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a b s t r a c t
O-acetylserine sulfhydrylase (OASS) catalyzes the ﬁnal step of cysteine biosynthesis from O-acetylserine (OAS)
and inorganic sulﬁde in plants and bacteria. Bioinformatics analyses combined with activity assays enabled us
to annotate the two putative genes of Microcystis aeruginosa PCC 7806 to CysK1 and CysK2, which encode the
two 75% sequence-identical OASS paralogs. Moreover, we solved the crystal structures of CysK1 at 2.30 Ǻ and
cystine-complexed CysK2 at 1.91 Ǻ, revealing a quite similar overall structure that belongs to the family
of fold-type II PLP-dependent enzymes. Structural comparison indicated a signiﬁcant induced ﬁt upon binding
to the cystine, which occupies the binding site for the substrate OAS and blocks the product release tunnel.
Subsequent enzymatic assays further conﬁrmed that cystine is a competitive inhibitor of the substrate OAS.
Moreover, multiple-sequence alignment revealed that the cystine-binding residues are highly conserved in
all OASS proteins, suggesting that this auto-inhibition of cystine might be a universal mechanism of cysteine
biosynthesis pathway.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
In plants and bacteria, the de novo biosynthesis of L-cysteine
involves two enzymes: serine acetyl transferase (SAT, EC 2.3.1.30) and
O-acetylserine sulfhydrylase (OASS, EC 2.5.1.47) (Scheme 1). SAT
catalyzes the production of O-acetylserine (OAS) by transferring the
acetyl group from acetyl coenzyme A to serine. Afterwards, OASS catalyzes the formation of cysteine from OAS and sulﬁde using pyridoxal
5′-phosphate (PLP) as a cofactor [1,2]. The catalysis of OASS follows a
ping-pong mechanism that is typical for PLP-dependent enzymes [3].
In detail, the reaction can be divided into two halves. The cofactor
in the resting-state enzyme forms an internal Schiff base with the
invariant catalytic lysine residue. The incoming substrate then forms
an external Schiff base with PLP, followed by a β-elimination reaction
in which acetate is released and a proton is abstracted from the
α-position, most likely by the side chain of lysine [4]. At the end of the
ﬁrst half reaction, an α-aminoacrylate intermediate is covalently linked
to PLP [5]. The second half reaction starts with a nucleophilic attack of
the sulﬁde (or HS−) on the β-carbon of the aminoacrylate intermediate
and the α-carbon is re-protonated, resulting in an external Schiff base
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bound cysteine, which is ﬁnally released accompanied with the regeneration of an internal aldimine [6,7].
The cysteine biosynthesis and sulfur homeostasis are ﬁnely
regulated by a feedback circuit. In plants and bacteria, SAT and CysK
form a hetero-oligomeric cysteine synthase complex at the high sulfur
level, leaving CysK inactivated [8,9]. Upon the decrease of sulfur concentration, CysK is dissociated from the complex and activated to produce
cysteine, which in turn could be fed back to inhibit the activity of SAT
[10] (Scheme 1).
Most bacteria encode two types of 25–45% sequence-identical
OASSs, denoted as CysK and CysM, respectively [11]. The constitutively
expressed CysK, which is a major enzyme, has been well characterized
[12–18]. In contrast, CysM contributes up to only about 20% of the
total cysteine biosynthesis activity [11,19]. Distinguishing from CysK
that solely uses H2S as the sulfur donor, CysM can use H2S or larger
substrates such as thiosulfate [20]. This difference of substrate speciﬁcity
is determined by a ﬂexible loop located at the entrance of active-site
pocket [21]. CysK is featured by a short loop containing small residues
“GAG” (G230, A231 and G232 in the case of Salmonella typhimurium
CysK). In contrast, CysM has a much longer loop containing larger
residues (R210, R211 and W212 in the case of Escherichia coli CysM),
in addition to an insertion of three residues. However, both CysK and
CysM share a highly conserved OAS-binding site. Moreover, the OASSs
of known structure share an overall structure that belongs to the foldtype II class [22–30].
The cyanobacterium Microcystis aeruginosa PCC 7806 encodes three
putative OASSs: CAO86616, CAO86589 and CAO86970. Sequence
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Scheme 1. Schematic representation of the cysteine biosynthesis pathway.

