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Abstract
CysK (O-acetylserine sulfhydrylase) is a pyridoxal-5′ phosphate-dependent enzyme which catalyzes the second step of the de 
novo cysteine biosynthesis pathway by converting O-acetyl serine (OAS) into l-cysteine in the presence of sulfide. The first 
step of the cysteine biosynthesis involves formation of OAS from serine and acetyl CoA by CysE (serine acetyltransferase). 
Apart from role of CysK in cysteine biosynthesis, recent studies have revealed various additional roles of this enzyme in 
bacterial physiology. Other than the suggested regulatory role in cysteine production, other activities of CysK include involve-
ment of CysK-in contact-dependent toxin activation in Gram-negative pathogens, as a transcriptional regulator of CymR 
by stabilizing the CymR-DNA interactions, in biofilm formation by providing cysteine and via another mechanism not yet 
understood, in ofloxacin and tellurite resistance as well as in cysteine desulfurization. Some of these activities involve bind-
ing of CysK to another cellular partner, where the complex is regulated by the availability of OAS and/or sulfide  (H2S). The 
aim of this study is to present an overview of current knowledge of multiple functions performed by CysK and identifying 
structural features involved in alternate functions. Due to possible role in disease, promoting or inhibiting a “moonlighting” 
function of CysK could be a target for developing novel therapeutic interventions.

Keywords CysK · Cysteine biosynthesis pathway · Cysteine synthase complex · Multifaceted roles · Contact-dependent 
growth inhibition · Ofloxacin resistance · Tellurite resistance · CymR regulation · Biofilm formation · Cysteine 
desulfurization · CysK inhibitors · Moonlighting functions

Introduction

The rise in clinical incidence of antibiotic-resistant bacteria 
is a major global health care issue. It is especially true when 
the infections with multidrug-resistant (MDR) pathogens 
impose a significant and increasing burden on both patients 
and healthcare providers. Therefore, identification of novel 
drug targets and subsequent development of drugs against 
these targets is a dire need for improving current treatment. 
In Mycobacterium tuberculosis (Mtb) essentiality of cysteine 

biosynthesis pathway is well-documented in its persistent 
phase (Schnell et al. 2015). Similarly in Entamoeba histol-
ytica (Ehi) and Salmonella typhimurium (Sty), cysteine, gen-
erated through the de novo cysteine biosynthesis pathway is 
vital for the pathogenic antioxidative defense mechanism 
(Chinthalapudi et al. 2008; Turnbull et al. 2008). These 
cases serve as a paragon to explore cysteine biosynthesis 
pathway enzymes in other pathogenic organisms also (Ger-
des et al. 2003; Baba et al. 2006; Akerley et al. 2002; Chaud-
huri et al. 2009; Kobayashi et al. 2003; Sassetti et al. 2003; 
Sassetti and Rubin 2003; Rengarajan et al. 2005; Schnell 
et al. 2015; Chinthalapudi et al. 2008; Turnbull et al. 2008). 
Cysteine can be produced in bacteria (i) from L-serine via a 
two-step de novo biosynthetic pathway (Kredich et al. 1966 
and discussed in the ensuing section), (ii) by conversion of 
methionine-to-cysteine via reverse transsulfuration path-
way (Seiflein and Lawrence 2001; Sekowska and Danchin 
1999; Thomas and Surdin-Kerjan 1997; Vermeij and Kertesz 
1999; Wheeler et al. 2005) (iii) by hydrolysis of Glutathione 
(GSH) or cysteine-containing peptides by proteolytic 
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enzymes (Suzuki et al. 1993, 2001) and (iv) direct uptake as 
cysteine dimer from the environment through transporters or 
symporters (reviewed by Guédon et al. 2006 and references 
therein). The major biosynthetic pathways and additional 
sources of cysteine in bacteria are presented in Fig. 1.

The de novo biosynthesis of cysteine in bacteria requires 
two enzymes; serine acetyltransferase (SAT/CysE) and 
O-acetylserine sulfhydrylase (OASS/CysK) that are encoded 
by cysE and cysK genes, respectively. CysE catalyzes the 
transfer of acetate from acetyl-CoA to serine, thereby, gen-
erating O-acetylserine (OAS). CysK, the next enzyme of 
the pathway, uses pyridoxal 5′-phosphate (PLP) as a cofac-
tor to convert OAS and sulfide into cysteine and acetate. 
There are other OASS present as well, designated CysM and 
CysK2, which are 43% and 26% identical to CysK, respec-
tively, but catalyzes the formation of preferred O-phospho-
l-serine (OPS) with either CysO-SH sulfur donor in case of 
CysM or sulfide/sulphate donor in case CysK2 to produce 
cysteine via CysO-cysteine or S-sulfocysteine intermediates, 
respectively (Kredich 1996; Steiner et al. 2014; Schnell et al. 
2015; Fig. 1). Though cysK and cysM double mutant of S. 

typhimurium is a cysteine auxotrophs but mutant of either 
one is able to catalyze the second step of de novo biosyn-
thesis pathway, demonstrating that even if one of them is 
functional, cysteine is produced (Hulanicka et al. 1979). 
Evolution of these isozymes for redundancy in the pathway 
step may have arisen because of the need of the microbe to 
survive under varying habitats (sulfide or thiosulfate rich) or 
for stress adaptation in some pathogens. For instance CysM 
appears to be the key enzyme for catalyzing the production 
of l-cysteine during dormant M. tuberculosis and maintain-
ing intracellular redox homeostasis inside host macrophages 
(Steiner et al. 2014). Similarly, it is reported that S. typh-
imurium lacking cysK and cysM is less virulent and exhibits 
reduced antibiotic resistance (Turnbull et al. 2008, 2010).

