (SrpG) and
OAS-TL (SrpH) of Synechococcus elongatus PCC 7942 was performed to gain insight into the structural attributes of the
proteins. Finally, here we showed the possibility of hetero-oligomeric bi-enzyme cysteine synthase complex formation upon
interaction of SAT and OAS-TL through protein—protein docking analysis thus provides a way to understand the regulation
of cysteine biosynthesis in cyanobacteria.

Keywords Cysteine - Cysteine synthase complex - In silico - O-acetyl serine (thiol) lyase - Serine acetyl transferase -
Sulphur

Introduction

The significance of cysteine as an efficient redox buffer, sul-
phur assimilator, signalling component, antioxidant, etc. is
univocal in all the domains of life (Buchanan and Balmer
2005; Diessner and Schmidt 1980; Foyer and Noctor 2011;
Joshi et al. 2019; Kharwar and Mishra 2020; Noctor et al.
2012; Richau et al. 2012; Takahashi et al. 2011). However,
cysteine can be toxic above a threshold concentration; thus
its homeostasis is maintained precisely inside the cell. The
biosynthesis of cysteine commences by enzymes serine
acetyl transferase (SAT; EC.2.3.1.30) and cysteine synthase
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(CS) or O-acetyl serine (thiol) lyase (OAS-TL; EC.4.2.99.8)
which catalyses the final step of sulphur assimilation. SAT
catalyses rate-limiting step where the acetyl group of acetyl-
CoA is transferred to the hydroxyl group of serine to form
OAS, followed by p-replacement of acetyl group by OAS-TL
(Kopriva and Koprivova 2003), in presence of pyridoxal-5'-
phosphate (PLP) as the cofactor:

Serine + acetyl-CoA — O-acetyl-serine + CoA-SH (1)

O-acetyl-serine + Sulfide — Cysteine + Acetate )

In plants, SAT and OAS-TL interact to form cysteine
synthase complex (CSC), a functional hetero-oligomeric
bi-enzyme complex (Bogdanova and Hell 1997; Berkowitz
et al. 2002; Droux et al. 1998a, b; Jost et al. 2000; Ruffet
et al. 1994; Wirtz et al. 2001). Formation of such hetero-
oligomeric bi-enzyme complex strongly depends on the
concentrations of two substrates, i.e., O-acetyl-serine (OAS)
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and sulfide (Buchner et al. 2004; Hopkins et al. 2005; Khan
et al. 2010). Studies suggested that sulfide takes part in
sulphur homeostasis and serve as a sensor for intracellular
sulphur concentration (Yi et al. 2010). Sulphide stabilizes
the complex, whereas OAS destabilizes it (Berkowitz et al.
2002; Droux et al. 1998a, b; Kredich 1996; Kredich and
Tomkins 1966; Kredich et al. 1969; Wirtz and Hell 2006).
Under sulphur limiting condition, OAS accumulates and
dissociates bi-enzyme complex which down-regulates the
SAT activity, in contrast upon sufficient sulphur supple-
mentation, high sulfide level in the cell enhances binding of
OAS-TL to SAT, stabilising hetero-dimeric complex, thus,
representing the prime control for the regulation of cysteine
biosynthesis (Droux et al. 1998a, b; Kredich and Tomkins
1966; Wirtz and Hell 2006). Moreover, different regulatory
mechanisms have been reported in plants such as transcrip-
tional, post-transcriptional, protein—protein interaction,
and feed-back control mechanism (Davidian and Kopriva
2010; Yi et al. 2010). Additionally, in bacteria, formation
and regulation of CSC by protein—protein interaction and
feedback regulation has also been observed (Kredich and
Tomkins 1966). Similar to plant and bacteria, in cyanobac-
teria cysteine synthesis is also catalysed by SAT and OAS-
TL, despite the formation of such bi-enzyme complex has
not been yet reported. Therefore, in the present study we
have tried to elucidate the distribution, abundance, domain
configuration, physicochemical properties, and phylogeny
of cyanobacterial SAT and OAS-TL proteins using iterative
bioinformatics approaches. Besides, the structural attributes,
fold, and topology of SAT and OAS-TL were determined by
theoretical modelling of SrpG and SrpH from Synechococ-
cus elongatus PCC 7942, respectively. Further, the possi-
ble interactions of SrpG and SrpH with other proteins were
unravelled by STRING server. Finally, the molecular dock-
ing of SrpG and SrpH corroborated the formation of puta-
tive heteromeric bi-enzyme cysteine synthase complex in
cyanobacteria Thus, this work may provide a comprehensive
and updated view of cysteine biosynthesis in cyanobacteria
and a broader dimension of its regulation through putative
CSC formation.