comparison indicated that CAO86616 and CAO86589 share a sequence
identity of 75% to each other, and 40–66% to CysK proteins of known
structure [23–30]. Moreover, they both have a highly conserved
“GAG” motif, thus termed CysK1 and CysK2, respectively. Here we
solved the crystal structures of CysK1 and cystine-complexed CysK2
(termed CysK2–cystine) at 2.30 and 1.91 Ǻ resolution, respectively.
Structural analysis in combination with enzymatic assays enabled us
to deﬁnitely annotate M. aeruginosa CAO86616 and CAO86589 to
CysK1 and CysK2, respectively. Furthermore, we found that CysK
could be auto-inhibited by the oxidized product, suggesting a putative
mechanism of negative feedback regulation of cysteine biosynthesis.
2. Materials and methods
2.1. Cloning, expression and puriﬁcation of CysK1 and CysK2
The coding sequences of CysK1/CAO86616 and CysK2/CAO86589
were ampliﬁed from the genomic DNA of M. aeruginosa PCC 7806 by
PCR, respectively. The PCR products were cloned into a pET28aderived expression vector with a hexahistidine tag added to the Nterminus of the recombinant proteins, and transformed into E. coli strain
BL21 (DE3) (Novagen) using 2× YT culture medium (5 g of NaCl, 16 g
of Bacto-Tryptone, and 10 g of yeast extract per liter). The transformed
cells were grown at 37 °C in 2× YT medium containing 30 μg/ml kanamycin until the OD600nm reached about 0.6–0.8. Expression of the recombinant proteins was then induced with 0.2 mM isopropyl β-D-1thiogalactopyranoside for another 20 h at 16 °C before harvesting.
Cells were collected by centrifugation at 4000 ×g for 20 min and resuspended in 40 ml lysis buffer (20 mM Tris–HCl, pH 8.0, and 200 mM
NaCl). After 10 min of sonication and centrifugation at 12,000 ×g for
30 min, the supernatant containing the target protein was collected
and loaded onto a Ni-NTA column (GE healthcare) equilibrated with
the binding buffer (20 mM Tris–HCl, pH 8.0, and 200 mM NaCl). The
target protein was eluted with 300 mM imidazole, and further loaded
onto a Superdex 200 column (GE Healthcare; 20 mM Tris–HCl, pH 7.0,
150 mM NaCl, 14 mM β-mercaptoethnol). Fractions containing the target protein were pooled and concentrated to 10 mg/ml by ultraﬁltration (Millipore Corp., Amicon) for crystallization trials. The purity of
protein was assessed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and the protein sample was ﬂash-frozen
in liquid nitrogen and stored at −80 °C.
2.2. Crystallization, data collection and processing
Crystals of CysK1 and CysK2 were grown at 16 °C using the hanging
drop vapor-diffusion techniques. After extensive screening and optimization, two conditions were established that resulted in single crystals
of CysK1 and CysK2. Crystals of CysK1 were obtained by mixing the
protein sample (10 mg/ml) with an equal volume of the reservoir
solution [0.1 M 4-morpholineethanesulfonic acid (MOPS), pH 6.0, 60%
2-methyl-2,4-pentanediol]. Crystals of CysK2 were obtained by mixing
the protein sample at 10 mg/ml with an equal volume of the reservoir
solution [1.5 M (NH4)2SO4, 0.1 M Bis–Tris-propane, pH 7.0]. Cocrystallization trials of CysK1 or CysK2 with cysteine were performed

