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Abstract

Cystathionine γ-lyase (CGL) is a PLP-dependent enzyme that catalyzes the last

step of the reverse transsulfuration route for endogenous cysteine biosynthesis.

The canonical CGL-catalyzed process consists of an α,γ-elimination reaction

that breaks down cystathionine into cysteine, α-ketobutyrate, and ammonia. In

some species, the enzyme can alternatively use cysteine as a substrate, result-

ing in the production of hydrogen sulfide (H2S). Importantly, inhibition of the

enzyme and consequently of its H2S production activity, makes multiresistant

bacteria considerably more susceptible to antibiotics. Other organisms, such as

Toxoplasma gondii, the causative agent of toxoplasmosis, encode a CGL

enzyme (TgCGL) that almost exclusively catalyzes the canonical process, with

only minor reactivity to cysteine. Interestingly, the substitution of N360 by a

serine (the equivalent amino acid residue in the human enzyme) at the active

site changes the specificity of TgCGL for the catalysis of cystathionine, result-

ing in an enzyme that can cleave both the CγS and the CβS bond of cystathio-

nine. Based on these findings and to deepen the molecular basis underlying

the enzyme-substrate specificity, we have elucidated the crystal structures of

native TgCGL and the variant TgCGL-N360S from crystals grown in the pres-

ence of cystathionine, cysteine, and the inhibitor D,L-propargylglycine (PPG).

Our structures reveal the binding mode of each molecule within the catalytic

cavity and help explain the inhibitory behavior of cysteine and PPG. A specific

inhibitory mechanism of TgCGL by PPG is proposed.
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1 | INTRODUCTION

L-methionine (Met) and L-cysteine (Cys) can be intercon-
verted via the intermediates L-homocysteine (HCys) and
L-cystathionine (Cth) in the metabolic process known as
transsulfuration. In terms of evolution, the transsulfura-
tion pathway can operate in two opposite directions, that
is, “forward” and “reverse.” Forward transsulfuration is
found in yeast, plants, and enteric bacteria and enables
the formation of HCys from Cys. Reverse transsulfura-
tion, on the other hand, allows for the synthesis of Cys
from HCys, and is the only irreversible source of Cys in
vertebrates. Reverse transsulfuration involves two consec-
utive steps catalyzed by two distinct enzymes. The first is
cystathionine β-synthase (CBS; recently reviewed in
Gonz�alez-Recio et al., n.d.), which catalyzes a
β-replacement reaction in which the hydroxyl group of L-
serine is replaced by HCys, yielding Cth and H2O. The
second is cystathionine γ-lyase (CGL), which facilitates
the α,γ-elimination of Cth into Cys, α-ketobutyrate
(KTB), and ammonia (Figure 1, reaction 1). Alternatively,
CGL can act on atoms at the α and β positions of Cth to
produce HCys, pyruvate, and ammonia (Figure 1, reac-
tion 3). This latter reaction is known as the
α,β-elimination, or β-lyase activity of CGL. In some
organisms, CGL can also catalyze the formation of hydro-
gen sulfide (H2S) using Cys and HCys as substrates
(Figure 1, reactions 4 to 7). Noteworthy, such H2S pro-
duction is a critical metabolic process in the bacterial
defense system. When the enzymes of the reverse trans-
sulfuration are genetically disrupted, a wide range of bac-
terial pathogens known to be resistant to multiple
antibiotics become sensitive to different classes of drugs
and the host immune response (Mironov et al., 2017;
Nzungize et al., 2019; Shatalin et al., 2011, 2021). This
susceptibility offers new opportunities for antimicrobial
strategy targeting pathogens like Staphylococcus aureus
and Pseudomonas aeruginosa, which are pointed out as
urgent targets by the World Health Organization (https://
www.who.int/news/item/27-02-2017-who-publishes-list-of-
bacteria-for-which-new-antibiotics-are-urgently-needed).
An emerging body of research indicates that the benefit
of inhibiting the enzymes of the reverse transsulfuration
pathway and their H2S-producing capacity can be
extended to a broader range of plant, animal, and human
pathogens, including organisms of the genus Apicom-
plexa like Toxoplasma gondii, the causative agent of

toxoplasmosis, which is a worldwide spread infection that
may have severe complications during pregnancy and in
immunocompromised individuals (Wang et al., 2017).

We recently demonstrated that T. gondii encodes both
the CBS (TgCBS) and CGL (TgCGL) enzymes of reverse
transsulfuration (Conter et al., 2020, 2022; Fern�andez-
Rodríguez et al., 2021; Maresi et al., 2018). TgCGL
(UniProtKB A0A125YN40, 46 kDa) shares a high amino
acid identity with its homologs from Trypanosomes and
Leishmania parasites (58% homology) but is less similar
to the human and yeast counterparts (40% and 37% for
H. sapiens and S. cerevisiae, respectively). Interestingly,
TgCGL almost exclusively catalyzes the α,γ-hydrolysis of
Cth to yield Cys, KTB, and ammonia (Figure 1, reaction
1), with only minor reactivity for the hydrolysis of Cys to
produce H2S, pyruvate, and ammonia (Figure 1, reaction
4; Maresi et al., 2018). Some authors have proposed that
the reaction specificity (α,γ- or α,β-elimination) of CGLs
over Cth depends on the particular orientation adopted
by Cth within the catalytic cavity (Messerschmidt
et al., 2003). Concretely, it has been postulated that to
form the external aldimine (first step of the catalysis) in
the β-elimination process, the Cth molecule needs to be
oriented with its sulfur atom in the γ position with
respect to the PLP cofactor (Matoba et al., 2020). Instead,
the γ-elimination requires the sulfur atom to be in the δ
position with respect to PLP (Messerschmidt et al., 2003).
Interestingly, some organisms such as Lactobacillus plan-
tarum (Matoba et al., 2020), Streptomyces phaechromo-
genes (Nagasawa et al., 1984), and yeast (Hopwood
et al., 2014) are capable of performing both γ- and β- car-
bon split showing CBL-like activity, thus suggesting
wider available space for Cth to adopt either orientation.