Methods

Retrieval of serine acetyl transferase (SAT)
and O-acetyl serine (thiol) lyase (OAS-TL) sequences

The sequences of cyanobacterial SAT and OAS-TL were
retrieved in the FASTA format from non-redundant database
of NCBI (http://www.ncbi.nlm.nih.gov/). Sequences with
higher identity values were selected and manually curated.
Finally, 63 SAT and 80 OAS-TL amino acid sequences from
51 and 67 cyanobacterial strains, respectively, were selected
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for further studies. The distribution and abundance of the
SAT and OAS-TL proteins among different groups of cyano-
bacteria were analysed.

Multiple sequence alignment and phylogenetic
analyses

Multiple sequence alignment (MSA) was performed using
MUSCLE in Molecular Evolutionary Genetics Analysis v.10
(MEGA X)) software with default parameters, i.e., gap open-
ing penalties — 2.90, gap extension penalties 0.00; hydro-
phobicity multiplier, i.e., 1.2. Subsequently, the conserved
residues among these sequences were visualised as Hidden
Markov Model (HMM) logo using Skylign (http://skylign.
org/) (Wheeler et al. 2014).

Phylogenetic trees for SAT and OAS-TL were constructed
by neighbour-joining (NJ) method (Kumar et al. 2018; Sai-
tou and Nei 1987) using MEGA v10. The align sequences of
the protein were further used to construct the phylogenetic
trees. JTT matrix-based method was used to compute the
evolutionary distances (Jones et al. 1992) and the reliability
of each branch was tested with 1000 bootstraps (Felsenstein
1985). Finally, the phylogenetic trees were visualised using
iTOL web server (https://itol.embl.de/) (Letunic and Bork
2011).

Domain configuration analysis

All the sequences of SAT and OAS-TL were subjected
to CD-search in NCBI against conserve domain database
(CDD) with threshold E value 0.01. Only the specific hits
were considered among the CD outputs as they are high
confidence, top-ranked hits (https://www.ncbi.nlm.nih.gov/
Structure/bwrpsb/bwrpsb.cgi).

Protein physicochemical characterization

ProtParam (http://web.expasy.org/protparam/) (Gasteiger
et al. 2005) were used to analyse the physiochemical prop-
erties of SAT and OAS-TL proteins such as amino acid
number, molecular weight (MW), number of negatively and
positively charged residues, half-life, aliphatic index (AI),
instability index (II), isoelectric point (pI), and grand aver-
age hydrophobicity (GRAVY) (Ning et al. 2017).

Secondary and tertiary structure prediction

For the structural prediction of SAT and OAS-TL, SrpG
and SrpH, of S. elongatus PCC 7942, respectively, were
selected based on previous literatures. The folds and fea-
tures of SrpG and SrpH were analysed by secondary and
tertiary structures. The secondary structure of the proteins
was generated using PDBsum server (http://www.ebi.ac.
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uk/pdbsum). Further, the tertiary structures of SrpG and
SrpH were generated using RaptorX (http://raptorx.uchic
ago.edu/StructurePrediction/predict/) (Kéllberg et al. 2012)
and Discovery studio, respectively, and subsequently visu-
alized using UCSF Chimera 1.13.1 software (https://www.
cgl.ucsf.edu/chimera/). After that, PROCHEK (http://www.
ebi.ac.uk/thornton-srv/software/PROCHECKY/) (Laskowski
et al. 1996), ProSA (https://prosa.services.came.sbg.ac.at/
prosa.php) (Sippl 1993), and VADAR (http://vadar.wisha
rtlab.com/) (Willard et al. 2003) web servers were used to
assesses the tertiary protein structures. COFACTOR was
used for further analysis of protein (Zhang et al. 2017).

Protein—protein interaction analysis and molecular
docking

The functional interactions of the cellular proteins with
SrpG and SrpH were predicted using STRING (‘Search Tool
for Retrieval of Interacting Genes/Proteins’) version 11.0
database (https://string-db.org), which integrates known and
predicted protein—protein interaction (PPIs), were applied to
predict functional interactions of the proteins with default
parameters (Szklarczyk et al. 2016). Active interaction
sources, including text mining, experiments (biochemical/
genetic data), databases (previously curated pathway and
protein-complex knowledge), neighbourhood, gene fusion,
co-occurrence and co-expression as well as species limited
to “S. elongatus PCC 7942” and an interaction score > 0.4
were applied to construct the PPI networks. In the networks,
the nodes correspond to the proteins and the edges represent
the interactions. The network Stats were: number of nodes,
i.e., 11; number of edges, i.e., 23; average node degree, i.e.,
4.18; and average local clustering coefficient, i.e., 0.871.
Additionally, the PPI enrichment p-values are 0.000751 and
0.00063 for SrpG and SrpH, respectively.