using the crystallization conditions established for the corresponding
enzyme after mixing with cysteine at a ﬁnal concentration of 10 mM.
Crystals of the two proteins were transferred to cryoprotectant
(reservoir solution supplemented with 30% glycerol) and ﬂash-cooled
with liquid nitrogen. All diffraction data were collected at 100 K in a
liquid nitrogen stream using beamline 17U with an MX-225 CCD
detector (Marresearch GmbH, Norderstedt, Germany) at the Shanghai
Synchrotron Radiation Facility. All diffraction data were integrated and
scaled with the program HKL2000 [31].
2.3. Structure determination and reﬁnement
The crystal structures of CysK1 and CysK2 were determined by
molecular replacement with MOLREP [32] using the coordinates of
Mycobacterium tuberculosis OASS (PDB ID: 2Q3B) as the search model,
respectively. Electron density maps showed clear features of secondarystructure elements. The initial model was reﬁned using the maximum
likelihood method implemented in REFMAC5 [33] as part of CCP4i program suite [34] and rebuild interactively using the unbiased electron
density maps with coefﬁcients Fo–Fc in the program COOT [35]. The
ﬁnal model was evaluated with the programs MOLPROBITY [36] and
PROCHECK [37]. Crystallographic parameters were listed in Table 1.
All structure ﬁgures were prepared with the program PyMOL [38].
2.4. Substrate/product binding constants
The chemicals OAS, cysteine and cystine were bought from Sangon,
China. According to the previous procedure [25], binding afﬁnities of
CysK1 and CysK2 towards OAS, cysteine and cystine were measured
by monitoring the change of PLP, using a DU800 UV/visible spectrophotometer (Beckman Coulter, Fullerton, CA, USA). Titrations of OAS
(0–1.2 mM), cysteine (0–2.0 mM) and cystine (0–1.0 mM) against
30 μM CysK1 or CysK2 were performed at 25 °C in the buffer of 0.1 M
Tris–HCl, pH 7.0. Dissociation constant (Kd) was calculated by ﬁtting
the data to a reversible two-state binding model, ΔA = (ΔAmax[L]) /
(Kd + [L]), using the program Origin 7.5, where ΔA is the change in
absorbance at a given wavelength in the presence of OAS/cysteine/
cystine at concentration [L]. The assays were performed three times,
and expressed as a mean ± standard error (S.E.).
2.5. Enzymatic activity and inhibition assays
The OASS activity of the recombinant CysK1 or CysK2 was assayed
with spectrophotometry by monitoring the absorbance at 559 nm
upon the formation of cysteine using the acid–ninhydrin method [39].
Standard reactions were carried out in 250 μl of 100 mM MOPS,
pH 7.0, 10 mM OAS and 0.25 mM sodium sulﬁde. The reactions were
started by the addition of the enzyme to 200 nM and incubated for
0.5, 5, and 10 min at 25 °C. The addition of trichloroacetic acid to a
ﬁnal concentration of 16.6% stopped the reactions. Following centrifugation, the amount of product was determined spectrophotometrically
using a standard curve for cysteine in the range of 0.01–1.0 mM.
According to the previous procedure [40], the reactions were performed
to detect the effect of redox on CysK1/CysK2, added with 1 mM
dithiothreitol (DTT) to mimic the physiological condition and 1 mM
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Table 1
Crystal parameters, data collection and structure reﬁnement statistics.

Data collection
Space group
Unit cell
a, b, c (Ǻ)
α, β, γ (°)
Resolution range (Ǻ)
Unique reﬂections
Completeness (%)
bI/σ(I)N
Rmergeb (%)
Average redundancy
Structure reﬁnement
Resolution range (Ǻ)
R-factorc/R-freed (%)
Number of protein atoms
Number of water atoms
RMSDe bond lengths (Ǻ)
RMSD bond angles (º)
Mean B factors (Ǻ2)
Average B factors ligand
atoms ((Ǻ2)
Ramachandran plotf
(residues, %)
Most favored (%)
Additional allowed (%)
Outliers (%)
PDB ID

CysK1a

CysK2–cystinea

P212121

P6522

56.56, 93.83, 125.31
90.00
50.00–2.30 (2.38–2.30)
29,900 (2943)
99.1 (99.3)
16.6 (5.0)
9.9 (43.0)
6.0 (6.1)

