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Abstract

During the glyoxylate cycle, isocitrate lyases (ICLs) catalyze the lysis of isocitrate to glyoxy-

late and succinate. Itaconate has been reported to inhibit an ICL from Mycobacterium tuber-

culosis (tbICL). To elucidate the molecular mechanism of ICL inhibition, we determined the

crystal structure of tbICL in complex with itaconate. Unexpectedly, succinate and itaconate

were found to bind to the respective active sites in the dimeric form of tbICL. Our structure

revealed the active site architecture as an open form, although the substrate and inhibitor

were bound to the active sites. Our findings provide novel insights into the conformation of

tbICL upon its binding to a substrate or inhibitor, along with molecular details of the inhibitory

mechanism of itaconate.

Introduction

Isocitrate lyases (ICLs; isoforms 1 and 2) catalyze the reversible conversion of isocitrate to

glyoxylate and succinate in the glyoxylate cycle, which is used to bypass the two decarboxyl-

ation steps of the tricarboxylic acid (TCA) cycle (Fig 1A) [1, 2]. This catalytic reaction can be

reversed to produce isocitrate from glyoxylate and succinate [1, 2]. The ICL-initiated glyoxy-

late cycle is essential for various organisms, including bacteria, fungi, and plants, to reactivate

the TCA cycle in circumstances that limit carbon supply as an energy source by offering alter-

native energy sources such as fatty acids [3, 4]. ICLs from Mycobacterium tuberculosis, a bacte-

rium causing tuberculosis, can also catalyze the lysis of 2-methylisocitrate to produce pyruvate

and succinate [5].

The upregulation of the glyoxylate cycle via ICLs is necessary for the survival of fungi and

bacteria in the host after infection [3]. M. tuberculosis also harbors ICLs that are involved in its

persistence and virulence [6]. Owing to the crucial function of ICLs for the survival of M.

tuberculosis in the host, they have been considered major therapeutic targets for the treatment

of tuberculosis [7, 8]. Several inhibitors of ICLs—natural and synthetic products—have been

reported [9, 10], including bromopyruvate, nitropropionate, and itaconate; however, these
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products, unfortunately, inhibit host metabolic enzymes other than ICLs via non-specific

binding [10]. Hence, there remains a need to identify therapeutic agents that can selectively

inhibit ICLs, which will be ideal for the treatment of tuberculosis.

Itaconate, an unsaturated dicarboxylic acid, is an intermediate metabolite in the TCA cycle

and is produced by the decarboxylation of cis-aconitate [11]. This process is catalyzed by cis-
aconitate decarboxylase (encoded by immune-responsive gene 1) [12, 13]. Macrophage lineage

cells and various fungi are known to produce itaconate during infection in a bid to remove the

pathogen [14–16]. The antibacterial activity of itaconate is accomplished by direct inhibition

of glyoxylate cycle-related enzymes, such as ICLs [13, 17]. A recent study reported that mam-

malian cells that produce itaconate after viral infection inhibit the activity of succinate dehy-

drogenase, thereby inhibiting the replication of Zika viruses in infected neurons [18].

Although it has been shown that itaconate produced by a host directly inhibits an ICL from M.

tuberculosis (tbICL) to protect against the infection [13, 19], the molecular mechanism of ICL

inhibition by itaconate remains elusive.

There are two tbICL isoforms (tbICL1 and tbICL2) [6, 20], which are structurally very dif-

ferent but play important roles in carbon catabolism in M. tuberculosis [6, 20]. Further, tbICL1

Fig 1. Overall structure of tbICL in complex with succinate and itaconate. (A) Reversible catalytic reaction of tbICL, involving isocitrate, glyoxylate, and succinate.