Further, the BIOVIA Discovery Studio 2019 was used to
perform docking analysis of SrpG and SrpH. ZDOCK pro-
gram was used for docking, which considered SrpG as the
receptor and SrpH as the ligand. ZDOCK protocol provides
rigid body docking of two proteins based on the Fast Fourier
Correlation Technique. It performs a systematic search on a
uniform sample of docked protein poses and uses ZRANK
algorithm to predict the optimal interactions. Further, the
top scoring docked protein poses were selected to calculate
the docking parameters. ZRANK algorithm reranked the
initial-stage ZDOCK predictions with detailed electrostat-
ics, van der Waals and desolation energy terms of the pose.
For more accurate predictions default angular step size of
6 was selected to perform finer conformational sampling.
Water molecules were removed from both the protein struc-
tures before running the program. Further, refinement of the
docked complex was done using RDOCK (Refined Docked
Proteins) by evaluating of electrostatic and desolvation

energies. RDOCK is a CHARMm-based protocol to remove
clashes and optimize polar and charge interactions. During
the RDOCK optimization, each predicted docked complex
is subjected to 130 steps of Adopted Basis Newton—Raphson
(ABNR) energy minimization. Finally, the docked complex
was subsequently visualized using UCSF Chimera 1.13.1
software.

Results and discussions

Distribution and diversity of cyanobacterial serine
acetyl transferase (SAT) and O-acetyl serine (thiol)
lyase (OAS-TL) proteins

Among 51 cyanobacteria, the distribution of SATs was har-
boured by 9.8, 11.7, and 78.4% in unicellular, filamentous,
and heterocytous strains, respectively (Fig. 1a). Every one
of all cyanobacterial organisms possesses a single gene copy
for SAT suggesting that these genes are highly conserved
throughout the evolutionary history; however, few heterocy-
tous strains, i.e., Cylindrospermum sp. NIES-4074, Nostoc
sp. ATCC 43,529, Nostoc sp. PCC 7107, Anabaena sp. PCC
7108, Fischerella sp. PCC 9431, Hapalosiphon sp. MRB220,
Trichormus sp. NMC-1, Nostoc sp. NIES-4103, Calothrix
sp. NIES-2098, Calothrix sp. NIES-2100, Fischerella sp.
NIES-4106, and Tolypothrix sp. PCC 7910 subsumed two
copies of the gene. Similarly, 25.3% of OAS-TL was distrib-
uted among both unicellular and filamentous cyanobacteria,
while 49.2% was harboured by heterocytous ones. Unlike
SAT, two copies of OAS-TL were not only observed in the
heterocytous strains, i.e., Calothrix sp. PCC 7507, Nostoc
sp. PCC 7524, Anabaena sp. PCC 7108, Trichormus sp.
NMC-1, Scytonema sp. HK-05, Nodularia sp. NIES-3585,
Calothrix sp. NIES-2098, Calothrix sp. NIES-2100, Nostoc
sp. ATCC 53789, and Tolypothrix sp. PCC 7910, but also
in the filamentous strains such as Microcoleus sp. SU53
and Desertifilum sp. 1PPASB-1220 (Fig. 1a). Besides,
two copies of OAS-TL were also harboured by unicellu-
lar cyanobacterium, Synechococcus elongatus PCC 11802.
The presence of two copies of the SAT and OAS-TL genes,
especially, in the heterocytous strains might be a function of
larger genome and complex morphology. Despite, genome
streaming as a mechanism for adaptation generally attained
to reduced energy expenditure in smaller genome might also
reduce the copy number of these genes within the picocy-
anobacteria like Synechococcus (Bhattacharjee and Mishra
2020; Kharwar et al. 2021). The presence of two copies of
OAS-TL in unicellular and filamentous cyanobacteria sug-
gested the existence of at least one more other factor apart
from genome size and morphology favouring the acquisition
of gene. In our study, the acquisition of two copies of OAS-
TL in few cyanobacteria such as S. elongatus PCC 11802,
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Fig.1 a Percentage (%) contribution. Blue and red colour indicates SAT and OAS-TL, respectively; b and ¢ habitat distribution of SAT and

OAS-TL proteins in the different cyanobacterial strain, respectively

Microcoleus sp. SU53 and Desertifilum sp. 1PPASB-1220
perhaps suggested the adaptive advantage in these micro-
organisms, despite morphology favouring the profusion of
gene, further strengthens the previous assumption (Kharwar
et al. 2021).