99.85, 99.85, 164.14
90.00, 90.00, 120.00
50.00–1.91 (1.98–1.91)
38,074 (3686)
99.6 (98.5)
36.0 (8.4)
7.6 (43.6)
20.9 (20.0)

46.92–2.30
18.3/22.3
4742
197
0.006
1.090
33.82

32.06–1.91
20.2/23.0
2335
220
0.009
1.304
33.20
39.0

97.44
2.56
0
4LMA

97.08
2.92
0
4LMB

a

The values in parentheses refer to statistics in the highest bin.
Rmerge = ∑hkl∑i|Ii(hkl) − bI(hkl)N| / ∑hkl∑iIi(hkl), where Ii(hkl) is the intensity
of an observation and bI(hkl)N is the mean value for its unique reﬂection; summations
are over all reﬂections.
c
R-factor = ∑h|Fo(h) − Fc(h)| / ∑hFo(h), where Fo and Fc are the observed and
calculated structure-factor amplitudes, respectively.
d
R-free was calculated with 5% of the data excluded from the reﬁnement.
e
Root-mean square-deviation from ideal values.
f
Categories were deﬁned by Molprobity.

3. Results and discussion
3.1. Annotation and activity assays of M. aeruginosa CAO86616/CysK1 and
CAO86589/CysK2
To annotate the two putative M. aeruginosa OASSs: CAO86616 and
CAO86589, we searched the deduced protein sequences against the
non-redundant protein sequence database using the BLAST program
(www.ncbi.nlm.nih.gov/BLAST). CysK1 and CysK2 share a sequence
identity of 75% to each other, and 40–66% to the previously identiﬁed
CysK proteins (Fig. 1). Moreover, they possess a highly conserved catalytic lysine and a motif of “GAG” (Fig. 1, labeled with a black triangle and
red asterisks respectively), which is featured by CysK proteins in bacteria and plants. Thus CAO86616 and CAO86589 are termed CysK1 and
CysK2, respectively.
To further conﬁrm our annotations, we puriﬁed the recombinant
CysK1 and CysK2 for the activity assays. The puriﬁed proteins were in
yellow with a maximum absorbance at 408 nm, indicating the presence
of cofactor PLP [42]. Afterwards, speciﬁc activities of CysK1 and CysK2
towards the substrates OAS and sodium sulﬁde were determined
by monitoring the formation of cysteine, as previously described
[39]. CysK1 and CysK2 have an optimal reaction temperature of 25 °C
and a turnover number of 132 and 232 s− 1, respectively, which are
comparable to that (211 s−1 at 30 °C) of the counterpart enzyme from
M. tuberculosis [26]. The speciﬁc activities of the two enzymes are 235
and 412 μmol min−1 mg−1 protein, respectively. These results demonstrated that the two M. aeruginosa proteins CAO86616 and CAO86589
indeed encode two active OASSs.

b

glutathione disulﬁde (GSSG) to mimic the oxidative condition. The total
amount of cysteine produced in the reaction with GSSG was recorded by
adding 1 mM DTT to the products. The amount of synthesized cysteine
was recorded as a function of time (0 60 min). Steady state kinetic
parameters were determined by initial velocity experiments, using the
above assay with varying OAS concentrations in the range 0–10.0 mM
with a constant sodium sulﬁde concentration of 1.0 mM. Each measurement was carried out in triplicate. Michaelis–Menten parameters (Vmax
and Km) were extracted from these data by nonlinear ﬁtting to the
Michaelis–Menten equation, v = (Vmax[S]) / (Km + [S]), using the
program Origin 7.5.
The inhibition assays were performed in the buffer consisting of
100 mM MOPS buffer, pH 7.0. CysK1 or CysK2 at a concentration of
500 nM in a total volume of 250 μl was mixed with cystine at concentrations of 10, 100, 200, 400 and 800 μM. The wavelength at 559 nm
was recorded using a DU800 spectrophotometer (Beckman Coulter,
Fullerton, CA, USA). The initial rate of cysteine formation at 25 °C was
determined in the absence or presence of various cystine concentrations, and varying OAS concentrations in the range 1.0–10.0 mM with
a constant sodium sulﬁde concentration of 1.0 mM. At various time
intervals, aliquots of the reaction mixture were removed and assayed
for L-cysteine formation as described above. Ki is the dissociation constant of the enzyme towards the inhibitor. Substrate–velocity curves
are generated in the presence of various concentrations of inhibitor.
The mode of inhibition was determined from nonlinear regression
and global curve ﬁtting [41]. The rate equation is v = (Vmax[S]) /
(Km(1 + [I] / Ki) + [S]). The assays were performed three times, and
expressed as a mean ± S.E. for n = 3.