Intriguingly, additional roles of the CysK are now 
being discovered apart from its original role of cysteine 
biosynthesis. These include the involvement of CysK- 
(1) in Cysteine Synthase Complex (CSC) formation with 
CysE (Kredich et al. 1969; Droux et al. 1998; Mino et al. 
2000a, b; Wirtz et al. 2004; Campanini et al. 2015a, b), 
(2) in activation of contact-dependent growth inhibition 

Fig. 1  Sources of cysteine and cysteine-generated  H2S in bacteria. 
Cysteine in bacteria is produced from—(i) l-serine via classical de 
novo biosynthetic pathway (ii) l-methionine via reverse transsulfura-
tion pathway that involves conversion of Met to S-adenosyl-methio-
nine, followed by generation of S-adenosyl-homocysteine (SAH) 
which is cleaved to l-homocysteine either by SAH-hydrolase or by 
successive action of SAH-nucleosidase and S-ribosyl-homocystein-
ase (LuxS). Subsequently, PLP-dependent enzyme, cystathionine 
β-synthase (CBS) catalyses the condensation of homocysteine and 
serine to form l-cystathionine which is converted by cystathionine 
γ-lyase (CGL) to cysteine, α-ketobutyrate (α-KB) and ammonia 

(Thomas and Surdin-Kerjan 1997; Guédon et  al. 2006) (iii) pep-
tides (cystathione) and (iv) direct intake of extracellular cystine via 
ABC transporters. Enzymatic biogenesis of  H2S mainly involves 
CBS, CGL, and 3-MGT/CAT routes. The schematic figure depicts 
all enzymes as monomers without any relevance to the biologically 
active oligomeric form. Thin arrows in the figure represent release of 
a by-product. Inset depicts formation of CSC under varying cellular 
availability of OAS. In absence, CysK and CysE form CSC where the 
activity of CysK is inhibited and there is no production of cysteine. 
Once OAS starts accumulating, the complex dissociates to release 
CysK for cysteine production
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(CDI) toxin (Diner et al. 2012; Johnson et al. 2016), (3) 
as a transcriptional promoter by stabilizing the inter-
action between transcriptional regulator CymR and 
DNA (Tanous et al. 2008), (4) in biofilm formation in 
Vibrio fischeri (Vfi) (Singh et al. 2015), (5) in ofloxacin 
(Frávega et al. 2016) and tellurite resistance (Vásquez 
et al. 2001; Ramìrez et al. 2006) and (6) in cysteine des-
ulfurization (Mino et al. 2003; Hullo et al. 2007).There-
fore, inhibition of CysK may downregulate not only the 
cysteine biosynthesis pathway but may also influence the 
above-listed functions.

Considering the importance of CysK in bacterial 
physiology, attempts are ongoing to develop its inhibitors 
mainly against CysK from Haemophilus influenzae (Hin), 
Sty and Mtb. Based on the structural determinants identi-
fied from interaction between CysK and CysE C-terminal 
tail, the peptide inhibitors and the first synthetic inhibi-
tor, 2-substituted-cyclopropane-1-carboxylic acids were 
developed by the Mozzarelli’s group (Amori et al. 2012). 
Subsequently, optimization strategies to improve both 
potency and drug-like properties were carried out in many 
laboratories. The aim of this review is to offer a better 
understanding of multifaceted roles of CysK and to cover 
the progress and challenges associated with discovery of 
CysK inhibitors with therapeutic potential.

Structural insights into CysK

Oligomeric state and overall topology

Although most studies predominantly report CysK to be 
a dimer, tetrameric form of CysK has been reported in 
the case of Thermotoga maritime (Heine et al. 2004), Sty 
(Cook et al. 1978), Saccharomyces cerevisiae (Yamagata 
et al. 1976) and Arabidopsis thaliana (Droux et al. 1998) 
with molecular weight of monomer unit being around 
34.5 kDa. In recent years, a number of crystal structures 
of CysK and its isomers as well as mutants have been 
solved. Table 1 compiles the list of structures of CysK 
available in protein data bank (PDB) for ready refer-
ence. Comparison of amino acid sequence (Fig. 2) and 
3D structure reveals similarity on both fronts. Overall 
topology of CysK resembles that of other type II PLP-
dependent enzymes such as tryptophan synthase-β and 
threonine deaminase (Burkhard et al. 1998; Gallagher 
et al.1998; Grishin et al. 1995; Schneider et al. 2000) 
which consists of two domains (one large and the other 
small), each comprising of α/β fold. A cleft between these 
two domains harbors the binding site for the PLP moiety.

PLP‑binding site

From the insights gained from the crystal structures of S. 
typhimurium (Burkhard et al. 1998), M. tuberculosis (Sch-
nell et al. 2007), E. histolytica (Chinthalapudi et al. 2008), 
H. influenzae (Salsi et al. 2010), L. donovani(Raj et al. 
2012), M. aeruginosa (Lu et al. 2014), E. coli (Johnson et al. 
2016), and B. abortus (Bab) (Dharavat et al. 2017), the PLP-
binding site is located at the interface between N- and C-ter-
minal domains. It forms an internal aldimine (Schiff-base 
linkage) with the Lys41 (residue number is of Sty; Figs. 2 
and 3). The glycine-rich residues—Gly176, Thr177, Gly178, 
Gly179, and Thr180 loops around the phosphate group of 
PLP making hydrogen bonds to the non-ester phosphate 
oxygen atoms. The unprotonated 3′-hydroxyl group of PLP 
which is in hydrogen bonding with the side-chain amide 
nitrogen of the Asn71, forms the final attachment point of 
the coenzyme. The N1 nitrogen of pyridine ring of PLP is 
in H-bonding with Ser272 (Fig. 3).

