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Abstract

In bacteria and plants, serine acetyltransferase (CysE) and O-acetylserine sulfhydrylase-A 

sulfhydrylase (CysK) collaborate to synthesize L-Cys from L-Ser. CysE and CysK bind one 

another with high affinity to form the cysteine synthase complex (CSC). We demonstrate that 

bacterial CysE is activated when bound to CysK. CysE activation results from the release of 

substrate inhibition, with the Ki for L-Ser increasing from 4 mM for free CysE to 16 mM for the 

CSC. Feedback inhibition of CysE by L-Cys is also relieved in the bacterial CSC. These findings 

suggest that the CysE active site is allosterically altered by CysK to alleviate substrate and 

feedback inhibition in the context of the CSC.
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Plants and bacteria share a common two-reaction pathway for the synthesis of L-cysteine (L-

Cys) from L-serine (L-Ser; Fig. 1). Serine acetyltransferase (CysE) catalyzes an acyl transfer 

from acetyl-CoA to L-Ser using a random-order kinetic mechanism [1]. The second reaction 

is catalyzed by O-acetylserine sulfhydrylase-A (CysK), a pyridoxal 5′-phosphate (PLP)-

dependent enzyme that displaces the acetoxy group from O-acetylserine with bisulfide to 

yield L-Cys [2–8]. Many bacteria also encode O-acetylserine sulfhydrylase-B (CysM) [9,10] 

that is thought to play an important role in L-Cys biosynthesis under stress conditions [11].

Kredich et al. [2,12] first discovered that CysE and CysK from Salmonella Typhimurium 

bind to one another with high affinity, and they called this assembly the cysteine synthase 

complex (CSC; Fig. 1). The CysE–CysK interaction is highly conserved across species, and 

the plant enzymes also form a high-affinity CSC. Although there is no experimentally solved 

structure available for the CSC, biochemical and spectroscopic approaches revealed that the 

C-terminal tail of CysE inserts into the CysK active site to anchor the interaction. CysE 

proteins that lack C-terminal residues are unable to bind CysK [13–15], and CSC formation 

is disrupted by millimolar O-acetylserine, which competes with CysE for binding to the 

CysK active site [12,16,17]. These findings are supported by crystal structures of CysE C-

terminal peptides bound in the active site of CysK. These structures show that the C-terminal 

Ile residue of CysE engages in the same specific interactions with the active site as O-

acetylserine substrate [18,19]. The stoichiometry of CysE to CysK has been determined to 

be 3:2 for CSCs from S. Typhimurium and Haemophilus influenzae. Because CysK forms 

homodimers and CysE exists as a dimer of trimers [20,21], the CSC is presumably 

composed of one CysE hexamer bound to two CysK dimers (Fig. 1).

Given the conservation of the CysE–CysK interaction from bacteria to plants, the CSC is 

widely thought to play important roles in L-Cys biosynthesis. Though multienzyme 

complexes are often exploited to transfer reaction products directly to the next enzyme in the 

pathway, the CSC does not mediate such substrate channeling [22]. Moreover, because the 

CysK active site is physically occluded by CysE, the complex actually belies its name and 

inefficiently produces L-Cys. Studies conducted with the plant complex suggest that the 

CysE–CysK interaction serves primarily to modulate substrate flux through CysE, thereby 

tuning the rate of L-Cys biosynthesis [23–28]. CysK binding not only promotes the activity 

of CysE [16,29] but also protects the enzyme from cold-inactivation and proteolytic 

destruction [14,29,30]. When cells are replete with sulfur, high concentrations of bisulfide 

stabilize the CSC likely through an allosteric anion-binding site on CysK [12,31]. Under 

these conditions, CysE activity is maximized and O-acetylserine can be converted into L-

Cys if free CysK is available. Rising L-Cys levels exert feedback inhibition on CysE to 

reduce flux through the pathway. L-Cys competes with L-Ser for the CysE active site, 

inducing a conformational change that reduces the affinity for acetyl-CoA, thus preventing 

unproductive S-acetylation of L-Cys [1,20]. When sulfur is limited, O-acetylserine 

accumulates in the absence of bisulfide, a condition that signals sulfur starvation and quickly 

leads to complex dissociation. Thus, the CSC acts as a regulatory switch that allows cells to 

adapt L-Cys biosynthetic potential to growth conditions [26].