Furthermore, the distribution of SAT and OAS-TL among
the habitats of cyanobacteria showed the presence of 79.3%
SAT harbouring strains in freshwater and terrestrial habi-
tat, whereas 6.3, 3.1, and 7.9% were subsumed by strains
of marine, saline-alkaline lakes, and exclusively freshwater
habitats, respectively. Additionally, 3.1% symbionts also
consisted of SAT proteins (Fig. 1b). Besides, 52.5% OAS-
TL was found in exclusively freshwater ecosystem. 30, 10, 5,
1.25, and 1.25%, consisted of freshwater and terrestrial, fol-
lowed by marine, saline-alkaline lakes, hotsprings, and sym-
biotic association, respectively (Fig. 1¢). Higher percentage
of SAT and OAS-TL in freshwater and terrestrial habitats
was correlated with the abundance of heterocytous strains
in those ecosystems. Since heterocytous cyanobacteria have
larger genome size, they probably subsumed more copies of
genes. Besides, the picocyanobacteria like Synechococcus,
Synechocystis, and Prochlorococcus are exclusive marine
and mostly harbour single gene copies due to genome
streamlining (Kharwar et al. 2021). However, the presence
of more SAT and OAS-TL in freshwater cyanobacteria

/
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compared to marine strains might confer adaptive advantage
to the former, since, freshwater, unlike marine, has limited
availability of sulphur (Bochenek et al. 2013).

Sequence homology and alignment

Alignment of 60 SAT amino acid sequences revealed consid-
erable identity. The carboxyl-terminal sequence was found
to be conserved from the unicellular to heterocytous strains
(Fig. S1a). The C-terminal end of SAT plays a crucial role
in the formation of cysteine synthase complex since this tail
binds OAS-TL in case of E. coli (Mino et al. 1999), Hae-
mophilus influenza (Campanini et al. 2005), Leishmania
donovani (Raj et al. 2012), and A. thaliana (Bogdanova and
Hell 1997; Feldman-Salit et al. 2012; Francois et al. 2006;
Kumaran and Jez 2007), thus conferring the possibility of
CSC formation among cyanobacteria. Additionally, the
consensus hexapeptide repeat, { V/L/1}-G-XXXX was also
observed, signifying the acetyl transferase activity (Dicker
and Seetharam 1992; Gorman and Shapiro 2004; Olsen et al.
2007; Vaara 1992; Vuorio et al.1994).

Likewise, sequence alignment of OAS-TL showed sig-
nificant conserved residues. The highly conserved consensus
“SVKDR” motif forming PLP attachment site around the
K residue was also evident in HMM logo (Bairoch et al.
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1996; Saito et al. 1993). The e-amino group of this K resi-
due forms a salt bridge with the phosphate group of PLP,
which is prerequisite for the catalysing the reaction (Saito
et al. 1993). The PLP cofactor was covalently bound to K
by schiff linkage on alpha helix of the N-terminal region
and stays at the large gap made between the N- and C-ter-
minal domains. Furthermore, several conserved G residues
were evident which are believed to play a structural and/or
functional role in binding the phosphoryl group of the PLP
cofactor (Marceau et al. 1988a; b). Moreover, the asparagine
loop consists of “TXGNT” motif, a signature sequence of
cysteine synthase family, also was conserved in cyanobac-
terial OAS-TL (Chinthalapudi et al. 2008). This asparagine
loop in TSGNT motif is involved in the binding of O-acetyl
serine (Fig. S1b).

Phylogenetic analyses

The phylogenetic tree of SAT displayed two distinct clus-
ters i.e., one prominent cluster (cluster I), and a minor clus-
ter (cluster II) (Fig. 2a) as a result of evolutionary changes
between amino acid sequences, where GGN, GAKS, and
IYQGVTL motifs acquired by simple primitive unicellu-
lar life forms (S. elongatus PCC 11,802, S. elongatus PCC
7942, and Synechococcus sp. PCC 6312), the rest of the
strains in cluster I subsumed GAG, GGTG, and IYQAVTL
motifs which have morphological variabilities (unicellular
to heterocytous). These GAG, GGTG, and I[YQAVTL motifs
showed wide distribution among filamentous and hetero-
cytous strains of cyanobacteria. Despite, the functional
significance of these motifs was not evident. Further, three
distinct clusters, i.e., clusters I, II, and III were observed in
the phylogenetic tree of OAS-TL (Fig. 2b). Clusters I and
III subsumed unicellular to heterocytous cyanobacterial
strains, whereas cluster II was purely represented by strains
of S. elongatus. All the members of cluster I harboured GNS
motif except Nostoc sp. TCL240-02 and Nostoc sp. PA-18-
2419 consisting GNG. Strains of cluster II were character-
ised as GPN motif, while GAG motif was harboured by
strains in cluster III, except Nostoc sp. ATCC 53789 having
GNG motif.