Active site

The binding site of OAS is predominantly reported through 
crystal structures of CysK in complex with either C-terminal 
end of CysE or l-methionine that mimics the substrate OAS 
(Salsi et al. 2010; Burkhard et al. 1999). The α-carboxylate-
binding subsite is formed by four amide N-atoms of highly 
conserved Asn loop (69TSGNT73; color coded blue in Fig. 2) 
in the N-terminal domain of the CysK subunit (Burkhard 
et al. 1998). Upon formation of the reaction intermediate, 
N-terminal domain encompassing the Asn loop folds over 
the active site, thereby restricting the solvent access to the 
hydrophobic active site and protecting the reaction interme-
diate. Another well-conserved Gly loop (229GIGA232; color-
coded blue in Fig. 2) in the C-terminal domain also plays an 
important role in substrate and active site interaction (Raj 
et al. 2013; Fig. 4).

Insights into mechanism of CysK

CysK follows a Ping Pong Bi Bi reaction kinetic that starts 
with the diffusion of OAS into the active site (Burkhard et al. 
1999). The geminal di-amines are formed when the α-amine 
of the substrate attacks C4ʹ of the internal aldimine between 
PLP and Lys41 (StyCysK numbering). These geminal di-
amines intermediates are converted to an external aldimine 
intermediate in which the carboxylate of the substrate inter-
acts with the asparagine-loop adjacent to the cofactor and 
the positive end of the α-helix 2, triggering the closure of 
the active site. Formation of external aldimine results in 
the release of Lys41 which then acts as a general base in 
the α,β-elimination of acetate resulting in the formation of 
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Table 1  Source and PDB code for available structures of CysK Enzyme either as apo or in ligand-bound form

Domain Organism PDB ID (References) CysK-apo or ligand-bound

BACTERIA Microcystis aeruginosa 4LMA (Lu et al.  2014) Complexed with MPD [(4 s)-2-methyl-2,4-pen-
tanediol] and plp

Escherichia coli 5J43; 5J5V (Johnson et al. 2016) Complexed with tRNA nuclease CdiA and PLP; 
complexed with tRNA nuclease CdiA, immu-
nity protein CdiI, MSE and PLP

Haemophilus influenzae 1Y7L (Huang et al. 2005) Complexed with decameric fragment of CysE, 
 SO4 and PLP

3IQG; 3IQH; 3IQI (Salsi et al. 2010) Complexed with MNWNI pentapeptide and 
PLP; complexed with MNYDI pentapeptide, 
 SO4and PLP; complexed with MNENI penta-
peptide and PLP

4HO1; 4LI3;5DBH; 4NU8; 4ORE; 4ZU1; 
4ZU6; 5DBE; 5XCW; 5XCN; 5XCP (no 
available references)

Complexed with GOL (glycerol), EDO 
(1,2-ethanediol) and PLP; complexed with 
peptide from CysE, GOL and PLP; complexed 
with GOL and 0JO (2-{[(E)-{3-hydroxy-
2-methyl-5-[(phosphonooxy)methyl]pyridin-
4-yl}methylidene]amino}prop-2-enoic acid); 
complexed with peptide from CysE, GOL 
and PLP; complexed with peptide inhibitor 
and OAS; complexed with C-terminal peptide 
from CysE, GOL and OAS; complexed with 
C-terminal peptide from CysE, OAS and PLP; 
complexed with C-terminal peptide from 
CysE, OAS, GOL and 0JO; covalently linked 
to PLP; covalently linked to PLP; covalently 
linked to PLP

Mycobacterium tuberculosis 2Q3B; 2Q3C; 2Q3D (Schnell et al. 2007) Complexed with CL (chloride ion) and MPD, 
covalently linked to PLP; complexed with 
DFSI inhibitory peptide and MPD, covalently 
linked to PLP; complexed with PDA and MPD

3ZEI (Poyraz et al. 2013) Complexed with AWH (3-[(Z)-[(5Z)-
5-[[2-(2-hydroxy-2-oxoethyloxy)phenyl]
methylidene]-3-methyl-4-oxidanylidene-
1,3-thiazolidin-2-ylidene]amino]benzoic acid), 
MPD and PLP

Salmonella typhimurium 1OAS (Burkhard et al. 1998) Complexed with PLP
1FCJ (Burkhard et al. 2000) Complexed with  SO4, CL and PLP
1D6S (Burkhard et al. 1999) Complexed with PLP and MET (methionine)

Thermus thermophiles 1VE1; 2EFY; 2ECO; 2ECQ (no available 
references)

Complexed with PLP; complexed with 4AT 
(5-oxohexanoic acid) and PLP; complexed 
with 4MV (4-methyl valeric acid) and PLP; 
complexed with PLP and 3HL ((3 s)-3-hy-
droxybutanoic acid)

Planctomyces limnophila 5XA2; 5XOQ (no available references) Covalently linked to PLP; complexed with GLY-
PHE-SER-GLY-GLY-ASP-GLY-ILE and PEG, 
covalently linked to PLP

Leishmania donovani 3SPX; 3T4P; 3TBH (Raj et al. 2012) Complexed with NA (sodium ion), CL and PEG 
(di(hydroxyethyl)ether), covalently linked to 
PLP; complexed with CL and PEG, covalently 
linked to PLP; complexed with octapeptide 
from CysE and NA, covalently linked to PLP

Brucella abortus 5JIS; 5JJC (Dharavath et al. 2017) PLP covalently linked to K42 residue of CysK
Thermotoga maritima 1O58 (Heine et al. 2004) Complexed with  PO4

Geobacillus kaustophilus 2EGU (no available references) Apo
Mycobacterium marinum 3RR2 (Baugh et al. 2015) Apo
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α-aminoacrylate intermediate. Once the acetate has been 
eliminated, the nucleophilic attack of sulfide onto this 
α-aminoacrylate intermediate, results in the formation of 
cysteine (Fig. 5) (Schnell et al. 2015; Burkhard et al. 1999).