Despite the numerous studies of L-Cys biosynthesis in bacteria and plants, detailed kinetic 

analyses of the bacterial CSC have not been reported in the literature. Available data for the 
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bacterial complex have been calculated based on inexact [32] or unspecified [12,29] kinetic 

mechanisms. As a consequence, the resulting kinetic parameters are either incomplete (i.e., 

lacking Kd for substrates in addition to KM) or not comparable to the established random-

order reaction mechanism. Moreover, the activation of bacterial CysE has not been reported, 

and the regulatory role of the CSC in bacteria remains an open question. This study was 

undertaken to gain insight into the function and possible regulatory role of the CSC in 

bacteria. Here, we determine KM, Kd, and kcat for the L-Ser acetyltransferase reaction 

catalyzed by Escherichia coli CysE, both as an isolated enzyme and in complex with E. coli 
CysK. We find that the catalytic mechanism and kinetic parameters are unchanged between 

isolated CysE and the CSC. However, CysE within the CSC exhibited an apparent activation 

at high L-Ser concentrations. This effect is the result of a four fold increase in the L-Ser 

inhibition constant when CysE is in complex with CysK. In addition, feedback inhibition is 

relieved, with the IC50 for L-Cys increasing from 180 to 700 nM when CysE is within the 

complex. Together, these results suggest that CysK induces an allosteric change in CysE to 

regulate L-Ser acetyltransferase activity in the CSC.

Materials and methods

Reagents

Chemicals, purchased from Sigma-Aldrich (St. Louis, MO, USA), were of the best available 

quality and were used as received. Ninhydrin was purchased from Apollo Scientific 

(Stockport, UK) and acetyl-CoA from Applichem (Darmstadt, Germany). Experiments, if 

not otherwise indicated, were carried out in buffer A containing 20 mM sodium phosphate, 

85 mM NaCl, 1 mM EDTA, and pH 7.

Protein expression and purification

CysK from E. coli [33] and CysM from S. Typhimurium [10] were expressed recombinantly 

in E. coli BL21(DE3) and purified by ion metal affinity chromatography (IMAC) on 

immobilized Co2+ ions (Talon Technology, Clontech Laboratories, Inc., Mountain View, 

CA, USA), following [34] with minor modifications. His-tag was removed from StCysM by 

incubation at 37 °C using Factor Xa in a 1:200 ratio with protein in 20 mM Hepes, 100 mM 

NaCl, and 4 mM CaCl2, pH 7.5. Protein purity was assessed by SDS/PAGE and shown to be 

higher than 95%. Protein concentration was determined by the extinction coefficient of the 

bound PLP, calculated by the alkali denaturation method [35]. Extinction coefficients are 

9370 M−1·cm−1 at 412 nm for CysK and 6800 M−1·cm−1 at 414 nm for CysM. StCysM was 

used in place of EcCysM due to high sequence identity and considering that StCysK forms 

with EcCysE a complex which is functionally and structurally indistinguishable from the 

wild-type one (Fig. S1).

The CysE expression protocol was optimized to allow the preparation of a highly 

homogenous enzyme through a two-step chromatographic procedure. About 1% glucose was 

added to the induction culture to promote smooth induction conditions and hinder cysteine 

operon induction by OAS accumulation. The addition of 10 mM OAS to the washing buffer 

promotes the dissociation of CSC and the complete removal of endogenous CysK (Fig. S2). 

Briefly, His6-thioredoxin-tagged CysE from E. coli was expressed in BL21(DE3) Tuner™ 
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cells (Novagen, Merck Biosciences, Billerica, MA, USA) with 1 mM IPTG induction. 

About 1% glucose was added to the starter culture and 1% to the induced culture. Cells were 

disrupted by sonication and the crude extract loaded on a FPLC column packed with Talon 

resin. After loading, the column was washed with a buffer containing 50 mM imidazole and 

10 mM OAS. The protein was eluted with 1 M imidazole and dialyzed against 20 mM Tris-

HCl, 50 mM NaCl, 1% glycerol, 1 mM DTT, 1 mM EDTA, and pH 7.5. His6-thioredoxin-

tagged CysE solutions were incubated with an in-house expressed and purified His-tagged 

TEV protease, at 25 °C, for 4 h. Cleaved thioredoxin and TEV protease were removed with 

an IMAC column. The CysE preparation (80% pure) was loaded onto a FPLC column 

packed with Ultrogel AcA44 resin (exclusion limit 200 kDa, operating range 17–175 kDa, 

column volume 63 mL, and void volume 20.4 mL) and run at 0.2 mL min−1 in buffer A. 