3.2. Overall structures of CysK1 and CysK2
To further investigate the structural features of these cyanobacterial
OASSs, we determined structures of CysK1 and CysK2–cystine at 2.30 Ǻ
and 1.91 Ǻ resolution by molecular replacement, respectively (Fig. 2A
and 2B). For both structures, each asymmetric unit contains one
molecule, and the symmetric operation enables us to deﬁne a homodimer with 2-fold crystallographic axis (Fig. 2A and B). The total buried
dimeric interface is 2280 Ǻ2 for CysK1 and 1984 Ǻ2 for CysK2. Both
CysK1 and CysK2 exist as a dimer in solution, as proven by gel-ﬁltration
chromatography and native gel electrophoresis.
In both CysK1 and CysK2–cystine structures, each subunit consists of
two α/β domains, similar to the typical fold-type II PLP enzymes (Fig. 2A
and B). The N-terminal domain is composed of a central four-stranded
parallel β-sheet (β3–β6) surrounded by four α-helices (α2–α5), and
the C-terminal domain comprises a six-stranded mixed β-sheet
(β1–β2, β7–β10) sandwiched by ﬁve α-helices (α6–α10). The dimeric
interface is formed by three α-helices (α4, α7 and α9) and three loops
from each subunit and stabilized primarily by hydrogen bonds and salt
bridges. A structural similarity search using Dali program (http://
ekhidna.biocenter.helsinki.ﬁ/dali_server/) produced a list of outputs
including the top ﬁve OASSs from M. tuberculosis [26], Glycine max
[28], S. typhimurium [24], Entamoeba histolytica [27], and Arabidopsis
thaliana [25]. Structural superposition of CysK2 against these homologs
gave a root-mean square deviation (RMSD) of 0.45 to 0.84 Ǻ over 226
268 Cα atoms.
The overall structures of CysK1 and CysK2 are quite similar to each
other with an RMSD of 0.42 Ǻ over 225 Cα atoms, which enable us to
superimpose the structure CysK1 against that of CysK2–cystine to
observe the conformational changes upon cystine binding. Despite the
C-terminal domains could be well superimposed, the N-terminal
domain undergoes a signiﬁcant induced ﬁt upon cystine binding
(Fig. 2C). The main chains of the conserved sequence stretch T74SGNT78,
in addition to two loops (β4–α4, residues Met97-Glu104; and β5–α5,
residues Pro120-Gly127) at the entrance of the catalytic pocket, shift
approximately 5 Ǻ towards the active site (Fig. 2C). All these
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Fig. 1. Multiple-sequence alignment of CysK and homologs. The secondary structural elements of M. aeruginosa CysK2 were labeled on the top. The PLP-binding residue was labeled with
black triangle and the shared “GAG” motif was marked with red asterisks. Colors are chosen according to rules of ESPript (http://espript.ibcp.fr/ESPript/ESPript/): a blue frame represents a
similarity across groups; a red character indicates similarity in a group; and a red box, white character demonstrates strict identity. All sequences were downloaded from the PDB database
(http://www.pdb.org/pdb/home/home.do). The sequences are (PDB codes in parentheses) Mycobacterium tuberculosis OASS (2Q3D), Haemophilus inﬂuenzae OASS (1Y7L), Salmonella
typhimurium OASS (1OAS), Mycobacterium marinum Atcc Baa-535 OASS (3RR2), Thermotoga maritima OASS (3FCA), Arabidopsis thaliana OASS (2ISQ), and Entamoeba histolytica OASS
(2PQM).