It is interesting to note that TgCGL also exhibits a
product (Cys) inhibition (Maresi et al., 2018) by an
unclear mechanism. Some authors suggest that the inhib-
itory effect is caused by a Cys-induced loss of the PLP
cofactor at the catalytic cavity (Cherest et al., 1993; Sun
et al., 2009). Others contend that the inhibition happens
as a result of the formation of an external aldimine
between Cys and PLP which is thought to transform into
a thiazolidine adduct that prevents the reaction, as
observed in human and yeast CGLs (Huang et al., 2010;
Yamagata et al., 2002) as well as in other PLP-dependent
enzymes (Kobylarz et al., 2016).

The differences in how certain CGL enzymes are
inhibited highlight the need for more research into
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specific protein–inhibitors interactions in pathogens and
humans. The structural characterization of the corre-
sponding protein–inhibitor complexes is a successful
method for obtaining such information.

The domain architecture of CGL is remarkably con-
served across species. Structurally, the protein belongs to
the type I family of PLP-dependent enzymes, which also
includes enzymes of the forward transsulfuration path-
way (Messerschmidt et al., 2003), such as cystathionine
γ-synthase (CGS) and cystathionine β-lyase (CBL). Most
molecules designed to inhibit CGL enzymes are directed
at the PLP molecule located at the catalytic site. For
example, S-3-carboxypropyl-L-cysteine (CPC, a Cth

analog lacking the α-amino group on the homocysteine
side of the thioether) selectively and reversibly inhibits
human CGL (HsCGL) and can act as a competitive inhib-
itor on both Cth and Cys cleavage reactions (Yadav
et al., 2019). Co-crystallization of HsCGL with CPC yields
an aminoacrylate intermediate (PDB ID 6NBA) that
impedes the substrate to bind to PLP for enzymatic catal-
ysis (Yadav et al., 2019). However, other compounds like
D,L-propargylglycine (PPG), β-cyanoalanine, aminooxya-
cetic acid (AOAA), and L-aminoethoxyvinylglycine
(AVG) function differently and inhibit the enzyme irre-
versibly by attacking the internal aldimine formed
between the conserved lysine and PLP to form an

FIGURE 1 Scheme of reactions catalyzed by cystathionine γ-lyase. The canonical reaction (α,γ-elimination of Cth) is framed
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external aldimine (Asimakopoulou et al., 2013; Cramer
et al., 2017; Lee et al., 2019; Matoba et al., 2020;
Messerschmidt et al., 2003; Sagong et al., 2020; Sun
et al., 2009; Wang et al., 2021).

In this study, we have characterized the three-
dimensional structures of the wild-type TgCGL and its
N360S variant from crystals grown in solutions contain-
ing Cth, Cys, and PPG. In addition to providing insights
into the reaction specificity (α,γ- or α,β-elimination) of
CGLs over Cth, our data explain the inhibitory effect of
Cys on TgCGL and prompt us to postulate a specific
mechanism for PPG's inhibition of TgCGL.

2 | RESULTS AND DISCUSSION

2.1 | Crystal structures of TgCGL
variants alone and in the presence of the
substrate Cth

Our previous studies revealed that the catalysis of TgCGL
toward Cth is limited to the α,γ-elimination reaction,
which yields Cys, KTB, and ammonia as final products
(Figure 1, reaction 1). Of note, replacing N360 with ser-
ine, the equivalent amino acid residue in human enzyme,
changes the reaction preference of the enzyme, which
can now catalyze an α,β-elimination reaction toward Cth,
yielding HCys, pyruvate, and ammonia (Figure 1, reac-
tion 3; Maresi et al., 2018). These results suggested that
the N360S substitution likely favors a Cth conformation
suitable to undergo both γ- or β-eliminations (Maresi
et al., 2018). To unravel this duality in catalytic activity,
we elucidated the crystal structures of the wild-type
TgCGL and its variant N360S alone and in the presence
of the substrate Cth.