CysE eluted at 28 mL, well separated from high-molecular weight contaminants, with an 

apparent mass of 167 200 Da, indicating the expected hexameric quaternary structure. The 

preparation was > 95% pure. Protein concentration was calculated using an extinction 

coefficient at 280 nm of 27 055 M−1·cm−1

Activity assays

CysE steady-state kinetics was measured by an adaptation of a published method [36] in 

buffer A at 20 °C. Briefly, L-Ser acetylation was followed in a solution containing 7 nM 

CysE and varying concentrations of L-Ser and acetyl-CoA by measuring the absorption at 

232 nm of the thioester bond (Δε232 = 4440 M−1·cm−1). Dependence of v0 on protein 

concentration is linear within the 3.5–60 nM range (Fig. S3). The dependence of v0 on 

acetyl-CoA concentration at saturating L-Ser concentration was fitted to the Michaelis–

Menten equation to calculate the apparent KM and kcat. The dependence of v0 on L-Ser 

concentration keeping the concentration of acetyl-CoA at 0.25 mM was fitted to Eqn (1) that 

takes into account substrate inhibition:

v0 =
Vmax[Ser]

KM, Ser + [Ser] 1 + [Ser]
Ki, Ser

, (1)

where Vmax is the reaction rate at saturating L-Ser concentration, KM,Ser is the apparent KM 

for L-Ser and Ki,Ser is the inhibition constant for L-Ser. The dependence of v0 on the 

concentration of both substrates was fitted to Eqn (2) for a random-order kinetic mechanism:

v0

=
Vmax · [AcCoA] · [Ser]

(α · Kd,AcCoA · Kd,Ser) + (α · Kd,AcCoA · [Ser]) + (α · Kd,Ser · [AcCoA]) + ([AcCoA] · [Ser]) ,

(2)
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where α = KM/Kd for either L-Ser or acetyl-CoA, and Kd,Ser and Kd,AcCoA are the 

dissociation constants from the unligated enzyme of L-Ser and acetyl-CoA, respectively.

The IC50 for cysteine inhibition was calculated from the dependence of v0 on cysteine 

concentration at 0.25 mM acetyl-CoA and different concentrations of L-Ser. Data were fitted 

to the Eqn (3):

vi
v0

= 1
1 + [I]

IC50

. (3)

CysK steady-state kinetics were measured by a discontinuous method that exploits the 

quantification of cysteine following the method by Gaitonde [37] adapted to a 96-well plate 

format. Briefly, the sulfhydrylase reaction was initiated by the addition of 0.6 mM Na2S to a 

solution containing 6 nM EcCysK, 60 nM BSA, and 2 mM OAS in buffer A. Aliquots of 60 

μL were taken at time intervals (about 10 time-points for each kinetics) and the reaction 

stopped in PCR tubes strips containing 60 μL of acetic acid. Sixty microliters of ninhydrin 

reagent [37] was added with a multichannel pipette and the mixture was heated at 100 °C for 

10 min in a thermal cycler. The solution was cooled and 46 μL was added to the wells of a 

96-well plate containing 154 μL of cold ethanol. The absorbance of the solutions at 550 nm 

was measured by a plate reader (Halo LED 96; Dynamica Scientific, Newport Pagnell, UK). 

Blanks were subtracted and kinetic data were collected at least in duplicate. The amount of 

L-Cys produced at each time point was calculated from a calibration curve and data were 

fitted to a linear equation to calculate the initial rate of cysteine production. The dependence 

of the initial velocity on CysE concentration was fitted to a modified Morrison’s Eqn (3) to 

calculate the Ki
app for tight-binding inhibitors [38]:

vi
v0

= y0 + 1 −

([E]T + [I]T + Ki
app) − ([E]T + [I]T + Ki

app)2 − 4 · [E]T · [I]T
2 · [E]T

(4)

where [E]T is the total enzyme concentration, [I]T is the total CysE concentration, and y0 is a 

vertical offset that takes into consideration the partial inhibition of CysK by CysE. For 

competitive inhibitors in a ping-pong reaction [38–40]:

Ki
app = Ki · 1 + [OAS]

KM, OAS
· 1 +

KM, HS −
[HS−]

. (5)
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Fluorescence spectroscopy

Fluorescence measurements were carried out using a FluoroMax-3 fluorometer (HORIBA, 

Kyoto, Japan), equipped with a thermostated cell-holder. Emission spectra of a solution 

containing a given concentration of CysK upon excitation at 412 nm were collected between 

425 nm and 650 nm at different CysE concentrations. Fluorescence spectra were corrected 

for the buffer contribution. The emission intensity at 500 nm was plotted as a function of 

CysE concentration to calculate either the stoichiometric ratio or the dissociation constant 

for complex formation in the presence of 10 μM L-Cys. In the latter case, the dependence 

was fitted to a quadratic equation that describes tight binding:

I = I0 + ΔI

·
([P] + [L] + KD) − ([P] + [L] + KD)2 − 4 · [P] · [L]

2
(6)

where I is the fluorescence intensity at 500 nm in the presence of CysE, I0 is an horizontal 

offset, ΔI is the maximum fluorescence change at saturating [L], [L] is the total ligand 

concentration, [P] is the total protein concentration, and Kd is the dissociation constant of 

CSC.