conformational changes lead to a closed active site, which has been
found in other complex structures of CysK [24–28].
3.3. The binding sites of PLP and cystine
At the active sites of both CysK1 and CysK2–cystine structures, the
electron density map deﬁned that PLP form a Schiff base with the Nε

atom of the conserved catalytic residue Lys46. The PLP molecule and
its binding site undergo very slight conformational changes upon
cystine binding, thus we took CysK2–cystine as an example to describe
the PLP binding pattern. As shown in Fig. 2A, PLP is located in a cleft
between the N- and C-terminal domains. The phosphate group of PLP
interacts with the highly conserved Gly/Thr-rich loop (G181TGGT185)
and a water molecule Wat1 (Fig. 3A). The nitrogen atom of the pyridine

Fig. 2. Overall structures of CysK1 and CysK2–cystine. A) Cartoon representation of the CysK1 homodimer (red and cyan for each monomer, respectively). PLP molecules are shown as stick
models and colored according to their atom type (C, gray; P, orange; N, blue; O, red). B) Cartoon representation of the CysK2–cystine homodimer (green and blue for each monomer,
respectively). The secondary structural elements were labeled. Cystine molecules are shown as stick models and colored according to their atom type (C, yellow; N, blue; O, red;
S, wheat). C) Superposition of CysK1 (red) and CysK2 (green) monomers showing the different position of the loop after cystine binding. PLP and cystine molecules are shown as stick
models.
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Fig. 3. The active site of CysK2–cystine. A) The cystine and PLP binding site. The active-site residues were shown as sticks. B) Unbiased electron density map of cystine (Fo–Fc map in gray at
1.5 σ).

ring forms a hydrogen bond with the side chain of Ser269, which is
located in the highly conserved helix α10. The hydroxyl group of PLP
is stabilized via a hydrogen bond with the side chain of Asn77 in the
highly conserved sequence stretch T74SGNT78.

As an initial attempt to get the complex structures of CysK1 and
CysK2 with the product cysteine, we co-crystallized the proteins with
10 mM cysteine. However, we only found an extra electron density
adjacent to the PLP molecule in the ﬁnal model of CysK2, indicating

Fig. 4. Stereo representation of active-site comparison of CysK2 (green) with A) Entamoeba histolytica OASS (pink, PDB ID: 3BM5) and B) Mycobacterium tuberculosis CysK1 (blue, PDB ID:
2Q3B). C) A docking model of substrate OAS (cyan) bound to the active-site pocket of CysK2. D) A putative substrate-entrance or product-release tunnel calculated by the program CAVER
denoted in brown mesh. PLP and cystine molecules are shown as stick models.
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Table 2
Kd values of CysK1 and CysK2 towards OAS and cysteine, cystine.

CysK1
CysK2

OAS (μM)

Cysteine (μM)

Cystine (μM)