2.1.1 | Tg CGL and Tg CGL-N360S overall
structures

The crystal structure of TgCGL was solved at a resolution
ranging between 1.6 and 2.2 Å (Tables S1 and S2). TgCGL
shows the overall fold of the type I family of PLP-
dependent enzymes found in the CGLs from yeast,
human, and bacteria. Each TgCGL protomer consists of
three distinct regions (Figure 2a): (i) the N-terminal
domain (residues 1–84) is composed of one helix (α1) and
one long unstructured loop (residues 1–54) that interacts
with the active site of its neighboring subunit in the
dimer (e.g., loop from subunit A interacts with the PLP
domain of subunit C). The first 20 residues of the N-
domain are very flexible and barely interact with the bulk
protein, explaining why they are not visible in the

electron density maps. (ii) The second region (residues
85–281), known as the “PLP-binding domain,” represents
the largest portion of the protein and houses the PLP
cofactor covalently linked to the ε-amino group of a con-
served lysine (K230), forming an internal aldimine. Struc-
turally, this domain adopts an α/β/α fold, made up of
seven β-strands ("β1#β7"β6"β5"β4"β2"β3), mostly paral-
lel, with strand β7 running antiparallel to the rest of the
strands. Notably, the β-sheet is sandwiched between two
helical bundles and is bent around helix α3. The first
helical bundle includes four helices (α2, α5, α6, and α9),
of which α5 and α6 are completely exposed to the solvent,
whereas the other two, α2 and α9, play a key role in the
dimer integrity by interacting with the short helix (α1) of
the N-terminal domain, and helix α9 from the adjacent
subunit (Figure 2a). In contrast with other organisms
(e.g., yeast), TgCGL lacks a fifth helix (α7) inserted
between α2 and α6, being this element laxer, and appear-
ing as a loop that retains certain helicity between amino
acid residues 216–221. At the opposite face of the β-sheet,
the second bundle, formed by helices α3, α4, and α8,
maintains interactions with the complementary dimer.
(iii) The C-terminal domain (residues 282–417) is smaller
and connected to the PLP domain through the long helix
α10. This domain includes five α-helices (α10-α14)
located on one side of a five-stranded β-sheet
("β8#β9"β11"β12), of which β10 is not visible in our
TgCGL structure (Figure 2a).

Consistent with other CGLs, TgCGL exists as a homo-
tetramer both in solution (as previously reported Maresi
et al., 2018) and in the crystalline state (Figure 2b). The
tetramer can be structurally described as a dimer of
dimers with internal symmetry 222. The most compact
association between neighboring molecules (analyzed
using the PISA server; Krissinel & Henrick, n.d.) is that
formed between monomers A-C (dimer-1) and B-D
(dimer-2; Figure 2b). The buried surface area (BSA) for
the A-C and B-D assemblies are 2405 and 2466 Å2,
respectively. The N-terminal domain from each subunit
plays a key role in maintaining the integrity of each
structural dimer by forming intermolecular hydrogen
bonds, like those existing between the phosphate moiety
of PLP and residues Y78 and R80 of the complementary
monomer (Figure S1).

CGL enzymes are known to adopt open and closed
conformations (Sun et al., 2009). The superimposition of
the A-C TgCGL assembly with the human counterpart in
the apo state (no PLP bound) revealed that the active site
of apo HsCGL is considerably more expanded than that
of TgCGL (rmsd = 2.968; Figures S2 and S3). The most
significant differences reside in the α9, α10, and α12 heli-
ces and in the three loops H41-P84, T129- N137, and
T228-Y232 (numbers corresponding to the TgCGL).
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These loops are part of the walls of the catalytic site that
harbors the PLP cofactor. The catalytic site includes two
chambers made up of residues donated by the PLP-
binding domain, the C-terminal segment of subunit A,
and the N-terminal domain of subunit C. The PLP is
located in chamber 1, as is commonly observed in most
PLP-dependent enzymes (Figure 3a,b; Oliveira
et al., 2011). Our crystals of native TgCGL, revealed a co-
crystallized molecule of TCEP that was present in the
crystallization buffer (Figure 3b,c). Interestingly, TCEP
occupies chamber 2 of the active site, which as described
below, also represents the binding site of other molecules.

In TgCGL, PLP is embedded by part of helix α3, strands
of the PLP-binding domain (β5-β7), and of the C-terminal
segment (β9, β11, and β12), and the connecting loops
T129-G134, D205-P216, S227-G241, V351-I367, and
Y58-P84 (the latter belongs to the complementary subu-
nit of the structural dimer). Importantly, the aldehyde
portion of PLP at position 4 is implicated in the forma-
tion of a Schiff base with the ε-amino group of lysine
230 (Figure 3c).

The overall fold of TgCGL-N360S barely changes
compared to the native enzyme (Figure S4). Superimposi-
tion of TgCGL-N360S with the TgCGL monomer

FIGURE 2 Crystal Structure of TgCGL. (a) TgCGL has a modular architecture consisting of three distinct domains: (i) N-terminal

domain (yellow), (ii) PLP-binding domain (blue), and (iii) C-terminal domain (green). Ribbon representation of the TgCGL monomer

(secondary structure elements are labeled). Each color corresponds to the domain distribution described previously. (b) Tetrameric TgCGL.

The assembly can be structurally interpreted as two active dimers (dimer 1: subunits A (blue)-C (orange); dimer 2: subunits B (red)-D (gray))

related by a two-fold axis oriented vertically between the two dimers. The secondary elements from each subunit are colored according to

the three distinct protein regions mentioned in Panel (a)
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(rmsd = 0.220) and dimer (rmsd = 0.249) revealed some
differences in the V351-F393 loop, which appeared
slightly open in the mutant enzyme. The most significant
displacement of the main chain is observed at residue
N378, which is shifted by approximately 4 Å in the
mutant (Figure S4).