(B) Crystal structure of tbICL in the asymmetric unit. The two molecules (subunits A and B) are represented graphically from two different viewpoints. The gray

spheres, yellow stick (subunit A), and pink stick indicate Mg2+ ions, succinate, and itaconate, respectively. (C) SEC-MALS profile of tbICl. Measured values using

SEC-MALS (red) are plotted as SEC elution volume (x-axis) versus absolute molecular mass (y-axis) distributions on the SEC chromatogram (black) at 280 nm. (D)

Tetrameric structure of tbICL. Two 2fold symmetric neighboring molecules (magenta and orange) were identified and modeled with the dimeric structure in the

asymmetric unit. (E) The monomeric structure of tbICl (subunit B). (F) Superimposition of subunit B onto subunit A of tbICL.

https://doi.org/10.1371/journal.pone.0251067.g001
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undergoes major conformational changes of some specific regions to close the active site upon

binding its inhibitors, such as 3-bromopyruvate and 3-nitropropionate [21], whereas tbICL2 is

activated upon binding acetyl-CoA and propionyl-CoA [20]. A recent study also proposed two

possible catalytic pathways of tbICL1 using quantum mechanics/molecular mechanics [22].

However, structural information on other inhibitors and their working mechanisms of tbICL

is still insufficient.

To elucidate the molecular mechanism of inhibitory activity of itaconate on tbICL and to

obtain structural insight into the conformational changes upon its binding to its substrates or

inhibitors, we determined the structure of tbICL1 in complex with itaconate. In our structure,

succinate (a substrate/product of tbICL) and itaconate (an inhibitor of tbICL) were bound to

the active sites of chains A and B, respectively. The heterogeneous multimeric structure

showed an unexpected conformation of regions proximal to the active site in response to bind-

ing of the substrate and inhibitor. Our structural analysis in the present study provides novel

insights into determinants for the conformational changes near the active site and into devel-

oping new antibiotics targeting tbICL.

Methods

Cloning, overexpression, and purification

The gene encoding tbICL was synthesized by Bionics (Daejeon, Republic of Korea) and

inserted into a pET21a plasmid vector (Novagen, WI, USA). NdeI and XhoI restriction sites

were used for constructing a recombinant plasmid. The resulting recombinant vector, contain-

ing the full-length gene (encoding residues 1–428), was delivered into Escherichia coli strain

BL21(DE3) competent cells. The cells were cultured at 37˚C in 1 L lysogeny broth containing

50 μg/mL kanamycin. When the optical density value at 600 nm reached 0.75, the temperature

was adjusted to 20˚C and 0.5 mM isopropyl β-D-1-thiogalactopyranoside was added to induce

gene expression. The cells were cultured for 18 h in a shaking incubator. Cultured cells were

harvested and resuspended in a lysis buffer (containing 20 mM Tris-HCl (pH 8.0), 500 mM

sodium chloride, and 25 mM imidazole) and lysed by ultrasonication at 4˚C. The cell lysate

and supernatant were separated by centrifugation at 10,000 g for 30 min at 4˚C. The collected

supernatant was mixed with Ni-nitrilotriacetic acid affinity resin for 2 h, and the mixture was

loaded onto a gravity-flow column (Bio-Rad, Hercules, CA, USA). The resin was washed with

50 mL washing buffer (containing 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 60 mM imid-

azole), and the resin-bound target protein was eluted from the resin using elution buffer (con-

taining 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 250 mM imidazole). The eluted protein

was pooled, concentrated, and injected in a Superdex 200 10/300 GL column (GE Healthcare,

Waukesha, WI, USA) on the ÄKTA Explorer system (GE Healthcare, Chicago, IL, USA),

which had been pre-equilibrated with a solution containing 20 mM Tris-HCl (pH 8.0) and 150

mM NaCl. The eluted protein was concentrated to 7.8 mg/mL for further utilization. Purity of

the protein was visualized and assessed using sodium dodecyl sulfate–polyacrylamide gel

electrophoresis.

Crystallization and X-ray diffraction data collection

The tbICL protein was crystallized using the hanging drop vapor diffusion method at 20˚C.