324 ± 71
142 ± 71

1240 ± 236
975 ± 258

239 ± 33
186 ± 30

the presence of a small molecule. We ﬁrst tried to ﬁt the density with
cysteine or other metabolites in the cysteine biosynthesis pathway,
or reagents used during crystallization, but none of them matches.
Considering the oxidation of cysteine during crystallization, we ﬁnally
ﬁt a molecule of cystine to the electron density map (Fig. 3B). The two
cysteine moieties of cystine adopt opposite conformations, with the
carboxyl groups pointing inward and outward, thus were termed Cysin and Cys-out, respectively. The cystine is ﬁxed in the active-site pocket
of CysK2 through hydrogen bonds and hydrophobic interactions. The
nitrogen atom of Cys-in is hydrogen-bonded by the side chain of
Ser75 and the carbonyl oxygen of Gly225 (Fig. 3A). The two oxygen
atoms of the carboxyl group of Cys-in are stabilized via three hydrogen
bonds to the backbone amide groups of Asn77, Thr78, and Nε atom of
Lys46, and two hydrogen bonds with the side chains of Gln147 and
Thr74, respectively. One of the two carboxyl oxygen atoms of Cys-out
makes a hydrogen bond with the main-chain nitrogen of Gly225. In
addition, the disulﬁde bond of cystine is sandwiched by two hydrophobic residues Met125 and Phe148 on both sides (Fig. 3A).
3.4. The cystine occupies the substrate/product binding site of OASS
We superimposed the cystine-binding site of CysK2–cystine
structure against those of the complex structures of OASS with the
product cysteine and intermediates α-aminoacrylate, respectively
[26,27]. The Cys-in of CysK2–cystine can be well superimposed to the
cysteine of E. histolytica OASS (Fig. 4A). In addition, it could be well
superimposed to the α-aminoacrylate moiety of PLP-α-aminoacrylate
of M. tuberculosis CysK1 (Fig. 4B). Due to the absence of a complex structure with the substrate OAS, we constructed a docking model of CysK2–
OAS using the software HADDOCK (http://haddock.science.uu.nl/index.
html) [43,44]. The Cys-in of CysK2–cystine could be well superimposed
to serine moiety of the docked OAS (Fig. 4C). These superposition results
indicated that the Cys-in of CysK2 occupies the binding site for the
substrate/product of OASS.
To compare their binding afﬁnities, OAS, cysteine and cystine were
titrated against CysK1 and CysK2, respectively. In fact, the afﬁnities of
cystine to CysK1 and CysK2 (239 ± 33 and 186 ± 30 μM) are comparable to those of OAS (324 ± 71 and 142 ± 71 μM) (Table 2). In contrast, the Kd values of cysteine to CysK1 and CysK2 are much higher
(1240 ± 236 and 975 ± 258 μM) (Fig. S1). The low afﬁnity of cysteine
to CysK1/CysK2 is in agreement with the fact that product is ready for
being released from the enzyme. The competitive afﬁnity of cystine
makes it a reasonable competitor to the substrate OAS.
Furthermore, we calculated a substrate-entrance or product-release
tunnel of CysK2 using the program CAVER (http://loschmidt.sci.muni.
cz/caver/). As shown in Fig. 4D, the substrate is proposed to approach
the active site through a well-deﬁned tunnel, which might be shared
by the product to release. As seen in the CysK2–cystine structure, the
tunnel is completely blocked by the cystine, which might function as a
competitive inhibitor against the substrate of OASS. In consequence,
we determined the inhibition constant (Ki) of cystine towards CysK1
and CysK2, and revealed a Ki value of 175 ± 27 and 155 ± 40 μM,
respectively (Fig. 5). These Ki values are apparently comparable to the
corresponding Kd values. These Ki values are also comparable to that
of a C-terminal decapeptide fragment of M. tuberculosis SAT that can
occupy the substrate binding pocket of OASS [26], and that of synthetic
peptides mimicking a C-terminal of SAT inhibition of OASS-A from
Haemophilus inﬂuenzae [17]. The physiological level of cysteine in bacteria is in the range from 0.1 to 0.2 mM as previously reported [45,46].

Fig. 5. Inhibition of CysK1 and CysK2 by cystine. Inhibition of cystine towards A) CysK1 and
B) CysK2. The nonlinear curves were ﬁtted to the data (average of measurements from
three independent reactions) at cystine concentrations of 0 (●), 10 (■), 100 (▲), 200
(▼), 400 (♦), and 800 μM (○).

These Ki values at the hundred-micromolar level are comparable to the
physiological concentration of cystine and cysteine. Thus we propose
that cystine may effectively compete with the substrate OAS in vivo.