2.1.2 | Tg CGL variants crystallized in
presence of Cth

Except for the above-described loop, the superimposition
of the crystal structures of native and N360S variants

obtained in the presence of Cth showed no significant dif-
ferences. However, different molecules were detected
within the corresponding catalytic cavities. After careful
analysis of refinement outcomes, considering the possible
presence of Cth, Cys, or KTB, we concluded that KTB
was the substrate that best suited the residual electron
density found in the catalytic cavity of wild-type TgCGL,
in agreement with the previously reported sole
α,γ-elimination capacity (Figure 1, reaction 1) of the
native enzyme (Maresi et al., 2018). The carboxylate
group of KTB forms a salt bridge with the guanidine
group of R395 and H-bonds with the main chain amino
group of N360, as well as the amino group of the side

FIGURE 3 TgCGL active site. (a) Surface representation of the four equivalent active site cavities present in the TgCGL tetramer

(colored in blue, red, orange, and gray, respectively). One PLP molecule (in sticks) is located at the bottom of each main cleft. The four

monomers (in ribbons) are colored distinctly. (b) The main cavity (red surface) of each TgCGL subunit includes two connected chambers.

The innermost one harbors a PLP molecule, whereas the precedent cleft, which is directly connected to the solvent (cavity entrance marked

with an asterisk) host the first substrate. (c) Stereopair showing the main residues configuring the TgCGL active site cavity. PLP is colored in

yellow. Our crystals of wild-type TgCGL revealed a co-crystallized molecule of TCEP (orange sticks) that was present in the crystallization

buffer. The semi-transparent blue surface indicates the location of TCEP in chamber 2 of the active site
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chain of N180 (Figure 4a,b). The carbonyl moiety of KTB
is oriented toward the internal aldimine formed by K230
and PLP, and in turn, interacts via an H-bond with the
hydroxyl group of Y133. The methyl group of KTB is
exposed to the wider pocket of the catalytic site.

On the other hand, HCys, the product of the α,
β-elimination (Figure 1, reaction 3), was found in the

catalytic cavity of TgCGL-N360S (Figure 4c,d). HCys
forms a salt link with R395 through its carboxylate group
and interacts with the side chain of N180 and with the
main chain of S360. The amino group of HCys is oriented
toward the amino group of K230, which is covalently
linked to PLP, forming an internal aldimine. The amino
group of HCys is also at the H-bond distance (2.8 Å) of

FIGURE 4 TgCGL and

TgCGL-N360S enzymes

crystallized in the presence of

Cth. (a) Main residues of the

catalytic site of native TgCGL.

The electron density

corresponds to a Polder omit

map calculated around PLP. The

molecule represented in orange

sticks is KTB. (b) 2Fo-Fc map

around the KTB molecule

resulting from the model

refinement. (c) Polder omit map

calculated around PLP in the

TgCGL-N360S mutant. The

molecule represented in salmon

sticks is HCys. (d) 2Fo-Fc map

centered on the HCys molecule

after the model refinement.

(e) Analysis of dansylated

products using reverse phase

HPLC. Pure standard Cth, Cys

and HCys (top) and products

obtained following a 1 h

incubation of wild-type TgCGL

(middle) or TgCGL-N360S

(bottom) with Cth
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the hydroxyl of Y133. Finally, the thiol of HCys partici-
pates in H-bonds with E359, Y133, and R80 of the adja-
cent monomer.

The ability of wild-type and N360S variant to catalyze
the α,γ- and α,β-elimination reactions, respectively was
further analyzed by reverse phase high-performance liq-
uid chromatography (HPLC). This method provides a
useful tool for analyzing the products of the TgCGL-
catalyzed reactions (Conter et al., 2020). Cys was the only
product detected following incubation of wild-type
TgCGL with Cth, confirming that the enzyme is profi-
cient at catalyzing the α,γ-elimination (Figure 4e). The
enzyme does not catalyze the β-elimination of Cth as
HCys was not detected in the chromatogram. On the
other hand, incubation of the N360S variant with Cth
generates a prominent absorbance peak corresponding to
Cys and a minor peak corresponding to HCys, confirming
the ability of the mutant enzyme to catalyze both α,γ-
and α,β-elimination reactions (Figure 4e).

Previous modeling studies on TgCGL hypothesized
that the long side chain of N360 might interfere with an
appropriate orientation of the sulfur atom at the
γ-position with respect to the PLP molecule to perform
the β-cleavage of Cth (Maresi et al., 2018). However, the
structures of native and TgCGL-N360S have shown that
the side chains of both N360 (in the native enzyme), or
its S360 equivalent (in the variant), are not oriented
toward the catalytic site, making steric hindrance
between the sulfur atom of Cth and the amide group of
aspartate (or the hydroxyl group of serine) unlikely.

Our structures suggested that TgCGL selectivity might
be encountered by a reduction in the volume of the cata-
lytic cavity (from 287 Å3 in the native enzyme to 152 Å3

in the N360S variant), caused by a conformational dis-
placement of loop L351-393 toward helix α4 in the
mutant. However, despite a reduction in volume, the
N360S mutant still retains the ability to perform the
α,γ-elimination reaction. A detailed comparison of the
catalytic cavities of the CGLs whose structure is known
(performed with CASTp server; Tian et al., 2018), with
enzymes that exclusively perform the β-elimination reac-
tion (e.g., Escherichia coli CBL), led us conclude that the
volume of the catalytic cavity of TgCGL-N360S (capable
of cleaving both the CγS bond and the CβS bond of Cth)
is in the range of the E. coli CBL enzyme (152 Å3 in both
cases; Figure S5). Likewise, we found that the CGL
enzymes from L. plantarum and yeast (which also cata-
lyze γ- and β-cleavage; Hopwood et al., 2014; Matoba
et al., 2020), exhibit a similar available volume (146 and
148 Å3, respectively). According to this approximation
one would expect that both native TgCGL and HsCGL,
that only perform γ-cleavage, would display larger cata-
lytic sites. Native TgCGL accomplishes this hypothesis

(288 Å3), but not HsCGL, which shows a reduced vol-
ume (87 Å3).