Commercial kits, such as Crystal Screen, Crystal Screen 2, Index, Natrix (Hampton Research),

and Wizard Classic I and II (Rigaku Reagents), were used for crystallization screening. Initial

crystals were obtained by equilibrating a mixture containing 1 μL protein solution (20 mM

Tris-HCl (pH 8.0), and 150 mM NaCl) and 1 μL reservoir solution (0.4 M sodium phosphate/

1.6 M potassium phosphate, 0.1 M imidazole (pH 8.2), and 0.2 M NaCl) against 0.3 mL
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reservoir solution. The conditions for crystallization were further optimized by varying protein

and precipitant concentrations and buffer pH values. The best crystals were obtained from a

crystallization buffer containing 0.6 M sodium phosphate/1.2 M potassium phosphate, 0.1 M

imidazole (pH 8.5), and 250 mM NaCl, over approximately 3 days. A single well-formed crys-

tal was selected and soaked in the reservoir solution supplemented with 40% (v/v) glycerol for

cryo-protection. To obtain crystals containing substrates and itaconate, tbICL crystals were

soaked in crystallization buffers supplemented with respective compounds (each at 5 mM) in

various combinations: (1) itaconate, (2) isocitrate, (3) succinate, (4) glyoxylate, (5) succinate

+ glyoxylate, (6) isocitrate + itaconate, (7) succinate + itaconate, (8) glyoxylate + itaconate, and

(9) succinate + glyoxylate + itaconate. X-ray diffraction data were collected at −178˚C on

beamline BL-5C at Pohang Accelerator Laboratory (Pohang, Korea). Indexing, integration,

and scaling were conducted using HKL2000 [23].

Structure determination and refinement

tbICL structure was determined by the molecular replacement method, using Phaser [24]. The

previously reported tbICL structure (PDB ID: 1F8M) [21] was used as a search model. The ini-

tial model was built automatically using AutoBuild in Phenix, and further model building and

refinement were performed using Coot [25] and phenix.refine in Phenix [26], respectively.

The stereochemical quality of the model was validated using MolProbity [27]. All structural

figures were generated using PyMOL [28] and LigPlot+ [29].

Multi-angle light scattering analysis

The absolute molecular weight of tbICL in solution was measured using SEC-coupled multi-

angle light scattering (SEC-MALS). The protein sample was loaded onto a Superdex 200

Increase 10/300 GL (24 mL) column pre-equilibrated with SEC buffer (containing 20 mM

Tris-HCl (pH 8.0) and 150 mM NaCl). The flow rate of the buffer and measurement tempera-

ture were maintained at 0.4 mL/min and 20˚C, respectively. A DAWN-TREOS MALS detector

was systemically connected to an ÄKTA Explorer system. The molecular weight of bovine

serum albumin was measured and used as a reference value. All data were processed and

assessed using the ASTRA program.

Results and discussion

Overall structure of tbICL in complex with succinate and itaconate

Among the crystals prepared using various combinations of substrates and itaconate, the

structure of tbICL in complex with succinate and itaconate was determined at 2.58 Å resolu-

tion. X-ray diffraction data and refinement statistics for tbICL are summarized in Table 1. The

crystal belongs to space group P6522, with two molecules (subunits A and B) present in the

asymmetric unit (Fig 1B). It has been assumed that ICLs function biologically as tetramers,

although they are stable in solution as dimers [21]. To confirm the multimeric state of tbICL in

solution, we performed SEC-MALS, which can provide information on the absolute molecular

mass in solution. The molecular mass of tbICL as determined by this method was 203.9 kDa

(0.42% fitting error; Fig 1C). Considering 47.08 kDa as the theoretical molecular mass of

tbICL (as a monomer), including the C-terminal His-tag, the measured value indicates that

tbICL exists dominantly in tetrameric form in solution. Because the oligomerization of pro-

teins tends to depend on several factors, such as protein concentration, temperature, and salt

[30, 31], we performed SEC-MALS under various conditions and obtained the same results.

Based on previous study findings and our SEC-MALS result, we conclude that tbICL exists in
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tetrameric form in solution. We searched for two other appropriate subunits to satisfy the tet-

rameric state and found two additional symmetric subunits. This other dimeric molecule, with

a twofold symmetry, was well positioned with the aforementioned dimeric structure, forming

a tetramer (Fig 1D).

The monomeric structure of tbICL consists of sixteen α-helices (α1–16), five 310-helices

(η1–5), twelve β-strands, and several loops (L1-6). The central eight β-strands form a β-barrel,

in which all the strands run parallel to each other (Fig 1E). Our overall structure is nearly iden-

tical to the ones reported previously [21]. The active site, containing an Mg2+ ion, which is

considered to be derived from LB medium, is positioned on the top of the barrel (as discussed

in detail in the next section). It is noteworthy that the C-terminal tail from one subunit is

known to play an important role in closing the active site of the other subunit [21]. The C-ter-

minal tail contains an α-helix (Fig 1E). In the present study, although the full-length gene

(encoding residues 1–428) was expressed, 10 residues at the C terminus could not be built,

owing to poor electron density, which was untraceable.