Multifaceted roles of CysK

The role of CysK in cysteine biosynthesis pathway is well 
established. In addition, recent studies provide significant 
evidences that CysK plays an integral role in other cellular 
activities in bacteria. These activities are listed in Table 2 
and Fig. 6. The multiple functions of CysK are discussed 
below.

Role in regulation of cysteine biosynthesis pathway

Cysteine biosynthetic pathway is well regulated at transcrip-
tional level by CysB transcriptional activator (Kredich et al. 
1992) and through the coordinated activities of CysE and 
CysK at post-transcriptional level. Cysteine is a feedback 
inhibitor of CysE activity (Kredich et al. 1966). A recent 
study where a natural A241V variant of S. flexneri CysE 
has unstable quaternary assembly and reduced activity, sug-
gests transient dissociation of quaternary structure of CysE 
to be another regulatory mechanism for cysteine synthesis 
(Verma et al. 2018). CysE and CysK together form a bi-
enzyme complex called cysteine synthase or cysteine regu-
latory complex (CRC) as it regulates cysteine production. 
In this complex, the C-terminal of CysE binds to the active 
site of CysK via the key residue Ile-273 (numbering of Sty-
CysE), competitively dissociates the substrate OAS and 
inhibits CysK enzymatic activity (Fig. 1b; Wirtz et al. 2001; 
Mino et al. 2000a, b). Until recently, how a low-affinity 
OAS substrate (KM in mM) could competitively dissociate 

a high-affinity C-terminal CysE peptide inhibitor (Kd in nM 
or µM) from the CysK active site was unfathomable. How-
ever, a study conducted by Singh and coworkers illustrates 
that “competitive allosteric inhibition” otherwise “substrate-
induced facilitated dissociation” is responsible for expul-
sion of competitive inhibitor from the active site of CysK. 
Their work clearly demonstrates that OAS upon entering the 
active site of CysK (already occupied with the C-terminal 
CysE peptide), triggers conformational changes that alter 
an open-binding competent state to a closed-binding incom-
petent state, leading to inhibitor peptide moving out of the 
active site (Singh et al. 2017). It has been observed that the 
activity of CysK when complexed with CysE is reduced, 
with twofold decrease in kcat and fivefold increase in KM 
compared to the free enzyme values (Mino et al. 2000a, b). 
Recent systematic study on assembly of Sty reveals that the 
complex exists in two states-a low molecular weight spe-
cies composed of one CysE hexamer and two CysK dimers 
(~ 310 kDa) and a high molecular weight species comprising 
of one CysE hexamer and four CysK dimers (~ 490 kDa). 
These two forms are in dynamic equilibrium and sensitive to 
the physiological levels CysK, OAS, and sulfide. Increased 
levels of OAS, under sulfur-limiting conditions, favor disso-
ciation of CSC complex and continuous cysteine formation 
(Kaushik et al. 2017). The CSC complex appears to have 
no effect on the activity of CysE but it is suggested that one 
of the roles of CysK is to prevent the aggregation of CysE, 
therefore, enhancing its stability in the solution (Droux et al. 
1998).

Recent studies indicate that some microorganisms do 
not form this CSC complex. This has been attributed to the 
active site cleft and peptide-binding properties of CysK. For 
example, the active site opening of CysK from Thermotoga 
maritima is only about 8 Å wide, as opposed to 11 Å for L. 
donovani CysK and 12 Å for MtbCysK that are able to form 

Table 1  (continued)

Domain Organism PDB ID (References) CysK-apo or ligand-bound

EUKARYOTA Entamoeba histolytica 3BM5; 2PQM (Chinthalapudi et al. 2008) Complexed with  SO4, PLP and CYS (cysteine); 
complexed with  SO4 and PLP

4JBL; 4JBN; 4IL5 (Raj et al. 2013) Complexed with  SO4 and MET, covalently 
linked to PLP; complexed with tetrapeptide 
from CysE, and  SO4, covalently linked to PLP; 
complexed with  SO4 and ILE (isoleucine), 
covalently linked to PLP

Arabidopsis thaliana 2ISQ (Francois et al.  2006) Complexed with octapeptide from CysE,  SO4 
and PLP

4AEC (Feldman-Salit et al. 2012) Complexed with ACT (acetate ion), GOL and 
PLP

1Z7W; 1Z7Y (Bonner et al. 2005) Complexed with SO4 and PLP; complexed 
with AA5(n-[(3-hydroxy-2-methyl-5-
{[(trihydroxyphosphoranyl)oxy]methyl}
pyridin-4-yl)methylene]methionine)
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Fig. 2  Structure-based sequence 
alignment of CysK. Sequence 
alignment is generated through 
Clustal Omega using the 
sequences from Brucella 
abortus (5JIS), Entamoeba 
histolytica (3BM5), Leishma-
nia donovani (3SPX), Ther-
mus thermophiles (1VE1), 
Planctomyces limnophila 
(5XA2), Escherichia coli 
(5J43), Salmonella typhimu-
rium (1OAS), Haemophilus 
influenzae (4HO1), Thermotoga 
maritima (1O58), Geobacillus 
kaustophilus (2EGU), Micro-
cystis aeruginosa (4LMA), and 
Mycobacterium tuberculosis 
(2Q3B). OAS- and PLP-binding 
residues are highlighted in blue 
and yellow colors, respec-
tively. The two insertions 
121N–126V and 218Y–223L in 
the active site of BabCysK are 
emphasized in magenta color. 
Residues involved in interact-
ing with CysE and CdiA-CT 
toxin are boxed in red and 
blue, respectively. Completely 
conserved residues are indicated 
by the asterisks at the bottom 
line of the alignment figure 
while highly and moderately 
conserved residues are shown 
with double and single dots, 
respectively
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the complex (Raj et al 2012; Schnell et al. 2007; Heine et al. 
2004). Interestingly, the active site of CysK from Brucella 
abortus (Bab) is ~ 13 Å wide but there is no complex forma-
tion in this organism. The answer to this anomaly lies in the 
two insertions 121N-126V and 218Y-223L (residue number-
ing are of BabCysK; color-coded magenta in Fig. 2), unique 
to the organism, which are responsible for differences in the 
vicinity of the active site. In fact, the researchers prepared 
a double mutant (Q96A-Y125A) of BabCysK with smaller 
amino acids that made the active site more accessible and as 
expected, the mutant exhibited higher affinity for BabCysE. 
The residues of active site of CysK that interact with the 

C-terminal peptide of CysE in Bab are shown inside the red 
box in Fig. 2 (Dharavath et al. 2017). Similarly, Ehi CysK 
and CysE cannot form the bi-enzyme complex because of 
differences in the sequence of the C-terminal tail (Kumar 
et al. 2011).