3.5. The redox-dependent auto-regulation of OASS
Given that the OASS could be inhibited by cystine, which is formed
by the product cysteine upon oxidation, we further questioned if OASS
is subject to the redox-dependent regulation. Firstly, we monitored
the amount of synthesized cysteine as a function of time to detect the
effect of redox on OASS (Fig. S2). With the addition of DTT, the production of cysteine reaches the maximum of 300 μM at 15 min. Meanwhile,
in the oxidative reaction with addition of GSSG, the total amount of
cysteine reaches the maximum of 200 μM at 20 min. These results suggest a negative feedback regulation of cysteine biosynthesis. Moreover,
this concentration of cysteine is comparable to physiological level of
cysteine at 0.1 to 0.2 mM in bacteria [46]. Then, we compared the enzymatic activities of CysK1 and CysK2 with and without the addition
of GSSG and DTT, respectively. The activity of CysK1 or CysK2 with
DTT is about 3–4 fold to that with GSSG (Table 3). The decrease of
activity upon the addition GSSG is mostly due to the increase of
Km value towards OAS. In fact, the increase of GSSG-to-GSH ratio is
along with the redox potential shifted to oxidation, resulting in the
oxidation of cysteine to cystine. In turn, the cystine will compete with
the same binding site of OAS, thus increasing the Km value of OASS
towards OAS.
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Table 3
Kinetics parameters of CysK1 and CysK2 towards OAS.

CysK1
CysK1
CysK1
CysK2
CysK2
CysK2

+ DTT
+ GSSG
+ DTT
+ GSSG

kcat (s−1)

Km (mM)

kcat/Km (mM−1 s−1)

136
132
140
211
232
231

1.8
1.0
3.5
2.3
1.1
4.8

76.5
136
39.8
91.3
219
48.1

±
±
±
±
±
±

7
3
3
7
0
8

±
±
±
±
±
±

0.3
0.1
0.3
0.2
0.2
0.5

±
±
±
±
±
±

2.4
2
1.2
0.3
0
1.7

3.6. A putative feedback inhibition mechanism of cystine towards OASS
To check the evolutionary conservation of cystine-binding pattern,
the sequences of OASSs from the model organisms of all three kingdoms
were aligned (Fig. 6). The residues Thr74, Ser75, Asn77, Thr78, Gln147
and Gly225 which were involved in Cys-in binding are strictly conserved. Moreover, the two hydrophobic residues (Met125 and Phe148
in the case of CysK2) which sandwich the disulﬁde bond of cystine are
strictly conserved. In addition, the loop containing Gly225, the main-

chain nitrogen of which forms a hydrogen bond with Cys-out of cystine,
is also conserved (Fig. 6). This suggested that the auto-inhibition of
cystine might be a universal mechanism to all OASSs. Moreover, this
negative feedback regulation provides a novel mechanism to the regulatory circuit of cysteine biosynthesis pathway.
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Fig. 6. Structure-based multiple-sequence alignment of CysK against other OASSs from the model organisms. The secondary structural elements of Microcystis aeruginosa CysK2 and Homo
sapiens cystathionine-beta synthase were labeled on the top and bottom, respectively. The PLP-binding lysine was labeled with a black triangle, the Cys-in binding residues were marked
with red dots and the residues interacting with disulﬁde bond in the middle of cystine were marked with blue asterisks. Colors are chosen according to rules of ESPript. All sequences were
downloaded from the NCBI database (www.ncbi.nlm.nih.gov). The sequences are (NCBI accession numbers codes in parentheses) Methanohalobium evestigatum Z-7303 cysteine synthase
A (YP_003727506.1), Mycobacterium tuberculosis CDC1551 cysteine synthase (NP_336875.1), Salmonella typhimurium cysteine synthase A (NP_456967.1), Escherichia coli cysteine
synthase A (WP_000034411.1), Saccharomyces cerevisiae FostersB Cys4p (EGA58646.1), Arabidopsis thaliana O-acetylserine(thiol)lyase (OAS-TL) isoform A1 (NP_193224.1), Drosophila
melanogaster cystathionine-beta Synthase (NP_608424.1), Mus musculus cystathionine-beta synthase (EDL40349.1), and Homo sapiens cystathionine-beta synthase (BAH11822.1).
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