Size-exclusion chromatography

The apparent molecular weights of CysK, CysE, and CSC were evaluated by size-exclusion 

chromatography. About 10 μL of protein (26 μM CysK, 39 μM CysE, or a mixture 

containing both proteins) was loaded onto a Superdex 200 increase 3.2/300 column (GE Life 

Sciences, Little Chalfont, UK) mounted on a Prominence HPLC system (Shimadzu, Kyoto, 

Japan). The column was equilibrated and developed with buffer A. The flow rate was 0.1 

mL·min−1. The experiments were carried out at room temperature. The column was 

calibrated with gel-filtration standards carbonic anhydrase (29 kDa), ovalbumin (45 kDa), 

conalbumin (75 kDa), glyceraldehyde-3-phosphate dehydrogenase (144 kDa), and ferritin 

(440 kDa). Blue dextran was used for the determination of the void volume.

Results

CysE quaternary structure and cysteine synthase complex formation

We first used size-exclusion chromatography to monitor CSC formation. Purified CysE 

elutes at an elution volume corresponding to a molecular mass of 181 kDa (Fig. 2A), in good 

agreement with the predicted molecular mass of 174 kDa for the hexameric form. The 

elution profile of isolated CysK corresponds to a mass of 77 kDa (Fig. 2A), consistent with 

71 kDa predicted for the homodimer. We then analyzed an equimolar mixture of CysE and 

CysK to monitor complex formation. The resulting complex eluted with an estimated 

molecular mass of 476 kDa, which is substantially greater than the expected mass of 336 

kDa for the CSC. To determine the stoichiometry of the complex, we performed titrations to 

monitor changes in the fluorescent emission from the PLP cofactor of CysK as a function of 

CysE concentration [10,13] (Fig. 2B). CysK is completely saturated by CysE at a 
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CysE:CysK ratio of approximately 1.6:1, indicating that one CysE hexamer binds to two 

CysK dimers, as has been previously determined for the CSC from H. influenzae [13].

CysE is a partial inhibitor of CysK

Because the C terminus of CysE inserts into the CysK active site, the latter enzyme is 

inhibited in the context of the CSC [12,32]. Thus, the dissociation constant for the CSC can 

be estimated from the dependence of CysK sulfhydrylase activity on CysE concentration. 

The initial reaction velocity (vi) decreased with increasing CysE concentrations, plateauing 

at about 10% of the activity for free CysK (Fig. 3). This residual activity is still present at a 

100-fold molar excess of CysE over CysK, where CysK is expected to be entirely in 

complex with CysE. Equation (4) was used to calculate the Ki
app, from which we obtained an 

inhibition constant of 6.2 ± 0.7 nM for the CSC using Eqn (5) [38,40]. This value is in 

excellent agreement with the dissociation constant calculated by measuring CysE activity 

(vide infra) as well as previously published data [32,41,42]. Notably, a vertical off-set was 

added to Morrison’s equation to account for the residual activity at 100-fold molar excess of 

CysE over Ki
app (compare solid and dashed lines in Fig. 3).

CysK activates CysE in a concentration- and isoform-specific manner

The initial reaction velocity of CysE was measured as a function of CysK concentration, 

within a stoichiometric ratio range of 0.1–3.3 (Fig. 4). The concentration of L-Ser used in 

the assay was saturating, whereas the concentration of acetyl-CoA (0.25 mM) was very 

close to the physiological intracellular concentration in E. coli [43]. The initial velocity 

increases as a function of CysK concentration, up to fourfold at saturation. Fitting Eqn (6) to 

this dependence yields, albeit with some large fitting uncertainty, a dissociation constant of 

4.5 nM for the CSC. Again, this value is consistent with those reported in the literature 

[32,41,42] and agrees with the dissociation constant obtained from the sulfhydrylase 

inhibition assays described above. The specificity of the effect, which results from CSC 

formation, is supported by the lack of CysE activation upon titration with the CysM (Fig. 4), 

which does not interact with CysE [14,41,44].