Role in CDI

Two general strategies employed by Gram-negative bacteria 
to inhibit competing bacteria are (i) secretion of bacteriocins 
and other soluble factors which diffuse through the environ-
ment and kill the bacteria at a distance and, (ii) contact-
dependent growth inhibition (CDI) mediated by CdiA and 
CdiB, where the latter aids in exporting CdiA from cyto-
sol to the outer membrane surface, which in turn forms a 
β-helical filament that extends from the defending bacte-
rial cell to the CdiA receptor present on the surface of the 
competing bacteria. After the attachment of the β-helical 
filament to the CdiA receptor, the defending bacteria then 
release C-terminal toxin domain (CdiA-CT), which is 
a tRNase that cleaves tRNA of the competing target and 
arrests its growth. This CdiA-CT toxin tRNase is activated 
only when its C-terminal tail is inserted into the active site 
of CysK present in the target cell. The C-terminal Ile227 of 
the tail interacts with the Thr69, Asn72, Thr73, and Gln143 
of CysK to form H–bonds; while Tyr225 of the tail forms 
H-bonds with Thr95 and Asp164 (E.coli CysK numbering; 
Fig. 2; Johnson et al. 2016). Both, CdiA-CT as well as CysE 
have been reported to bind to CysK with nanomolar affinities 
(Diner et al. 2012). It is intriguing how CdiA-CT secreting 
cells prevent autoinhibition. The presence of an immunity 
protein known as CdiI is responsible for the phenomenon 
(Aoki et al. 2011). CdiI forms a complex with CdiA-CT to 
neutralize its tRNase activity but apparently this complex 
dissociates rapidly (Benoni et al. 2017; Kaundal et al. 2016). 
A study by Kaundal et al. categorically demonstrates the 
role of CysK in stabilizing the binary complex CdiI/CdiA-
CT with ~ 130 fold decrease in dissociation rate therefore, 
proving CysK to be a modulator of CdiA-CT/CdiI activity 
(Kaundal et al. 2016; Johnson et al. 2016).

Role in regulation of CymR

Cysteine is considered as a crucial and very significant 
amino acid in the survival of all microorganisms because of 
its thiol group. This is why all the genes involved in the bio-
synthesis, transport, and degradation of cysteine are tightly 
regulated. It has been observed that CymR regulator, which 
belongs to the family of Rrf2 family of transcription factors, 
is the central repressor of cysteine metabolism. It directly 
binds to a 27 bp sequence of the promoter region of the 
genes involved and regulates their expression. Intriguingly, 
it has been observed in B. subtilis, CymR binds to CysK 

Fig. 3  PLP-binding site of CysK based on the crystal structure of Sty-
CysK (1OAS). PLP-binding residues are depicted with stick represen-
tation whereas PLP is shown as line

Fig. 4  Active site of CysK bound to CysE C-terminal peptide based 
on the crystal structure of HinCysK (4NU8): CysK active-site 
residues (69TSGNT73; 228GIGA231) are represented by green sticks 
with residue labeling in black; CysE C-terminal peptide residues 
(265TFEYGDGI273) are shown as grey lines with labeling in red
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with affinity which is slightly lower than between CysE 
and CysK. CymR, alone, is able to bind with the DNA, but 
CysK stabilizes the CymR–DNA interaction and increases 
the half-life of the complex for about seven times and posi-
tively regulates the gene repression by CymR. The cellular 
availability of cysteine is communicated to CymR by CysK 
via sensing the availability of its own substrate, OAS. Under 
cysteine-rich conditions, concentration of OAS is low and 
CymR–CysK complex is formed which transcriptionally 
represses the cysteine regulon. With low cysteine avail-
ability, OAS is abundant which prevents the CymR–CysK 
complex formation and may also dissociate the preformed 
complex either (i) by directly competing with CymR for 
the CysK active site or (ii) by altering the conformation of 
CysK, so that it cannot make complex with CymR. It is sug-
gested that in B. subtilis, the intracellular concentrations of 
metabolites govern the interaction between different binding 
partners of CysK (Tanous et al. 2008).

Role in biofilm formation

The ability of bacteria to grow in biofilms facilitates them 
to survive in unfavorable conditions and to colonize a num-
ber of biotic and abiotic surfaces. The luminous marine 

bacterium V. fischeri is one such example, where the microbe 
establishes symbiosis with its host Euprymna scolopes 
(squid), when it forms a transient biofilm on the light organ 
of the juvenile squid (Nyholm et al. 2000). After 2–4 h, Vfi 
migrates through this biofilm towards the pores present on 
surface of the host leading to the internal organs, where 
it multiplies to a high cell density and establishes a long-
term association with the squid. The formation of biofilm in 
Vfi is dependent on an 18-gene symbiosis polysaccharide 
locus-syp, which encodes the proteins that are involved in 
the production and export of the polysaccharides (a major 
component of biofilm matrix), and expression of matrix pro-
teins BmpA, BmpB and BmpC (genes bmpA, bmpB, bmpC, 
respectively). Additional colonization factors include RscS 
and SypF (sensor kinases) and downstream response regula-
tor SypG (DNA binding protein) that control syp locus. The 
visualization of the biofilm in the laboratory is performed 
with the overexpression of a sensor kinase called RscS 
which results in the wrinkled colonies-a biofilm phenotype. 
Another kind of biofilm phenotype is pellicle which forms 
at the liquid–air interface in static culture. Mutants with dis-
rupted syp genes fail to form biofilms, expressing the wrin-
kled and pellicle phenotype, and colonize the squid (Fig. 6; 
mutated sypG and sypF genes are colored white). Further 