Searching for alternative explanations, other authors
have proposed that the reaction specificity of CGLs depends
on a pair of highly conserved glutamate residues (E59-E339
in HsCGL, and E48-E333 in yeast CGL, respectively;
Hopwood et al., 2014; Messerschmidt et al., 2003), which
are located at the entrance of the active site and coordinate
the cysteinyl moiety of Cth, providing a negatively charged
surface. Interestingly, the equivalent glutamate in TgCGL
(E359) is conserved and stabilizes the thiol group of the
HCys product obtained after β-elimination of Cth, as shown
in the crystal structure of TgCGL-N360S (Figure 4c,d), sug-
gesting that, as observed in yeast, E359 is key in determin-
ing the orientation of the sulfur atom of Cth within the
catalytic cavity of TgCGL. Residue E48 also plays a critical
role in the active site of the yeast enzyme. In toxoplasma,
however, the equivalent glutamate is replaced by S77.
Moreover, S77 participates in an H-bond network involving
residues E359, T81, and R80, thus helping to orient E359
within the cavity. Unfortunately, despite significant experi-
mental efforts, we failed to crystallize the TgCGL-S77E
mutant. One possible explanation for this failure is the
potential destabilization of the overall structure caused by
the mutation, as postulated in (Maresi et al., 2018). Notably,
the replacement of S77 by glutamate completely abolished
the enzyme activity toward Cth (Maresi et al., 2018).

Using the yeast enzyme, Hopwood et al. proposed that
residues E333 and L335 flanking S334 have a relevant role
in fixing the final orientation of the catalytic K203 that
binds PLP (Figure S5). According to their model, the speci-
ficity of the CGL reactions is mediated by interactions that
optimize the relative positions of the substrate, the PLP,
and the lysine (Hopwood et al., 2014). In this regard, a
mutational study on E. coli CGS, an enzyme belonging to
the fold type I family of PLP-dependent enzymes, revealed
that substitutions at S326 (N360 in T. gondii) have a key
role in guiding the ε-amino group of catalytic lysine
(K198) (Jaworski et al., 2012). Our TgCGL structures show
that the N360S mutation increases the distance between
the nitrogen of K230 and the oxygen of the asparagine and
serine side chain, respectively (from 4.6 to 5.2 Å). This dif-
ference might modulate the electronic properties of PLP,
allowing or restricting the access of the catalytic base to
the C40 and Cβ positions of the PLP and substrate,
respectively.

2.2 | Crystal structure of TgCGL-N360S
in complex with Cys

It was reported that the addition of Cys could inhibit
CGL from the α,γ-elimination reaction (Cherest
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et al., 1993; Huang et al., 2010; Maresi et al., 2018; Sun
et al., 2009; Yamagata et al., 2002). However, the actual
inhibitory mechanism remains poorly understood. Two
hypotheses have been postulated (Hopwood et al., 2014;
Steegborn et al., 1999; Sun et al., 2009; Yamagata
et al., 2002). In humans, the addition of Cys results in the
detachment of the PLP cofactor from the enzyme (Sun
et al., 2009). This loss is detected spectroscopically by the
concomitant disappearance of the absorption peak at
427 nm corresponding to the holoenzyme. However,
upon the addition of PLP, holoenzyme can be regener-
ated. The second hypothesis suggests that Cys interacts
with the enzyme forming a cyclic thiazolidine complex
(Yamagata et al., 2002). To further understand these find-
ings, we co-crystallized TgCGL, both native and N360S
variants, with an excess of Cys. Despite numerous
attempts, only crystals of the TgCGL-N360S-Cys complex
were obtained at 1.9 Å resolution (Figure 5).

Incubation of TgCGL-N360S with Cys resulted in nei-
ther loss of the PLP nor the formation of the cyclic thia-
zolidine intermediate. We found a stable holoenzyme-
Cys complex, in which the K230 remains covalently
attached to C40 of PLP and the Cys molecule is placed
nearby the catalytic lysine (Figure 5). The carboxylate
group of Cys forms a salt bridge with R395, and an H-
bond with the amide group of N180 and the sulfhydryl
group of Cys is anchored by an H-bond interaction with
E359. Our findings suggest that Cys0 inhibition originates
from the sites' competitive occupation to which other
reactive molecules need access for catalysis to continue.
Interestingly, the crystal structure of L. plantarum CGL
(LpCGL) complexed with serine (structural analog of
Cys; Figure S5) suggested that the formation of an H-
bond between the hydroxyl group of residue Y97 (Y133
in TgCGL) and the Oγ atom of serine (Sγ in Cys) is key in
orienting the serine appropriately for the β-elimination

reaction (Matoba et al., 2020). By a similar rationale, it
would be expected that to perform the β-elimination of
Cys, the thiol group of Cys should interact with residue
Y133 in TgCGL. However, in our crystals, Cys adopts an
orientation that a priori is not suitable for the
β-elimination reaction due to the presence of residue
E359 that alternatively interacts with the SH group of
Cys and inhibits the contact between the thiol group of
the substrate and Y133. Of note, the E339V variant
increases the hydrophobicity of the catalytic site of
HsCGL and enhances the binding of Cys within the cav-
ity (PDB ID 5EIG; Cramer et al., 2017). The structural
comparison of TgCGL-N360S with HsCGL-E339V has
allowed us to confirm that the orientation of Cys within
the catalytic site is very similar (Figure S6). Intriguingly,
Cys forms an external aldimine in the human enzyme,
whereas it is not covalently linked to either the cofactor
or the protein in the TgCGL-N360S crystals.