Effect of CysK on CysE apparent kinetic parameters

CysE catalyzes a bisubstrate reaction described as random-order ternary complex [45]. We 

examined the effect of CysK (fivefold molar excess) on the kinetic parameters of CysE by 

varying the concentration of one substrate while keeping the concentration of the other 

substrate constant. When the acetyl-CoA concentration was varied, a 2.5-fold increase in the 

apparent catalytic efficiency (kcat/KM) was observed (Fig. 5, Table 1). On the other hand, 

when L-Ser concentration was varied, a smaller 1.7-fold increase in catalytic efficiency was 

measured, with a significant increase, from 3.7 ± 1.4 to 16 ± 5 mM, of the apparent Ki for L-

Ser.

Cysteine synthase complex formation does not affect the kinetic mechanism or the kinetic 
parameters of CysE

The kinetic parameters for L-Ser acetylation, mediated by free CysE and the CSC, were 

calculated from the dependences of v0 on the concentrations of acetyl-CoA and L-Ser (Fig. 
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6). In the absence of CysK, the intersection in the reciprocal plot lies to the left of y-axis and 

below the x-axis (Fig. S4A), which is the signature of an ordered mechanism. Global fitting 

of Eqn (2) to these data gives the parameters reported in Table 2, with values in agreement 

with those reported by Hindson and Shaw [45]. In particular, α > 2 indicates a strongly 

negative substrate-binding synergism, in which the affinity for the second substrate 

decreases after the first substrate is bound. Interestingly, in the presence of fivefold excess 

CysK, the kinetic parameters do not change with respect to reference conditions (Fig. 6B, 

Table 2), as also shown in the double reciprocal plot (Fig. S4B).

Effect of complex formation on the IC50 for cysteine

CysE activity is subject to feedback inhibition by the product L-Cys. We monitored 

feedback inhibition of CysE activity at constant substrate concentrations (1 mM L-Ser and 

0.25 mM acetyl-CoA) in the presence and absence of a molar excess of CysK (Fig. 7). 

During preliminary experiments, we observed that 10 μM L-Cys destabilized the CSC, 

increasing the dissociation constant from 6.2 to 66 nM (Fig. S5A). Therefore, we used a 

larger molar excess of CysK to determine the IC50 for L-Cys. The IC50 in the presence of 

CysK increases by fourfold, indicating that CysE is less sensitive to inhibition by L-Cys in 

the context of the CSC. Similar effects were observed at L-Ser levels (0.1 mM) that mimic 

the physiological concentration in bacteria [46], as well as at higher concentrations (20 mM) 

that represent a large excess with respect to the KM (Fig. S5B).

Discussion

Reductive sulfate assimilation and L-Cys biosynthesis have gained renewed interest as these 

pathways have recently been shown to play important roles in bacterial biofilm formation 

and virulence. E. coli cysE null mutants form biofilms more rapidly than cysE+ cells [47], 

and cysB mutants also show significant increases in biofilm mass compared to wild-type 

[48]. By contrast, mutations in the L-Cys synthetic pathway interfere with biofilm formation 

in Vibrio fischeri [49]. L-Cys metabolism has also been linked to antibiotic resistance in S. 
Typhimurium [50,51] and is actively being explored as a target for novel antimicrobial 

therapies and the development of antibiotic enhancers [31,52–57]. This approach is 

beginning to produce some encouraging results, particularly in the case of Mycobacterium 
tuberculosis [58,59]. Intriguingly, the CysK–CysE interaction is commonly exploited by 

other proteins to promote so-called ‘moonlighting’ activities of CysK [60]. For example, the 

contact-dependent growth inhibition (CDI) toxin from uro-pathogenic E. coli forms a high-

affinity complex with CysK, and this interaction is required for the toxin’s nuclease activity 

[33,61]. Remarkably, the C terminus of the CDI toxin mimics CysE and inserts into the 

CysK active site [33,62]. Similar moonlighting interactions have been described between 

CymR and CysK in Bacillus subtilis [63] and between EGL-9 and the CysK paralog 

CYSL-1 in Caenorhabditis elegans [64]. These latter interactions are modulated to regulate 

transcription. The CymR–CysK complex binds DNA and represses the cys regulon under 

sulfur replete conditions. Under sulfur starvation, accumulating O-acetylserine dissociates 

the complex to derepress genes needed for sulfur assimilation [63,65]. Caenorhabditis 
elegans EGL-9 indirectly down-regulates the transcription of hypoxia-induced genes by 

hydroxylating the HIF transcription factor. This repressive effect is relieved under hypoxic 
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conditions, which cause bisulfide to accumulate in the cell. As with the CSC, bisulfide 

stabilizes the EGL-9–CYSL-1 interaction, thereby inhibiting hydroxylase activity and 

promoting HIF-dependent transcription [64]. Thus, CysK and its paralogs are commonly co-

opted to regulate other processes in both prokaryotic and eukaryotic cells [60].