Fig. 5  Catalytic mechanism of CysK from M. tuberculosis (Scheme 1 from Schnell et al. 2015, reprinted with permission from Elsevier)
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mutations in the cysH, cysJ, cysK, and cysN genes that are 
involved in cysteine metabolism also failed in Biofilm devel-
opment in vitro, although supplementing the growth media 
with cysteine and/or overexpressing cysK could rescue the 
growth defect. Surprisingly, while cysteine could comple-
ment some defect (restoration of pellicle phenotype), CysK 
could overcome all (restoration of pellicle and wrinkled phe-
notype) suggesting the latter has additional role in biofilm 
formation other than providing cysteine (Singh et al. 2015).

Role in ofloxacin resistance

Emergence of drug-resistant strains of Sty to commonly used 
ampicillin or chloramphenicol led to shifting to second-gen-
eration flouroquinolones (ofloxacin, ciprofloxacin) for treat-
ing uncomplicated enteric fever as these drugs were found 
to be more effective and safer too (Fu et al. 1990; Chandey 
et al. 2012). However, reports of resistance of Sty strains 
to these drugs led (Joshi and Amarnath 2007; Crump et al. 
2008) Gil and coworkers to explore fluoroquinolone resist-
ance mechanism (Frávega et al. 2016). Based on an elegant 
study which established that endogenously produced  H2S 
is cytoprotective for some bacteria by virtue of its ability to 
suppress oxidative stress generated by antibiotics (Shatalin 

et al. 2011), the investigators decided to focus on pathways 
responsible for accumulation of this signaling molecule. 
With the help of real-time reverse transcription (qRT) 
PCR analysis of Sty treated with bactericidal antibiotics 
they observed that cysK gene was slightly downregulated 
and also cysteine level was repressed. Further experiments 
with ΔcysK knockout Sty mutant corroborated reduction in 
l-cysteine synthesis and accumulation of  H2S that accounted 
for the mutant exhibiting eightfold higher resistance to oflox-
acin as opposed to wild type Sty. Therefore, inhibition of 
bacteria derived  H2S-generating pathways in bacteria should 
make them sensitive to antibiotics.  H2S is produced in bacte-
ria from methionine or cysteine by cystathionine β-synthase 
(CBS) and Cystathionine γ-lyase (CGL) enzymes of trans-
sulfuration pathway (with l-cysteine as substrate instead of 
l-serine). Additional path involves deamination between 
cysteine and α-ketobutyrate (α-KB) by aspartate/cysteine 
aminotransferase (CAT) to produce 3-mercaptopyruvate 
(3-MP) which under reducing conditions gets converted 
to  H2S by 3-mercaptopyruvate sulfurtransferase (3-MST) 
as depicted in Fig. 1 (Pal et al. 2018). Interestingly, recent 
studies indicate that CBS from Bacillus subtilis (Hullo 
et al. 2007), Lactobacillus plantarum (Matoba et al. 2017), 
and Bacillus anthracis (Devi et al. 2017) unlike eukaryotic 

Table 2  Multiple documented roles of CysK as compiled from various studies

S. No. Activity Mechanism Binding partners Organisms Reference

1 Cysteine synthase Conversion of OAS to 
cysteine in presence of 
sulfide

– Plants and microorganisms Kredich et al. (1966)

2 Regulation of Cysteine 
biosynthesis pathway

CysK forms complex with 
CysE in which its activity 
is inhibited and subse-
quently, cysteine produc-
tion is inhibited

CysE Plants and microorganisms Kredich et al. (1969)

3 CdiA-CT toxin activation CysK present in the target 
cell binds to CDI-CT and 
activates it

CdiA-CT E. coli and B. subtilis 
(Diner, result unpub-
lished)

Diner et al. (2012), Johnson 
et al. (2016), Benoni et al. 
(2017), Kaundal et al. 
(2016)

4 Regulation of CymR CysK binds to CymR and 
stabilizes the CymR–DNA 
interaction and increases 
the half-life of the com-
plex

CymR B. subtilis Tanous et al. (2008)

5 Biofilm formation Exact mechanism is 
unknown

– V. fischeri and C. albicans Singh et al. (2015), Murillo 
et al. (2005)

6 Ofloxacin resistance Inhibiton of CysK results in 
incresase in  H2S-mediated 
defense system in bacteria

– S. typhimurium Frávega et al. (2016)

7 Tellurite resistance Biomechanism is unknown – S. typhimurium, A. brasi-
lense, and B. stearother-
mophilus

Vásquez et al. (2001), 
Ramìrez et al. (2006)

8 Cysteine desulfurization CysK catalyzes desulfuriza-
tion of cysteine

– L. casei, B. subtilis, A. 
pernix and E.coli

Bogicevic et al.(2012); Hullo 
et al. (2007), Mino et al. 
(2003), Awano et al. (2005)
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homologs, exhibit OASS activity as well as CBS activity 
(L-OAS dependent) and is able to generate  H2S from a 
mixture of l-cysteine and l-homocysteine. A phylogenetic 
study by Gourinath and coworkers shows that these l-OAS-
dependent CBS present in bacteria compared to CBS and 
CysK form a different branch of the phylogenetic tree sug-
gesting their evolution as a new member in the PLP-bound 
enzyme family (Devi et al. 2017).