2.3 | Crystal structure of TgCGL variants
in complex with PPG

PPG is one of the most used agents to inhibit CGLs
(Asimakopoulou et al., 2013). We first characterized the
potency of PPG to inhibit the α,γ-elimination activity of
wild-type TgCGL and its N360S variant by analyzing the
effect of PPG on the formation of Cys using the above-
described HPLC approach. The half maximal inhibitory
concentration (IC50) of PPG was determined as 20
± 4 μM for wild-type TgCGL and 0.6 ± 0.1 μM for
TgCGL-N360S, respectively (Figure 6a).

To understand the mechanism underlying the effect
of PPG on TgCGL, we next determined the crystal struc-
ture of the TgCGL-PPG complex, both for the native
(Table S1) and the mutant (Table S2) protein constructs.

FIGURE 5 Catalytic site of TgCGL-N360S co-crystallized with Cys. Polder omit map (left) and 2Fo-Fc electron density map (right)

calculated around the location of the Cys molecule
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We found that in the crystal structure of wild-type
TgCGL-PPG complex, the residue K230 remains cova-
lently bound to the PLP, forming the internal aldimine,
and the PPG molecule, though it is located nearby, does
not covalently bind the catalytic lysine (Figure 6c,d).
Interestingly, the carboxylate group of the inhibitor
points to residue E359, leading the Cβ of PPG to bind
covalently to the hydroxyl group of Y133. Moreover, the
amino group of PPG is near (2.7 Å) and oriented toward
the internal aldimine formed by K230 and PLP.

The crystal structure of the TgCGL-N360S-PPG com-
plex showed a different orientation of the inhibitor
within the cavity (Figure 6e,f). The Cβ atom of PPG
appears close to Y133 (1.4 Å), suggesting a putative bond,

while PPG again seems to form a vinyl ether. In contrast
to the native enzyme, in the mutant, the double bond of
PPG is oriented to residue R80 of the adjacent monomer.
The side chains of R395 and N180 and the backbone of
S360 are H-bonded to the carboxylate group of PPG.
Finally, the amino group linked to the Cα atom of PPG
interacts with the hydroxyl group of Y133 (at 2.4 Å) and
points toward the internal aldimine of the enzyme
(at 3.5 Å).

From the above analysis of PPG enzyme complexes,
we identified seven residues that interact with PPG:
R395, Y133, N/S360, K230, N180, R80 (of the adjacent
subunit), and E359 (Figure 6c–f). Interestingly, E359 may
be crucial for specific inhibitor design since it is

FIGURE 6 TgCGL co-

crystallized with PPG. (a) In vitro

PPG inhibition on TgCGL.

Representative graph of

percentage inhibition against

concentration of PPG in the

presence of 8 mM L-Cth

substrate. (b) CD spectra of

1 mg/mL TgCGL alone and

upon addition of 0.5 mM D,L-

propargylglycine (PPG). (c–f)
Main residues within the

catalytic site of TgCGL.

(c) Polder omit map of native

TgCGL. (d) 2Fo-Fc map,

calculated from the last round of

refinement of native TgCGL

with PPG (green sticks).

(e) Polder omit map of TgCGL-

N360S with the PPG calculated

within a sphere of 2.6 Å around

the inhibitor. (f) 2Fo-Fc map

calculated from the last round of

refinement of TgCGL-N360S

bound to PPG. The position of

the C-atoms in PPG is

highlighted in red Greek letters.

PPG is transformed in its vinyl

ether in all cases (see Figure 7)
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conserved only in CGL proteins. To date, three crystal
structures of PPG-protein complexes have been reported,
that is, HsCGL (PDB ID 3COG; Sun et al., 2009;
Figure S7A), methionine γ-lyase (MGL) from Trichomo-
nas vaginalis (PDB ID 1E5E; Figure S7B), CsdB lyase
from E. coli (PDB ID 1I29; Mihara et al., 2002;
Figure S7C). These three proteins share with TgCGL the
folding of type I PLP enzymes and thus have a very simi-
lar catalytic site architecture. In MGL and CsdB, PPG
molecules are identical in orientation and both amino
groups of PPG are covalently bound to C40 of PLP, form-
ing an external aldimine (Figure S7). Notably, the
hydroxyl group of Y114 in HsCGL and Y111 in MGL is at
covalent bond distance of the Cγ atom of PPG
(Figure S7A,B). However, in the CsdB structure, the
equivalent residue of Y114 (H123) is not covalently
bound to Cγ of PPG and is not within proximity for cova-
lent bond formation (Figure S7C). Interestingly, in
TgCGL, the Cβ of PPG is covalently bound to Y133
(Figure 6f).

These results prompted us to propose a specific mech-
anism for the PPG inhibition of the parasitic enzyme
(Figure 7). First, the amino group of PPG is deprotonated
by a basic residue in the active site for transaldimination
to occur (step 2). Next, the β position of the alkyne is
deprotonated by K230 to generate the allene intermediate

(step 3), which then undergoes nucleophilic attack by
another base (step 4) to form the vinyl ether.