The correct in vitro assembly of multiprotein complexes is a crucial requirement for the 

collection of meaningful functional data. In the case of CSC, the calculation of 

stoichiometry is even more crucial, taking into account that the complex is built up by 

proteins that are themselves oligomers. Structural studies show that bacterial CysE forms 

dimers of trimers [20,21,66,67], which is quite unusual for acyltransferases. This finding 

prompted Hindson et al. [67] to suggest an evolutionary transition from ancestral trimeric 

acyltransferases to a more stable ‘stacked trimer’ form. This transition might account for the 

regulatory properties of the complex on the activities of the component enzymes [67]. 

Because there are relatively few studies on bacterial CysE enzymes, we evaluated the 

quaternary structure of the E. coli enzyme to ascertain whether hexamer-to-trimer equilibria 

affect the functional properties. Our data indicate that E. coli CysE is primarily hexameric in 

solution, with an estimated molecular mass of 181 kDa as determined by size-exclusion 

chromatography. However, the E. coli CysE–CysK complex elutes as a sharp peak 

corresponding to an apparent molecular weight of around 475 kDa, which is significantly 

larger than the predicted mass of 336 kDa. This discrepancy could reflect the predicted 

elongated shape of the complex, as anticipated based on molecular docking [68,69] and 

binding experiments [13,17,70]. Indeed, the stoichiometry calculated from fluorimetric 

titrations is in excellent agreement with the predicted assembly of one CysE hexamer bound 

to two CysK dimers (Fig. 2). This stoichiometry is compatible with two different interaction 

models as previously discussed for the H. influenzae CSC [13]. In the first model, all four 

CysK active sites are occupied with C-terminal tails from the CysE hexamer. An alternative 

and more widely accepted model proposes that only one active site per CysK dimer is 

occupied in CSC [17,29,68] (Fig. 1). However, the unoccupied active site appears to be 

unavailable for further binding of CysE or CysE C-terminal peptide [13,17]. The effect that 

we observed on CysK activity upon complex formation is expected based on structural and 

functional data [13,32], i.e., a concentration-dependent inhibition that can be fitted to the 

equation for tight binding to calculate the dissociation constant for complex formation, about 

6 nM. Interestingly, even at saturating CysE concentrations, we found that about 10% of 

CysK activity is retained, consistent with previous observations [32]. Because incomplete 

enzyme inhibition is usually associated with the binding of negative allosteric modulators, it 

seems likely that the residual activity is due to an unoccupied CysK active site within CSC, 

rather than true partial inhibition. This finding is also in agreement with elegant protein 

dynamic work performed on the Arabidopsis thaliana complex [69]. Based on previous work 

where the structure of the CSC was modeled with CysK having one active site bound to 

CysE and the other site unoccupied, the authors demonstrated the allosteric closure of the 

unoccupied CysK active site. We note that the physiological significance of this latter 

finding is unclear because bacterial CysK is thought to be in excess over CysE, especially 

under sulfur limiting conditions [71], similar to what has been observed in plants [24,72]. 

Nevertheless, if instances exist where CysK is present at comparable levels to CysE, this 

residual activity would allow for L-Cys production without assistance from the CysM 
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isozyme. Indeed, recent data indicate that CysK and CysE transcript abundances are 

comparable in S. Typhimurium grown under a variety of conditions including exponential 

growth, bile shock, cold shock, and oxidative stress [73]. These observations suggest that the 

relative concentrations of CysK and CysE could be modulated under certain growth 

conditions.