Role in tellurite resistance

Metal ions are necessary for the survival of the bacteria 
when present in lower concentration. However, if the con-
centration of these metal ions is too high, they generate 
oxidative stress leading to toxicity and eventually death of 
the bacteria. One such metal ion which is highly toxic for 
bacteria is tellurite, which possess strong oxidizing proper-
ties. Tellurites employ their toxicity through replacement of 
sulfur and selenium in various cellular functions (Garberg 
et al. 1999). It has been demonstrated that the cellular reduc-
tases convert tellurite to non-toxic tellurium at the expense 

of NAD(P)H (Chiong et al. 1988; Moscoso et al. 1998). 
Studies on identifying the cellular determinants in tellur-
ite resistance have shown that CysK encoded by cysK gene 
plays an essential role in mediating tellurite resistance in Sty 
LT2, E. coli and Azospirillum brasilense. Disruption of cysK 
gene has been shown to decrease the tellurite resistance, 
while, introduction of cysK gene from Bacillus stearother-
mophilusV conferred tellurite resistance to E. coli. However, 
the exact biomechanism behind tellurite resistance mediated 
by CysK is still unknown (Vásquez et al. 2001; Ramìrez 
et al. 2006).

Role in cysteine desulfurization

Analogous to cysteine desulfurization (CD) activity of 
PLP-dependent CBS for producing pyruvate, ammonia 
and sulfide in vitro (Dwivedi 1982; Fig. 1), CysK in E. 
coli is reported to possess the CD activity (Awano et al. 
2005). Similar findings are reported in Lactobacillus casei, 
(Bogicevic et al. 2012), B. subtilis (Hullo et al. 2007) and 
A. pernix (Mino et al. 2003). Given the existence of other 

Fig. 6  Multifaceted roles of CysK involving multiple binding partner and variable cellular environment
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CD proteins in bacterial cell, implication of CD activity of 
CysK is not clear, but based on gene disruption, a role in 
l-cysteine degradation and production is suggested (Awano 
et al. 2005).

Current status of inhibitors of CysK

Due to multifaceted roles of CysK and its absence in 
humans, efforts to identify a potent inhibitor are underway 
in many laboratories. The rational of design is mostly based 
on interactions between the active site residues of CysK- and 
CysE-derived peptide. Promising leads with strength and 
limitations are summarized in Table 3 and significant find-
ings are discussed below.

Inhibition by the endogenous CysE peptide

In their quest to find inhibitor peptides against HinCysK, 
group of A. Mozzarelli computed the binding free energy 
of 400 pentapeptides in silico docked into the active site of 
HinCysK. The origin of this database was permutation com-
binations in the sequence motif  MNX1X2I (derived on the 
basis of consensus sequence in the C-terminal CysE peptide 
from other organisms) where X1 corresponds to an aromatic 
amino acid and X2 to a strong hydrogen bond donor (Benoni 
et al. 2015; Campanini 2015a, b). Subsequently, 14 of these 
pentapeptides were selected for validating the computational 
predictions. The crystallized peptide MNWNI was found 
to be the best binder among the tested peptides followed 
by MNYDI, MNENI, MNETI and MNKGI in decreasing 
order. The terminal Ile of the CysE C-terminal tail is con-
served and essential for interaction with CysK active site 
since its mutation to Ala resulted in disruption of complex 
(Zhao et al. 2006). The carboxylate group of Ile is secured 
in the interior of the CysK active site by hydrogen bonds 
with Asn72, Thr73, Thr79 and Gln143. These CysK resi-
dues also interact with the carboxylate of the OAS substrate 
(Salsi et al. 2010).In addition to Ile, Asn is also a significant 
amino acid that interacts with Ser70 in the case of HinCysK 
(Huang et al. 2005).Similarly, a comprehensive study on 
MNYDI peptide and StyCysK reveals that the aromatic 
residue at X1 is essential for hydrophobic interaction with 
Phe144 in the apolar active site of HinCysK (Salsi et al. 
2010; Benoni et al. 2016). These structural determinants 
extracted from crystal structures of various peptide-enzyme 
complexes formed the basis for developing peptide/non-
peptide inhibitors. Since then several studies have reported 
inhibitors against open conformation of CysK from different 
organisms with affinities for CysK generally ranging from 
millimolar to micromolar concentrations (Jean Kumar et al. 
2013; Spyrakis et al. 2013; Yadava et al. 2015; Kant et al. 
2018). Natural compounds as potential inhibitors of CysK 

have also been reported, however, the leads from these stud-
ies require rational modifications to achieve better efficacy 
(Nagpal et al. 2012; Mori et al. 2015, 2018). Comprehen-
sive overviews of all these peptide and synthetic inhibitors 
(discussed below) are provided in the studies by Campanini 
(Campanini et al. 2015a, b) and Mazumder (Mazumder and 
Gourinath 2016).

Synthetic inhibitors

To avoid the problems of low stability and bioavailability 
associated with peptide inhibitors, battery of novel syn-
thetic compounds were screened in silico for their inhibitor 
potency. Some of these molecules displayed better stabil-
ity and pharmacokinetics than the natural peptide inhibitors 
in vitro and are listed below:

UPAR40

It is a class of 2-substituted-cyclopropane-1-carboxylic 
acids which was synthesized inspired by knowledge gained 
by analysing pentapeptides that were efficiently bound to 
HinCysK. The carboxylic moiety and the C2 lipophilic side 
chain of Ile267 which are molecular determinants of these 
pentapeptides formed the scaffold of the new chemical struc-
tures. Further, a cyclopropane ring was chosen as spacer due 
its rigid structure which provides the ligand a restrained con-
formation. Compound 7 with more lipophilic properties had 
the highest affinity for the HinCysK active site (Amori et al. 
2012). A subsequent study by the same group illustrated 
that UPAR40 inhibits CysK activity by stabilizing closed 
conformation of the enzyme and formulated a hypothesis 
on the compound’s ability to additionally inhibit CysK or its 
isoforms from other species (Bruno et al. 2013).