In our structure, subunits A and B contain succinate and itaconate, respectively, in their

active sites (Fig 1B; as discussed in detail in the next section). Crystals obtained from the crys-

tallization buffer were soaked in the same solution supplemented with succinate and itaconate

to prepare crystals in complex with succinate and itaconate. It is possible that incorporating

different compounds into the respective active sites of the two subunits gives rise to

Table 1. Data collection and refinement statistics for tbICL in complex with succinate and itaconate.

Data collection tbICL in complex with succinate and itaconate

X-ray source BL 5C beamline

Wavelength (Å) 1.0000

Space group P6522

Unit cell parameter:

a, b, c (Å) a = b = 131.32, c = 284.88

α, β, γ (˚) α = β = 90, γ = 120

Total reflections 462673

Unique reflections1 44429 (2800)

Multiplicity1 10.4 (9.4)

Completeness (%)1 95.1 (92.4)

Mean I/σ(I)1 9.0 (3.0)

Rmerge (%)1,2 15.1 (67.0)

Resolution range (Å)1 50.00–2.58 (2.64–2.58)

Refinement

Resolution range (Å) 43.04–2.58 (2.67–2.58)

No. of reflections of working set 43071

No. of reflections of test set 2119

Rwork (%) 19.4

Rfree (%) 15.4

Ramachandran plot:

Favored/outliers (%) 98.07/0.00

Rotamer outliers (%) 0.00

RMSD bonds (Å)/angles (˚) 0.008/1.006

1 Values for the outermost resolution shell in parentheses
2 Rmerge = Sh Si |I(h)i − <I(h)>|/Sh Si I(h)i, where I(h) is the observed intensity of reflection h and <I(h)> is the

average intensity obtained from multiple measurements.

https://doi.org/10.1371/journal.pone.0251067.t001
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conformational differences. Accordingly, to investigate structural differences, the two overall

structures were superimposed (Fig 1F). Structural comparison analysis showed that the root-

mean-square deviation (RMSD) value over 416 Cα atoms was 0.24 Å. This value signifies that

the two subunits are almost identical to each other structurally. Thus, although each subunit

contains a different molecule in the active site, this distribution of heterogeneous molecules in

the two subunits did not cause significant structural differences.

Active site structure of tbICL in complex with succinate and itaconate

The active sites of tbICL are located near the interface of the two subunits (Fig 2A). The

entrance to the active site is also positioned near the interface. As mentioned previously, the

C-terminal tail from one subunit serves as a lid in closing the active site on the other subunit

after substrate entry. In this respect, a dimeric structure is the least functional unit necessary

for completing the catalytic reaction of tbICL. In addition, each subunit has a relatively deep

cavity as its active site, and an Mg2+ ion is positioned at the bottom of the cavity (Fig 2A).

Analysis of the surface electrostatic potential of tbICL revealed the distribution of charged

residues. Remarkably, we found that negatively charged residues are dominantly distributed in

the active site pocket and that positively charged areas are positioned near the active site (Fig

2B). Such spatial distributions seem to be optimized for accepting positively charged species,

such as an Mg2+ ion. This observation suggests that the electric field generated in the proximity

of the active site plays a crucial role in attracting an Mg2+ ion into the active site. However,

considering isocitrate as a substrate and glyoxylate and succinate as products, each having a

carboxylic acid group, it does not seem logical that the active site would accept those negatively

charged molecules. It is thermodynamically unfavorable for a negatively charged substrate to

Fig 2. Active site structure of tbICL in complex with succinate and itaconate. (A) Cavities including active sites are

colored blue. The dashed ovals indicate active sites. (B) Surface electrostatic potential of tbICL. The scale bar ranges

from −5 kT/e (red) to 5 kT/e (blue). The dashed circle indicates the active site in subunit B. Omit maps of succinate (C)

and itaconate (D). The omit maps (FO − FC) of succinate and itaconate are colored blue and contoured at the 2.0 sigma

and 3.0 sigma level, respectively. Diagrams of succinate (E) and itaconate (F) interactions in the active sites. They

interact with water molecules (blue circles) and neighboring residues.