Interestingly, CysE is a member of a relatively small group of enzymes that show a KM well 

above the physiological concentration of its substrate [46]. The KM for L-Ser is 1.3 mM, but 

the cytosolic concentration of the amino acid is about 68 μM for E. coli cells grown with 

glucose as a carbon source and 150 μM when glycerol is used as the carbon source [46]. The 

most surprising finding of this study was the observation that CysE is activated by CysK, 

which is in contrast to previous studies [12,32]. However, the observed activation is only 

apparent, as indicated by the perfect overlap of microscopic kinetic constants in the absence 

and presence of excess CysK. The activation results from an increase in the L-Ser substrate 

inhibition constant from 3.7 to 16 mM. This effect is of uncertain physiological significance, 

given that in vivo L-Ser concentrations are typically in the micromolar range. To the best of 

our knowledge, the activation parameters on plant enzymes were determined based on 

apparent KM and kcat values, i.e., using constant, and possibly saturating, concentrations of 

one substrate to calculate kinetic constants for the varying ligand [16,29,74,75]. In the 

absence of a full kinetic characterization of the isolated plant CysE compared to the CSC, it 

is possible that the observed activation for the plant complex is also apparent and due to the 

relief from substrate inhibition. Feedback inhibition of CysE by L-Cys plays a pivotal role in 

the control of sulfur assimilation both in bacteria and plants [74,76,77]. However, bacterial 

CysE is known to be more sensitive to L-Cys inhibition than its plant counterpart [29,74]. In 

addition, plant CysE has been reported to be less sensitive to L-Cys inhibition when in the 

CSC, with a fourfold increase in the IC50 [74] and more than 35-fold increase for Ki [29]. In 

contrast to what has been reported previously, we observed a fourfold increase in the L-Cys 

IC50 upon formation of the bacterial CSC, which is comparable to data reported for the 

cytosolic isoform of A. thaliana enzyme [74]. We also measured a 10-fold increase in the 

dissociation constant of the CSC in the presence of 10 μM L-Cys, in good agreement with 

previous pre-steady-state studies where a decrease in the efficiency of complex formation 

was measured for the H. influenzae enzymes [70]. We believe that this L-Cys-dependent 

effect on the complex affinity might explain the discrepancy between the present and 

published data with respect to the effect of complex formation on the susceptibility of CysE 

to L-Cys inhibition. In fact, we needed to increase the concentration of CysK in the activity 

assays to achieve measurable effects, due to the interference of L-Cys with complex 

formation. Indeed, the C terminus of CysE is engaged in both CSC formation and intrasteric 

inhibition in the presence of L-Cys [20], and an effect of this ligand on the affinity of the 

complex was expected. This result is also in line with experimental evidence that deletion of 

the last 10 C-terminal residues of CysE leads to a relevant decrease in the sensitivity to 

cysteine inhibition [74,78,79]. The engagement of the CysE C terminus with CysK is thus 

responsible for the allosteric modulation of the L-Cys-/L-Ser-binding site, which is 

functionally reflected in a less effective feedback/substrate inhibition. We anticipate that this 

investigation will fuel further studies aimed at the characterization of the mechanism of 

complex formation and its regulation within bacterial cells. A better understanding of how 
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complex formation is regulated under different conditions will also enable the development 

of synthetic CysK inhibitors. Indeed, inhibition of CysK, an enzyme that is absent in 

mammals and could be exploited as a target for innovative antibiotics/antibiotic enhancers, 

could lead to complex dissociation whose final effects on cysteine biosynthesis are, at the 

moment, difficult to predict. For instance, the BB1 mutant strain of S. Typhimurium, 

characterized by an altered interaction between CysE and CysK, is a cysteine auxotroph 

[80,81].
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CDI contact-dependent growth inhibition

CSC cysteine synthase complex

CysE serine acetyltransferase

CysK O-acetylserine sulfhydrylase-A
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Fig. 1. 
CSC and cysteine biosynthesis. The last two steps of cysteine biosynthesis are catalyzed by 

CysE and CysK. Bisulfide (HS) is the product of the multistep sulfate reduction pathway 

(not shown). CysK and CysE form the bienzymatic CSC. Because the three-dimensional 

structure of the complex is not known, two possible models for the complex are proposed 

based on previous functional studies. In model A, only one active site of each CysK dimer is 

occupied by the C terminus of CysE, whereas both actives sites are occupied in model B.
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Fig. 2. 
Quaternary structure of CysE and CSC stoichiometry. Panel (A) Size-exclusion 

chromatography of CysE, CysK, and the CSC. CysK (26 μM), CysE (39 μM), and a 1:1 

molar mixture were resolved on a Superdex 200 increase 3.2/300 column. The upper panel 

shows the molecular mass calibration using carbonic anhydrase (29 kDa), ovalbumin (45 

kDa), conalbumin (75 kDa), glyceraldehyde-3-phosphate dehydrogenase (144 kDa), and 

ferritin (440 kDa). Panel (B) Stoichiometry of the CSC. CysK (1 μM) was titrated with 

increasing concentrations of CysE and complex formation monitored by measuring the 