α‑Substituted‑2‑phenylcyclopropane carboxylic 
acids

The inhibitors developed by Amori had their own limita-
tions such as hard to synthesize, highly volatile and prone to 
decomposition. A further attempt to optimize the inhibitors 
for better stability and binding efficacy led to the replace-
ment of C2 alkenyl chain to phenyl ring maintaining the 
trans stereo-geometry with carboxylic moiety. A substituted 
chlorine at the para position of benzyl at the C1 position 
of the cyclopropane yielded a potent inhibitor (compound 
15b) with dissociation constant in nanomolar range (Pieroni 
et al.  2016).

Cyclopropane‑1,2‑dicarboxylic acids

Next step of lead improvement included a substitution at 
C2 or di-substitution at C1 and C2 with carboxylic acid in 
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the basic 2-phenylcyclopropane carboxylic acid. This led to 
better penetration of the outer membrane of Gram-negative 
bacteria and improved drug likeness. The most potent inhibi-
tor in this series, Cis (±)-1-methyl-2-phenylcyclopropane-
1,2-dicarboxylic acid (compound 23) which bear a phenyl 
moiety at C2 showed comparable activity with (1S,2S)-1-(4-
Chlorobenzyl)-2-phenylcyclopropanecarboxylic acid (15b) 
(Annunziato et al. 2016).

Novel fragments inhibiting CysK

In quest to develop novel inhibitors against CysK, Barbara 
Campanini and co-workers performed scaffold hopping 
using the previously identified hits (Amori et al. 2012; 
Pieroni et al.  2016; Annunziato et al. 2016). They found 
1H-pyrazole-5-carboxylic acid (compound 4c) in the series 
with the best inhibitory activity, low ClogP, high total polar 
surface area (TPSA) and reduced size for efficient pen-
etration across Gram-negative cell membrane (Magalhāes 
et al. (2018). This study gave a rough idea about the struc-
ture–activity relationships (SAR) of these inhibitors where 
pyrazole substituent is probably binding in the lipophilic 
pocket near active site. Along with the lipophilic pocket, the 
size of the molecule was also found to have some influence 
in binding.

Thiazolidine inhibitors

Group of Schneider developed a rational inhibitor of 
nanomolar potency  (IC50 of 103 nM) based on the crys-
tal structure of CysK-peptide complex. This lead com-
pound with thiazolidine scaffold was further optimized by 
employing protein crystallography, e-pharmacophore mod-
eling, synthetic chemistry and in vitro testing. A library of 
98 compounds was synthesized to obtain a comprehensive 
SAR data to understand the importance of substitutions in 
the phenyl ring system and the nitrogen of the thiazolidine 
nucleus. The results revealed that the carboxyl moiety of the 
secondary phenyl ring of the scaffold and the para position 
in the benzylidene ring are crucial for strong binding and 
inhibition of CysK. These findings were used to develop 
inhibitor 3-((Z)-((Z)-5-(4-Fluorobenzylidene)-3-methyl-
4-oxothiazolidin-2-ylidene) amino) benzoic acid with  IC50 
19 nM and appear to be the most potent inhibitor till date 
(Poyraz et al. 2013; Table 3).

Fluoroalanine derivatives

Fluoroalanine derivatives are irreversible inhibitors 
that exploit the intrinsic reactivity of protein residues. 
Among these, mono-/di-/tri-halogenated (chloro/flouro 
based) alanine have been used as inhibitors of PLP-based 
enzymes. A study conducted by Franko and coworkers to 

find irreversible inhibitors for CysK concluded that F-ala 
competes with the substrate and slowly degrades with 
time whereas TF-ala is comparatively better owing to its 
stability and irreversible inactivation of CysK. However, 
in the case of CysK, even TF-ala is inefficient compared 
to that of the reversible inhibitors (Table 3). Therefore, 
this inhibitor requires efforts to be further understood and 
optimized in the context of the CysK (Franko et al. 2018).

The development of CysK inhibitors is still in the nas-
cent stage. Crystal structures of the ternary complex of 
CysK with inhibitors provide some useful insights into 
the SAR between the inhibitor and the active site of the 
enzyme. From the investigations, it is clear that an effi-
cient inhibitor should occupy as much space as possible 
of the active site. In addition, one must exercise caution 
and keep the other roles and properties of CysK in mind 
while designing inhibitors. For instance, ∆cysK sty mutant 
is more resistant to Ofloxacin as compared to wild-type 
strain indicating that inhibiting this enzyme will be a para-
dox for tackling MDR problem. In fact, in this context as 
CBS or CSE are more valuable drug targets for combat-
ing drug resistance menace, search for inhibitors for the 
Lactobacillus plantarum CBS is in progress (Devi et al. 
2017; Matoba et al. 2017).

Conclusion

In recent years, the incidents of emerging MDR strains of the 
pathogens are increasing at an alarming rate which makes 
it imperative that the scientific community identifies novel 
targets for drug development purposes. Due to its multi-
ple activities that may influence bacteria’s survival, CysK 
appears to be one such target. But development of drugs 
against a particular function entails better understanding of 
the complex interplay between moonlighting activities of 
CysK and its diverse binding partners. Dissociating the inter-
face with the binding partner may be a promising approach. 
Current ongoing efforts through in silico and in  vitro 
analysis to develop a non-peptidyl inhibitor in nano-molar 
efficacy against CysK have identified is 3-((Z)-((Z)-5-(4-
Fluorobenzylidene)-3-methyl-4-oxothiazolidin-2-ylidene) 
amino) benzoic acid as the most potent inhibitor so far with 
 IC50 19 nM. This review is an attempt to summarize the 
growing list of diverse activities and inhibitors of CysK for 
development of improved and specific therapeutics.
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