https://doi.org/10.1371/journal.pone.0251067.g002
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bind to a negatively charged active site. Accordingly, the presence of charged residues in the

active site may be necessary to accept an Mg2+ ion rather than the substrate. In this respect, it

is assumed that the active site recognizes the substrate on the basis of its specific shape, accept-

ing some thermodynamic disadvantages. This finding implies that positively charged com-

pounds with a shape suitable for the active site are possibly potent inhibitors for tbICL.

We found that succinate and itaconate bind to the active sites of subunits A (Fig 2C) and B

(Fig 2D), respectively. Their omit maps show that they are well matched to our models (Fig 2C

and 2D). They are positioned in the vicinity of the Mg2+ ion at the active site. Notably, our

structure constitutes a heterogeneous dimer in the asymmetric unit, despite the structure

obtained from the same crystal. This finding implies that succinate and itaconate bind compet-

itively to the active site to some degree.

The heterogeneous dimeric structure shows that succinate and itaconate interact with

neighboring residues and water molecules in the active site. In the active site of subunit A, two

carboxylic acid groups of succinate are coordinated to adjacent water molecules, by which

interactions with residues such as Ser91, Trp93, Asp108, Asp153, Glu182, Arg228, Glu285,

Asn313, and Thr347 are mediated (Fig 2E). Two water molecules are also coordinated with the

Mg2+ ion (Fig 2E). In addition, it was observed that the four carbon atoms of succinate form

hydrophobic interactions with adjacent residues, such as Trp93, Asp108, and Thr347. Conse-

quently, electrostatic interactions, including the hydrogen-bond network and hydrophobic

interactions, contribute to the binding of succinate to the active site. In the active site of sub-

unit B, the same residues that are involved in the succinate binding are associated with interac-

tions with itaconate, except for Tyr89 (Fig 2F). As in the coordination of succinate, itaconate

also forms many bonds mediated by water molecules (Fig 2F). However, itaconate directly

interacts electrostatically with proximal residues, such as Arg228 and Asn313, whereas succi-

nate does so only with Arg228. In addition, while succinate directly binds to five water mole-

cules, itaconate directly interacts with only three water molecules. These differences suggest

that itaconate is relatively less dependent on water molecules for binding to the active site than

succinate is.

Structural comparison with other conformers

A previous study reported that tbICL exists in two forms: open and closed [21]. In the open

form, a loop near the active site and the C-terminal tail is located slightly away from the active

site, thereby facilitating access of substrate or water molecules to the active site. Conversely, in

the closed form, the two regions (the loop and the C-terminal tail) play a mechanical role in

closing the active site by moving toward it. The study also showed that inhibitors such as

3-bromopyruvate and 3-nitropropionate induce conformational changes from the open form

to the closed form [21]. Based on the structures in complex with the inhibitors, which structur-

ally mimic the substrate moiety, it has been assumed that substrate binding induces the closure

of the active site by moving the loop and the C-terminal tail toward the site.

In this study, we present a heterogeneous dimeric structure simultaneously containing suc-

cinate (substrate) and itaconate (inhibitor) in the respective subunits. To identify structural

features of tbICL in complex with succinate and itaconate, we compared our structure with

that of others, such as the native form of tbICL (PDB code: 1F61) [21] and the complex forms

with glyoxylate and succinate (PDB code: 1F8I) [21] and with pyruvate (PDB code: 1F8M)

[21]. Structural comparison analysis revealed that the overall structures of the four conformers

are similar (RMSD = 0.29–1.47 Å over 400–416 Cα). However, we found that the positions of

the L5 loop (residues 189–197) and the C-terminal tail are different, depending on the

conformer. Most intriguingly, our structure (subunit A) is nearly identical to the native form
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(PDB code: 1F61; Fig 3A), although our structure contains succinate in the active site. How-

ever, comparative analysis with the other complex forms exhibits remarkable structural differ-

ences in the positions of the L5 loop and the C-terminal tail. Although the two parts are

positioned away from the Mg2+ ion at the active site in our structure, they are very close to it in

the two complex structures (Fig 3B and 3C). Such structural differences were identical to those

found in subunit B, containing itaconate in the active site (Fig 3D).