As exhibited in phylogenetic tree, the SAT and OAS-TL
proteins within same cluster have similar motif compositions
but displayed variance among the different clusters. The
similar motif arrangements probably indicated conserved
protein architecture within the phylogenetic cluster.

Domain configuration of serine acetyl transferase
(SAT) and O-acetyl serine (thiol) lyase (OAS-TL)

Comparative analysis of domain architecture of SAT from
the cyanobacteria (Scytonema sp., Nostoc sp. PCC 7120,
Oscillatoria nigro-viridis, S. elongatus PCC 7942, and

Synechocystis sp. CACIAM-05), bacteria (E. coli and Sal-
monella typhimurium) and plant (Arabidopsis thaliana)
showed conserved single functional domain among protein,
exhibiting structural uniformity throughout the evolution
(Table 1). SATs from various organisms showed catalytic
N-terminal serine acetyltransferase (SATase_N), whereas
C-terminal possessed well-conserved left-handed parallel
B-sheet helices (LBH), due to a hexapeptide repeat sequence,
a characteristic of acyl and acetyl transferase family pro-
teins (Fig. S1a). However, OAS-TL belongs to tryptophan
synthase beta II super family (Table 1), possesses cystathio-
nine beta-synthase (CBS)-like sequence and PLP dependent
enzyme domain (Momany et al. 1995). At the N-terminal,
catalytic K (Fig. S1b) was found to be highly conserved in
bacteria, cyanobacteria, and A. thaliana indicating conserva-
tion of protein functionality (Mozzarelli et al. 2011).

Protein characterization

The molecular weight of SAT ranged among cyanobacteria
from 27.31 to 34.48 kDa while in bacteria and A. thaliana,
it has a molecular weight of 290 and 42.72 kDa, respec-
tively (Table S1). The pl for cyanobacterial SAT proteins
ranged from 5.62 to 9.1, whereas pl of SAT in E. coli, S.
typhimurium, and A. thaliana were 6.05, 6.41, and 7.73,
respectively. Further, the II values of the studied cyanobac-
terial SAT except AZB72704.1 and WP_017743387.1 of S.
elongatus PCC 11801 and Scytonema hofmannii, respec-
tively, were predicted to be stable having an in vivo half-life
of > 16 h. The Al is defined as the relative volume occupied
by aliphatic side chains such as alanine, valine, isoleucine,
and leucine, which determines thermostability of the pro-
tein, ranging from 99.12 to 115.2 for cyanobacterial SATs.
GRAVY index indicates the solubility of protein, a higher
positive value indicates a greater hydrophobicity and lower
solubility in water. The positive GRAVY scores predicted for
SAT of E. coli str. K-12 substr. W3110, Salmonella enterica
subsp. enterica serovar Typhimurium, Oscillatoria nigro-
viridis, and Nostoc sp. PCC 7120 depicted the hydrophobic
and non-polar nature of the protein in these organisms, prob-
ably suggested their membrane localisation. Contrastingly,
the negative GRAVY scores for SAT of Synechocystis sp.
PCC 6803, S. elongatus PCC 11801, S. hofmannii, and A.
thaliana exhibited hydrophilic nature perhaps indicated the
cytosolic localisation of these proteins.

However, the OAS-TL proteins of cyanobacteria ranged
from 34.1 to 34.7 kDa, while for bacteria and A. thaliana
the molecular weights were noticed to be 34 and 33.8 kDa,
respectively. The theoretical pl value of cyanobacterial
OAS-TL ranges from 5.21 to 5.82, whereas 5.8 and 5.9 were
noticed in bacteria and A. thaliana, respectively, conferred
its acidic nature (Table S2). Further, II values were found
to be less than 40 depicting stable nature of the studied

pisllase ol ay .
Ay &) Springer



354 Page6of15

3 Biotech (2021) 11:354

()

.

L
L

£
2 F 5 &
£ ¥y § &
;18768 4
] -5'"!'.59
I
Ll Lfd

(b)

Fig.2 Phylogenetic distribution of SAT (a) and OAS-TL (b) pro-
teins among cyanobacterial strain. Amino acid sequences of SAT
and OAS-TL were obtained from the NCBI database and subjected to
unrooted phylogenetic tree construction using the neighbour-joining
(NJ) method built in the MEGA software. The evolutionary distances

OAS-TL proteins, while the Al ranging from 89.14 to 110.67
perhaps indicated thermostability of the proteins. The posi-
tive GRAVY values of S. elongatus PCC 7942, Scytonema
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were computed using the Poisson correction method and are in the
units of the number of amino acid substitutions per site. Bootstrap
values are hidden for clarity of the image and all positions containing
gaps and missing data were eliminated