Based on the TgCGL-PPG complex crystal structures,
we proposed that the basic amino acid responsible for
deprotonation of the incoming PPG (step 1) and proton-
ation of the alkyne (step 3) is R80 of the adjacent mono-
mer. R80 is located at the inhibitor/substrate binding site
entrance and is in a favorable position to deprotonate the
incoming substrate/inhibitor. In addition, the side chain
of R80 is at a distance that facilitates the protonation of
the alkyne at the γ position (4.3 and 3.8 Å for the native
and mutant TgCGL, respectively; step 3). Importantly,
our structures suggest that the hydroxyl group of Y133
serves as the base in step 4 to convert the activated allene
to a vinyl ether, forming a covalent bond with the Cβ of
the allene, since the Cβ is placed in a favorable position
for the nucleophilic attack of Y133. In contrast, in the
human enzyme, where the Cγ of PPG is covalently bound
to Y114, a proton from the hydroxyl group of Y114 may
move to the Cδ atom in PPG, resulting in the formation
of an allene derivative. Then, the deprotonated hydroxyl
nucleophilically attacks the Cγ atom of the derivative.
Importantly, the allenes have an exceptional reactivity,
and all three carbon atoms can be attacked, being kineti-
cally and thermodynamically favorable processes
(Vitkovskaya et al., 2017). Of note, we found no changes

FIGURE 7 Mechanism of inhibition of TgCGL by D,L-propargylglycine (PPG). The PPG is deprotonated by the R80 of the adjacent

monomer (step 1) for transaldimination to occur (step 2). Residue K230 attracts the proton at β-position of alkyne to form the allene

intermediate (step 3). The hydroxyl group of Y133 attacks the β-position of the allene to generate the vinyl ether (step 4). The internal

aldimine is regenerated and Y133 is covalently bound to vinylether of PPG

FERNÁNDEZ-RODRÍGUEZ ET AL. 11 of 15
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in the spectral properties of TgCGL after adding PPG
(Figure 6b). This is consistent with step 5 of our proposed
mechanism, in which the internal aldimine is regener-
ated, and Y133 is covalently bound to the vinyl ether of
PPG. The bound PPG occupies the binding space of the
substrate, thus inhibiting TgCGL by blocking access to
the catalytic site. In addition, the release of the substrate
is prevented due to the covalent bond of PPG to Y133, a
key residue in the catalytic process (Clausen et al., 1998;
Matoba et al., 2020).

3 | CONCLUSIONS

The transsulfuration pathway plays a central role in cell
sulfur metabolism and redox regulation. Different studies
have underlined the therapeutic potential of inhibiting
the activity of the transsulfuration enzymes in the treat-
ment of pathogenic infections (Bandyopadhyay
et al., 2022; Gobert et al., 2019; Marciano et al., 2012;
Shatalin et al., 2011, 2021). Knowledge of the three-
dimensional structure of these therapeutically relevant
targets is crucial to guide the design of new drugs.
Herein, we successfully determined the crystal structures
of TgCGL and its N360S variant and revealed the residues
involved in cofactor, substrates, and PPG binding. In par-
ticular, the structural analysis has highlighted the impor-
tance of Y133 and its unique specific covalent interaction
with PPG, raising a mechanistic hypothesis of PPG-
dependent inhibition of TgCGL.

Our structural data can be utilized as a resource for
the structure-based design of novel inhibitors of TgCGL
to aid in the development of therapies against toxoplas-
mosis as well as provide significant insights on the struc-
tural evolution of CGLs across different organisms.

4 | MATERIALS AND METHODS

4.1 | Proteins production

Wild-type TgCGL and TgCGL-N360S mutant were puri-
fied as His-tag proteins as previously described (Maresi
et al., 2018) and the homogeneity and purity of enzyme
(>95%) was confirmed by SDS/PAGE. The oligomeric
state of the proteins was determined by gel filtration
analysis employing a GE Healthcare Superdex 200 10/300
GL column in 20 mM sodium phosphate buffer pH 8,
150 mM NaCl and 0.1 mM DTT as described elsewhere
(Allegrini et al., 2017; Astegno et al., 2017). The calibra-
tion curve was obtained as described (Astegno, Allegrini,
et al., 2015; Astegno, Capitani, & Dominici, 2015).

4.2 | Protein crystallization

For crystallization, the enzymes were buffer exchanged
into 50 mM HEPES, 150 mM NaCl, 0.1 mM DTT pH 8.0.
The crystallization trials were carried out by the vapor-
diffusion technique in a sitting drop format following a
protocol similar to Fern�andez-Rodríguez et al. (2021).
Droplets were arranged automatically with a MOS-
QUITO nanodispenser (SPTLabtech) in 96-well MRC
crystallization plates (Molecular Dimensions) containing
200 nL of protein solution mixed with 200 nL of precipi-
tant solution and incubated at 293 K.