These findings raise the issue of what causes the conformational changes. As shown in Fig

3E, succinate and itaconate in our structure share nearly the same spatial coordinates as glyox-

ylate and succinate in the previous complex structure (PDB code: 1F8I) [21]. Moreover, our

structure corresponds to the same open form as that observed in the native form, although

subunit B has the inhibitor itaconate in the active site. Considering that itaconate is positioned

Fig 3. Structural comparison with other conformers. Structural comparison of the L5 loop and the C-terminal tail. Subunit A of our tbICL structure (green) is

superimposed onto those of the native form (A; orange), glyoxylate and succinate complex (B; magenta), and pyruvate complex (C; wheat) structures. Subunits B

are colored gray except for our structure (cyan). All views are restricted to the active site. Succinate from our structure (yellow), glyoxylate (limon), succinate

(blue; PDB code: 1F8I), pyruvate (black), and Mg2+ ions (gray) are represented by sticks and spheres. The curved arrows indicate conformational changes of the

L5 loop and the C-terminal tail. (D) Subunit B of our tbICL structure (cyan) is superimposed onto those of the structures shown in panel (C). Subunit B, except

for our structure, is colored gray for clarity. The pink stick represents itaconate. (E) Magnified view of the active site. Stick symbols and color codes are the same

as in panels (A)–(D). (F) Magnified view of the active site in subunit B of our structure, the succinate/glyoxylate-complex structure, and another itaconate

(wheat) complex structure (PDB code: 6XPP). Stick symbols and color codes are the same as in panels (E).

https://doi.org/10.1371/journal.pone.0251067.g003
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at nearly the identical site as those of the known compounds, it is unlikely that the conforma-

tional changes of the L5 loop and the C-terminal tail depend on the type of inhibitor. It is note-

worthy that our dimeric structure has different compounds at the two active sites, whereas the

other multimeric complex structures (PDB codes: 1F61, 1F8I, and 1F8M) have the same com-

pounds at their equivalent active sites. This difference implies that the homogeneity of com-

pounds binding to the active site might be a crucial factor for inducing conformational changes.

A recent study showed a tbICL structure in complex with itaconate (PDB code: 6XPP),

which is covalently bound to Cys191 [32]. Considering that the chemical state of itaconate in

their study is different from that in the current study, structural comparison can provide valu-

able information on the conformation of itaconate in the active site. Hence, we superimposed

the covalently bound itaconate in their structure onto that in our structure. The result showed

that the C3, C4, C5, O3, and O4 atoms of itaconate are positioned differently from each other

(Fig 3F), i.e., access of Cys191 in the L5 loop to the active site resulted in the formation of a

covalent bond with the C4 atom of itaconate. This difference in the stereochemistry of the two

itaconates signifies that itaconate can adopt multiple conformations in response to the position

of the L5 loop.

A possible determinant of active site closure

To investigate the biophysical properties of the active site, we analyzed the B-factor profile of

tbICL, which can provide information on its intrinsic flexibility. This revealed that the L5

loops in each subunit exhibit high B-factor values, and the C-terminal tails correspond to dis-

ordered regions (Fig 4A). We also found that the B-factor profile of the L5 loop in subunit A

exhibits slightly higher values than that in subunit B. This difference could result from the dif-

ferent compounds bound to their respective active sites. For example, itaconate bound to the

active site in subunit B may have contributed to greater structural stabilization than succinate

bound to the active site in subunit A, although neither itaconate nor succinate gave rise to the

type of conformational change observed in previous complex structures (PDB code: 1F8I and

1F8M).

As shown in Fig 2B, the active site cavity has a strong, negatively charged surface, whereas

some adjacent areas have a positively charged surface. Such uneven charge distributions enabled

us to investigate electric field generation around the active site. We found that electric fields are

generated across the positively charged regions to the negatively charged active site (Fig 4B).