HK-05, and A. thaliana signify their hydrophobic nature,
whereas the negative values in case of E. coli, S. typhimu-
rium, Synechocystis, Oscillatoria, and Nostoc sp. 7120



3 Biotech (2021) 11:354

Page70of 15 354

Table 1 List of representative organism and proteins (SAT and OAS-TL) sequences analysed

Protein name Species and accession number  Position Short name Superfamily Description
From To
SAT E. coli (BAE77685.1) 1 273 cysE Left-handed paral- LbetaH contains 3 imperfect
Salmonella enterica subsp. 1 273 lel beta-Helix super tandem repeats of a hexapep-

enterica serovar Typhimurium
(KUD82078.1)

Synechocystis sp. PCC 6803 5 166 cysE
(BAA02919.1)

family

Synechococcus elongatus PCC 142 301 LbetaH superfamily

11801 (AZB72704.1)

Oscillatoria nigro-viridis 1 192 CysE
(WP_015178840.1)

Nostoc sp. PCC 7120 8 200 CysE
(RUR80995.1)

Scytonema hofmannii 33 220 CysE
(WP_017743387.1)

Arabidopsis thaliana 17 391 PLNO02357
(splQ39218.3ISAT3_ARATH)

OAS-TL E. coli (QGJ09570.1) 8 312 cysK
Salmonella sp. 8 312 cysK

(splPOA1E3.2ICYSK_SALTY)

Synechocystis sp. CACIAM 05 1 325 PRKI10717

(WP_162329560.1)

Synechococcus elongatus PCC 13 304 CBS_like

7942 (ABB58652.1)

Oscillatoria nigro-viridis 7 308 cysK
(WP_015176709.1)

Nostoc sp. PCC 7120 1 323 PRKI10717

(RUR74312.1)

Scytonema sp. HK-05 7 308 cysK
(WP_073636049.1)

Arabidopsis thaliana 1 322 PLNO02565

(splP47998.2ICYSK1_
ARATH)

Tryptophan synthase
beta II super
families/PLP
super family

tide repeats motif ([L/I/V]-G-
XXXX) showing acyltrans-
ferase activity

Trp-Synth-beta II superfamily of
pyridoxal phosphate (PLP)-
dependent enzymes such as
tryptophan synthase beta chain

(Trp-synth_B), O-acetylserine
sulthydrylase (CS), amino-
cyclopropane- 1-carboxylate
deaminase (ACCD), cysta-
thionine beta-synthase (CBS),
serine dehydratase (Ser-dehyd),
threonine dehydratase (Thr-
dehyd), diaminopropionate
ammonia lyase (DAL), and
threonine synthase (Thr-synth)
which catalyzes beta-replace-
ment and beta-elimination
reactions

PLNO02565 super family Cysteine synthase

indicated their cytosolic nature (Govardhana and Kumudini
2020).

Structural analyses

The structural features of SAT and OAS-TL proteins were
evaluated by analysing protein models of SrpG and SrpH,
respectively, from S. elongatus PCC 7942. PROCHECK val-
idates structure of the protein model through the Ramachan-
dran plot and checks the stereochemical nature of the pro-
tein structure by analysing residue-by-residue geometry and
overall structure geometry. The backbone conformation
and overall stereochemical qualities of the modelled SrpG
and SrpH were validated by analysing Ramachandran plot
(Lovell et al. 2002). In SAT, 91.5% residues appeared in
the favoured region, and 8.5% residues in the additionally

allowed region, while none of the residues in the generously
allowed and disallowed regions, respectively, suggesting that
the proposed model is stereo-chemically stable (Fig. 3a, c;
Table 2). Besides, 93.5% residues in the favoured region,
5.7 and 0.8% residues in the additionally allowed and gen-
erously allowed regions, respectively, and no residues in
the disallowed regions were observed (Fig. 4b, d; Table 2)
also suggesting the stereo-chemical stability of the SrpH
model. Further, the structure quality of the modelled protein
structures was also verified by VADAR analysis. VADAR
prediction displayed 45, 23, 30, and 25% helix, beta, coil,
and turns, respectively, with mean H bond energy of — 2.2
(SD =0.9) against the expected value of — 2.0 (SD=0.8)
for the SAT model (Fig. S2a), whereas 40, 24, 34, and 24%
helix, beta, coil, and turns, respectively, with mean H bond
energy of — 1.6 (SD=1.0) against — 2.0 (SD=0.8) expected
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Fig.3 Representation of