The best crystals of wild-type TgCGL were grown in
hanging drop in 12% (wt/vol) PEG 3350, 0.1 M sodium
citrate pH 4.6 using either CYMAL-3, CYMAL-4, n-
nonyl-B-D-maltoside or n-octyl-B-D-thiomaltoside deter-
gents (Hampton Research) at a protein concentration of
20 mg/mL and an approximate time of 72 h. The drops
contained 1 μL of protein, 0.8 μL of precipitant and
0.2 μL of detergent. The crystals were collected with
nylon loops and frozen after prior immersion in a solu-
tion containing 12% (wt/vol) PEG 3350, 0.1 M sodium cit-
rate pH 4.6 and 26% (vol/vol) glycerol as cryoprotective
agent. The crystal structure of TgCGL-N360S was
obtained after 1–2 days in 12% (wt/vol) PEG 3350, 0.1 M
sodium citrate pH 4.6 and 0.2 μL of CYMAL-4 detergent
(Hampton Research). Drops consisted of 1 μL of protein
solution (10 mg/mL), 0.8 μL of reservoir solution and
0.2 μL detergent. Single TgCGL -N360S crystals were
transferred into a cryoprotection solution containing the
crystallization buffer with 26% (vol/vol) glycerol and
flash frozen in liquid nitrogen.

The enzyme variants were also co-crystallized in the
presence of Cys (Sigma-Merck, 168149), Cth (Sigma-
Merck, C7505) and PPG (Sigma-Merck, P7888). In all
cases, the enzyme variants were aliquoted and indepen-
dently incubated with ligands in a ratio (1:100) that
ensured full occupancy of ligands in the catalytic site of
the protein. Crystals of ligand-protein complex appeared
after 3 days at 291 K by hanging drop vapor diffusion in
24-well plates, except for the wild-type TgCGL-Cys com-
plex for which no crystals were obtained. The volume of
the reservoir was 500 μL and was composed by 12%
(wt/vol) PEG 3350, 0.1 M sodium citrate pH 4.6 and
CYMAL-3 (when Cys and Cth were used as ligands) or
CYMAL-4 (in the case of PPG) as a detergent. Drops were
composed by 1 μL of protein solution (15 mg/mL) incu-
bated with 24 and 30 mM of Cth and PPG respectively,
0.8 μL of precipitant and 0.2 μL of detergent. Single crys-
tals were transferred to a cryoprotection solution (crystal-
lization buffer with 27% [vol/vol] glycerol) and flash
frozen in liquid N2.
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4.3 | Structural determination by X-ray
crystallography

All X-rays datasets were collected at Synchrotron
beamlines XALOC (ALBA), and I03/I24 (DIAMOND,
UK). The diffraction data were indexed, integrated,
and scaled using XDS (Kabsch, 2010) programs. The
plots of the self-rotation function were calculated with
MOLREP (Vagin & Teplyakov, 2010) and autoPROC
three-dimensional structure of TgCGL wild type and
mutant alone and in presence of ligands were deter-
mined by MR method with PHASER (McCoy
et al., 2007) from PHENIX (Adams et al., 2011) using
the structure of HsCGL holoenzyme (PDB ID code
2NMP). Ligands geometry restraints builder and opti-
mization was generated with elBOW (Moriarty
et al., 2009). Model was built with Coot (Emsley
et al., 2010). Figures were done with Pymol (The
PyMOL Molecular Graphics System, Version 2.2.3,
Schrödinger, LLC) and UCSF Chimera (Pettersen
et al., 2004; version 1.13.1; http://www.rbvi.ucsf.edu/
chimera). The crystal characteristics and refinement
statistics for wild-type TgCGL and TgCGL -N360S are
in Tables S1 and S2, respectively.

4.4 | High-performance liquid
chromatography

The production of Cys and HCys generated upon α,γ-
and α,β-elimination of Cth, respectively was analyzed
through reverse phase HPLC (Conter et al., 2020). A
500 μL reaction mixture containing 0.1–8 mM Cth and
30 μM enzyme variants in 50 mM HEPES pH 8.0 was
incubated at 37�C for 60 min. Where indicated 0.05–
0.5 mM PPG was incubated with the enzyme for
30 min at 25�C. The enzyme was removed from the
reaction mixture by centrifugation using a Vivaspin
Turbo centrifugal concentrator (10 kDa cutoff, Sarto-
rius). Dansyl chloride (stock 1.5 mg/mL in acetonitrile)
was then reacted with the amino acids in the filtered
solution following the protocol in Mothersole and
Wolthers (2019) and Tapuhi et al. (1981). Following a
30-min incubation at 25�C, the reaction was quenched
with 30 μL of pyridine 4% and 20 μL of the mixture was
injected onto a C-18 column (Agilent Poroshell
120 HPH RP-C18, 4 μm, 4.6 � 250 mm). The dansy-
lated products were eluted at a flow rate of 1 mL/min
at 40�C with a mobile phase of 33.25/66.75 (vol/vol)
methanol/water containing 0.008% (vol/vol) triethyla-
mine and 0.6% (vol/vol) glacial acetic acid. The fluores-
cence detector was set at 335 and 522 nm for excitation
and emission wavelengths, respectively.

4.5 | Spectroscopic measurements

CD spectra were recorded on CD spectropolarimeter
(Jasco J-1500), equipped with a Peltier-type temperature
controller, as previously described (Dindo et al., 2020;
Pedretti et al., 2020). Briefly, near UV–Vis (250–600 nm)
spectra of 1 mg/mL TgCGL were collected in 1-cm path
length quartz cuvette at a scan speed of 50 nm/min in
20 mM sodium phosphate pH 8 at 25�C. A minimum of
three accumulations were made for each scan, averaged,
and corrected for the blank solution of corresponding
buffer (Bombardi et al., 2020).
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