Notably, we found that while the space around the active sites in our structure constituted posi-

tively charged regions in a slice of the electric field (Fig 4C), the corresponding space in the pre-

vious native and complex structures exhibited negatively charged fields (Fig 4D and 4E).

Based on these results, we assume that the incorporation of heterogeneous compounds into

their respective active sites induces subtle movements of nearby residues, thereby generating

abnormal electric fields and finally obstructing active site closure. If our assumption is correct,

the entry of the same substrates (isocitrate-isocitrate) into the active sites may be a prerequisite

for the conformational changes of the L5 loop and the C-terminal tail to close the active site. In

addition, if our structure provides a snapshot of the inhibitory mode of itaconate targeting

tbICL, itaconate may act as an inhibitor by binding only to one of the two active sites of tbICL,

which possibly results in asymmetric distributions of rotameric states of residues related to

active site closure in the two subunits. At present, it is difficult to confirm that such a difference

in the electric field hampers the conformational changes of the L5 loop and the C-terminal tail.

Nevertheless, the hypothesis tested in the present study provides novel and profound insights

into conformational changes of the active site architecture in response to binding of the sub-

strate and inhibitor of tbICL.
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9. Krátký M, Vinšová J. Advances in mycobacterial isocitrate lyase targeting and inhibitors. Curr Med

Chem. 2012; 19(36):6126–37. https://doi.org/10.2174/092986712804485782 PMID: 23092127.

10. Lee YV, Wahab HA, Choong YS. Potential Inhibitors for Isocitrate Lyase of Mycobacterium tuberculosis

and Non-M. tuberculosis: A Summary. Biomed Res Int. 2015. Artn 895453 https://doi.org/10.1155/

2015/895453 WOS:000348297700001. PMID: 25649791

11. Chen FF, Lukat P, Iqbal AA, Saile K, Kaever V, van den Heuvel J, et al. Crystal structure of cis-aconitate

decarboxylase reveals the impact of naturally occurring human mutations on itaconate synthesis. P Natl

Acad Sci USA. 2019; 116(41):20644–54. https://doi.org/10.1073/pnas.1908770116

WOS:000489770700059. PMID: 31548418

12. Kanamasa S, Dwiarti L, Okabe M, Park EY. Cloning and functional characterization of the cis-aconitic

acid decarboxylase (CAD) gene from Aspergillus terreus. Appl Microbiol Biot. 2008; 80(2):223–9.

https://doi.org/10.1007/s00253-008-1523-1 WOS:000257911500004. PMID: 18584171

13. Michelucci A, Cordes T, Ghelfi J, Pailot A, Reiling N, Goldmann O, et al. Immune-responsive gene 1

protein links metabolism to immunity by catalyzing itaconic acid production. P Natl Acad Sci USA. 2013;

110(19):7820–5. https://doi.org/10.1073/pnas.1218599110 WOS:000319327700068. PMID: 23610393

14. Weiss JM, Davies LC, Karwan M, Ileva L, Ozaki MK, Cheng RY, et al. Itaconic acid mediates crosstalk

between macrophage metabolism and peritoneal tumors. J Clin Invest. 2018; 128(9):3794–805. Epub

2018/06/20. https://doi.org/10.1172/JCI99169 PMID: 29920191; PubMed Central PMCID:

PMC6118601.

15. Mills EL, Ryan DG, Prag HA, Dikovskaya D, Menon D, Zaslona Z, et al. Itaconate is an anti-inflamma-

tory metabolite that activates Nrf2 via alkylation of KEAP1. Nature. 2018; 556(7699):113-+. https://doi.