3-D models of SAT (a) and
OAS-TL (b). Ramachandran
plot analysis of SAT (c) and
OAS-TL (d) proteins; the plot
calculations were computed by
PROCHECK server. The red
regions in the graph indicate
the most allowed regions [A, B,
L];, additional allowed regions
[a, b, 1, p] are indicated as
brown, and generously allowed
regions[~a,~b,~1,~p] are
indicated as green and yellow
shades; results of ProSA analy- ( C)

sis of SAT (e) and OAS-TL (f) 597
proteins; topology of SAT (g)
and OAS-TL (h) proteins
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Table2 The Ramachandran plot structures validation of the 3-D
models of SAT and OAS-TL proteins represent the percent of resi-
dues located in favored, allowed and outlier regions

S.no. Protein RAMPAGE results

name
Most Additional ~ Generously Outlier
favoured allowed allowed (%) region
(%) (%) (%)
SAT 91.5 8.5 0.0 0.0
2 OAS-TL 93.5 5.7 0.84 0.0

Protein occupying more than 90% of the residues in most favoured
region is considered as good quality protein

value for OAS-TL model (Fig. S2b). The model was also
validated using ProSA-web server and showed that the pro-
tein folding energy of the modelled structure, i.e., Z-score
which evaluates the energy of each of the amino acids of the
protein molecule and verifies the 3D structure by evaluating
the local compatibility of the model related to good protein
structure. The Z-score values for the 3D models of SrpG and
SrpH were — 8.2 and — 9.91, respectively. The Z score of the
modelled protein structures was within the acceptable range,
i.e.,— 10 to 10 and the negative Z score value is considered
to be very good quality protein models and, therefore, good
and reliable (Wiederstein and Sippl 2007). On the basis of
our findings, it is predicted that the quality of modelled pro-
teins is of good quality, and thus, considered for analysing
their putative interaction (Fig. 3e, f).

The structure of SrpG composed of 9 N-terminal
a-helices and 14 C-terminal B-strands (Fig. 3g). The
f-strands in the protein form two sets, i.e., p1-p4-p7-p10-p13
and p2-p5-p8-P11-p3-p6-p9-f12-f14 having antiparallel ori-
entation; however, each of these strands are placed parallel
within the set. This topology of the protein is consistent with
other p-elimination enzymes (Burkhard et al. 1998). The
conserved opa sandwich fold of SrpH was conferred by 14
a-helices and 10 B-strands (Fig. 3h). The p-strands have both
parallel and antiparallel orientations, i.e., B11p2|B31p41B5
1p61B71P8IP9]P10]. Among these, B2 and p3; B3 and p4;
B4 and BS; BS and P6; B7 and B8 are flanked by one a-helix,
whereas two a-helices were positioned between 6 and p7;
p8 and B9. Besides, 3 a-helices were present between 9
and P10 in the structure of SrpH. This topology displayed
the typical B-grasp fold as observed in the sulphur carrier
proteins, like ThiS (Lehmann et al. 2006) and MoaD (Lake
et al. 2001) as well as ubiquitin (Vijay-Kumar et al. 1985).

Molecular docking

STRING analysis exhibited the functional PPI of SrpG and
SrpH with the network of various proteins, mostly subsumed

in the sulphur metabolism (Fig. 4a, b). The network analy-
sis revealed our target protein interacts with ten different
proteins for carrying out its functions. The SrpG and SrpH
primarily interacted with each other and CysE (SAT) also.
Besides, SrpG showed strong interaction with SIR (sulfite
reductase), yet high score of interaction between SrpG and
SrpH further strengthened the idea of CSC formation in
cyanobacteria.

Further, identification of dimerization interface or active
site of both the proteins has been analysed for predicting
the possible interaction sites. Notably, among seven and
twenty-five residues of SrpG and SrpH, only four and
eight residues, respectively, are involved in the interaction
(Table 3a). In the docking analysis, the docked pose com-
plex displayed interaction between SrpG and SrpH proteins
to form CSC (Fig. 4c, d). Interacting residues of SrpG were
H2'%, G2 W22 and T***, whereas the interacting residues
of SrpH were L?°, V2!, R%2 L¥ R* E!® D! and T2
(Fig. S3; Table 3b). Furthermore, the electrostatics energy
was calculated using CHARMm algorithm with a distance-
dependent dielectric constant. The electrostatics energy of
the docked complex is — 26 kcal/moL. The negative value
of electrostatics energy signifies the stability of the docked
complex.