fluorescence emission of PLP at 500 nm. The dashed line indicates the intersection between 

the lines and corresponds to a stoichiometric ratio of 1.6.
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Fig. 3. 
Inhibition of CysK activity by CysE. CysK (6 nM) sulfhydrylase activity was measured in 

buffer A containing 2 mM O-acetylserine and 0.6 mM Na2S at 20 °C. The initial reaction 

velocity was determined as a function of increasing CysE concentration. Fitting Eqn (4) to 

the dependence of vi/v0 on CysE concentration gives Ki
app of 8.7 ± 1.0 nM, that is 

transformed with Eqn (5) to yield a Ki of 6.2 ± 0.7 nM. The standard Morrison’s equation 

(dashed line) fails to fit the points at high CysE concentrations as they do not reach zero 

relative activity.
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Fig. 4. 
CysK binding promotes CysE activity. CysE (28 nM) L-Ser acetylation activity was 

determined in buffer A containing 20 mM L-Ser, 0.25 mM acetyl-CoA at 20 °C. Where 

indicated, reactions were supplemented with either CysK or CysM and incubated with L-Ser 

for 5 min prior to the addition of acetyl-CoA. The line represents the fit of Eqn (4) to the 

data.
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Fig. 5. 
Effect of CysK binding on the apparent kinetic constants of CysE-catalyzed L-Ser 

acetylation. The dependence of L-Ser acetylation reaction velocity (v0) on the concentration 

of acetyl-CoA (Panel A) and L-Ser (Panel B) was determined in the presence and absence of 

fivefold molar excess CysK. L-Ser concentration was held constant at 20 mM (Panel A) and 

acetyl-CoA was held constant at 0.25 mM (Panel B). Lines through data points represent the 

Michaelis–Menten fit (Panel A), modified to account for substrate inhibition (Eqn 1, Panel 

B). All parameters are presented in Table 1.
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Fig. 6. 
Dependence of CysE and CSC mediated L-Ser acetylation reaction velocity on substrate 

concentration. Panel (A) Initial L-Ser acetylation reaction velocities (v0) were determined 

for 7 nM CysE in the presence of varying concentrations of L-Ser. Panel (B) Initial L-Ser 

acetylation reaction velocities (v0) were determined for the CSC (7 nM CysE and 23 nM 

CysK) in the presence of varying concentrations of L-Ser. Fitting parameters obtained with 

Eqn (2) are presented in Table 2.
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Fig. 7. 
Feedback inhibition is alleviated in the CSC. Dependence of the relative rate of L-Ser 

acetylation by CysE on the concentration of L-Cys, in the absence and presence of a 100-

fold molar excess CysK. The lines represent the fit of Eqn (3) to the data. The IC50 = 0.18 

± 0.02 μM for isolated CysE and 0.70 ± 0.07 μM for the CSC.
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Table 1

Apparent kinetic constants for the reaction catalyzed by CysE in the absence and presence of CysK at fivefold 

molar excess over CysE. When acetyl-CoA was the varied substrate the concentration of L-Ser was 20 mM. 

When L-Ser was the varied substrate, the concentration of acetyl-CoA was 0.25 mM. The concentration of 

CysE for the calculation of kcat is based on the hexameric complex.

Varied substrate Kinetic constants −CysK +CysK

Acetyl-CoA KM (mM)  1.4 ± 0.4  0.8 ± 0.2

kcat (s−1) 306 ± 35 416 ± 38

kcat/KM (mM−1·s−1) 212 ± 83 501 ± 148

L-Ser KM (mM)  1.7 ± 0.7  1.1 ± 0.4

kcat (s−1) 228 ± 60 228 ± 34

kcat/KM (mM−1·s−1) 134 ± 90 207 ± 106

Ki,L-Ser (mM)  3.7 ± 1.4   16 ± 5
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Table 2

Kinetic parameters for the reaction catalyzed by CysE in the absence and presence of CysK at fivefold molar 

excess over CysE. CysE concentration for the calculation of kcat is based on the hexameric complex.

Parameter −CysK +CysK

KM,L-Ser (mM)  1.3 ± 0.2  1.2 ± 0.2

Kd,L-Ser (mM)  0.5 ± 0.2  0.6 ± 0.2

KM,acCoA (mM)  0.3 ± 0.1  0.3 ± 0.1

Kd,acCoa (mM)  0.1 ± 0.1  0.1 ± 0.1

kcat (s−1) 323 ± 33 405 ± 25

α  2.3 ± 1.5  2.0 ± 1.2
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