As in bacteria and plants, this potential interaction of
SrpG and SrpH showed the possibility of hetero-oligo-
meric bi-enzyme CSC formation in cyanobacteria, criti-
cal for the fine-tuning of cysteine biosynthesis. This is the
first study to report CSC formation and their regulation
in cyanobacteria. Formation of CSC in cyanobacteria not
only facilitates a consensus regulatory loop for cysteine
biosynthesis maintained by relative concentration of OAS
and sulfide in the cell, but also acts as a sensor for intracel-
lular status of sulphur (Feldman-Salit et al. 2009; Wirtz
and Hell 2006). Since the activity of SAT is induced upon
CSC formation, whereas OAS-TL activity is reduced upon
interaction, an equilibrium between bounded and free SAT
and OAS-TL is maintained. Sulfur-sufficient condition
accompanied higher sulfide and stabilisation of CSC and
activating SAT activity, thereby forming OAS. While upon
sulfur-deficient, lower concentration of sulfide and higher
OAS triggered dissociation of CSC inducing the inacti-
vation and activation of SAT and OAS-TL, respectively,
thus form cysteine (Fig. 5). Therefore, in cyanobacteria,
demand-dependent positive regulation of sulfate assimila-
tion by OAS provides homeostasis to cysteine biosynthe-
sis. Additionally, the induction of srpGH by sulphur stress
may give cyanobacterial cells of S. elongatus PCC 7942
the ability to convert low level of sulphur into cysteine
at a much higher rate than the normal, thus giving this
organism a selective advantage for scavenging of sulphur
compounds upon sulphur-deprived condition (Nicholson
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Fig.4 Protein—protein interaction analysis: STRING analysis of SAT
(a) and OAS-TL (b) proteins with their interaction proteins; Ribbon
diagram (c); Surface view of the docked model indicating interacting
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sites (d); COFACTOR analysis depicting binding of OAS-TL with
PLP (e). This figure was produced using UCSF Chimera 1.13.1 Visu-
alizer tool
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Table 3 Detailed summary of docking analysis of the docked protein
complex

(a) Summary of CDD dimer interface of the proteins

Table 3 (continued)

(b) Residues involved in protein—protein interaction

Abbreviation Amino acid Residues involve in
Amino acid Position interaction
SAT CDD dimer interface R Arg 41
G 198 E Glu 169
D 201 D Asp 170
H 216 T Thr 299
R 259
G 289
w =G et al. 1995). Similar to bacteria and multicellular organisms
T . such as green algae and plants, CSC in cyanobacteria is a
OAS-TL CDD dimer interface tightly controlled mechanism orchestrated by specialized
L 20 molecular mechanism.
v 21 However, the COFACTOR analysis predicted that 15
R 22 amino acid residues, namely K*7, 18, N78, G!8! v!82
L 35 G183, TI8¢ G185 G186 TI87 (G234 1235 §278 P30S ;4 306
R 4l of SrpH bind to PLP (Fig. 4e). Among all these residues,
P 43 K*” is the conserved amino acid for binding site of PLP
F 85 in OAS-TL through a schiff base linkage (Chattopadhyay
A 88 et al. 2007; Rabeh and Cook 2004). A glycine and threo-
L 104 nine residues bind the phosphate group and is character-
E 105 istic of PLP binding proteins (Momany et al. 1992). The
K 108 SrpH uses PLP as a cofactor for its catalytic activity and
L 109 follows a ping-pong mechanism which was corroborated
A 12 by the previous studies (Cook and Wedding 1976; Masada
Y 113 et al. 1975).
E 169
D 170
A 268 Conclusion
Q 269
E 270 The significance of homeostasis of cysteine biosynthe-
G 272 sis can be perceived by the involvement of various tiers
L 273 of regulation underlying this mechanism in bacteria and
I 274 plants. However, in cyanobacteria the regulatory process
T 299 of cysteine biosynthesis is lesser understood due to limited
E i(l)i knowledge regarding SAT and OAS-TL, the prime enzymes

(b) Residues involved in protein—protein interaction

Abbreviation Amino acid Residues involve in
interaction

SAT residues

H His 216

G Gly 289

w Trp 292

T Thr 294

OAS-TL residues

L Leu 20

A% Val 21

R Arg 22

L Leu 35

involved in cysteine biosynthesis. Although the presence of
these enzymes in cyanobacteria indicated a similar regula-
tory mechanism as in plant or bacteria, yet the formation of
heteromeric bi-enzyme CSC is uncertain. Here, we showed
the distribution and abundance of SAT and OAS-TL pro-
teins in cyanobacteria and also elucidated their domain con-
figuration and phylogeny. Our study, for the first time, con-
ferred the formation of putative CSC in cyanobacteria based
on theoretical modelling and molecular docking. Though
the wet-lab studies are required to affirm the formation of
CSC in cyanobacteria, yet these findings will provide useful
insights into the functionality and regulation of these genes
and thereby extend our knowledge of cysteine biosynthesis
in these photoautotrophs.
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Fig.5 Schematic diagram deciphers equilibrium of CSC depending on cellular sulfate availability and its effect on downstream regulatory mech-
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