org/10.1038/nature25986 WOS:000429103300045. PMID: 29590092

PLOS ONE Crystal structure of ICL/itaconate

PLOS ONE | https://doi.org/10.1371/journal.pone.0251067 May 5, 2021 11 / 12

https://doi.org/10.1128/IAI.37.3.1042-1049.1982
https://doi.org/10.1128/IAI.37.3.1042-1049.1982
http://www.ncbi.nlm.nih.gov/pubmed/6813266
https://doi.org/10.1186/s12929-019-0546-5
https://doi.org/10.1186/s12929-019-0546-5
http://www.ncbi.nlm.nih.gov/pubmed/31301737
https://doi.org/10.1038/35021074
http://www.ncbi.nlm.nih.gov/pubmed/10963599
https://doi.org/10.1073/pnas.1400390111
http://www.ncbi.nlm.nih.gov/pubmed/24639517
https://doi.org/10.1111/j.1365-2958.2006.05297.x
http://www.ncbi.nlm.nih.gov/pubmed/16879647
https://doi.org/10.1038/nm1252
https://doi.org/10.1038/nm1252
http://www.ncbi.nlm.nih.gov/pubmed/15895072
https://doi.org/10.2174/1872213x11307020003
https://doi.org/10.2174/1872213x11307020003
http://www.ncbi.nlm.nih.gov/pubmed/23506018
https://doi.org/10.1016/j.drudis.2017.04.012
https://doi.org/10.1016/j.drudis.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28458043
https://doi.org/10.2174/092986712804485782
http://www.ncbi.nlm.nih.gov/pubmed/23092127
https://doi.org/10.1155/2015/895453
https://doi.org/10.1155/2015/895453
http://www.ncbi.nlm.nih.gov/pubmed/25649791
https://doi.org/10.1073/pnas.1908770116
http://www.ncbi.nlm.nih.gov/pubmed/31548418
https://doi.org/10.1007/s00253-008-1523-1
http://www.ncbi.nlm.nih.gov/pubmed/18584171
https://doi.org/10.1073/pnas.1218599110
http://www.ncbi.nlm.nih.gov/pubmed/23610393
https://doi.org/10.1172/JCI99169
http://www.ncbi.nlm.nih.gov/pubmed/29920191
https://doi.org/10.1038/nature25986
https://doi.org/10.1038/nature25986
http://www.ncbi.nlm.nih.gov/pubmed/29590092
https://doi.org/10.1371/journal.pone.0251067


16. O’Neill LAJ, Artyomov MN. Itaconate: the poster child of metabolic reprogramming in macrophage func-

tion. Nat Rev Immunol. 2019; 19(5):273–81. Epub 2019/02/02. https://doi.org/10.1038/s41577-019-

0128-5 PMID: 30705422.

17. McFadden BA, Purohit S. Itaconate, an isocitrate lyase-directed inhibitor in Pseudomonas indigofera. J

Bacteriol. 1977; 131(1):136–44. Epub 1977/07/01. https://doi.org/10.1128/JB.131.1.136-144.1977

PMID: 17593; PubMed Central PMCID: PMC235402.

18. Daniels BP, Kofman SB, Smith JR, Norris GT, Snyder AG, Kolb JP, et al. The Nucleotide Sensor ZBP1

and Kinase RIPK3 Induce the Enzyme IRG1 to Promote an Antiviral Metabolic State in Neurons. Immu-

nity. 2019; 50(1):64–+. https://doi.org/10.1016/j.immuni.2018.11.017 WOS:000455661600011. PMID:

30635240

19. Nair S, Huynh JP, Lampropoulou V, Loginicheva E, Esaulova E, Gounder AP, et al. Irg1 expression in

myeloid cells prevents immunopathology during M-tuberculosis infection. J Exp Med. 2018; 215

(4):1035–45. https://doi.org/10.1084/jem.20180118 WOS:000440817800005. PMID: 29511063

20. Bhusal RP, Jiao W, Kwai BXC, Reynisson J, Collins AJ, Sperry J, et al. Acetyl-CoA-mediated activation

of Mycobacterium tuberculosis isocitrate lyase 2. Nat Commun. 2019; 10(1):4639. https://doi.org/10.

1038/s41467-019-12614-7 PMID: 31604954.

21. Sharma V, Sharma S, Bentrup KHZ, McKinney JD, Russell DG, Jacobs WR, et al. Structure of isocitrate

lyase, a persistence factor of Mycobacterium tuberculosis. Nat Struct Biol. 2000; 7(8):663–8. https://doi.

org/10.1038/77964 WOS:000088548400015. PMID: 10932251

22. Ibeji CU, Salleh NAM, Sum JS, Ch’ng ACW, Lim TS, Choong J. Demystifying the catalytic pathway of

Mycobacterium tuberculosis isocitrate lyase. Sci Rep. 2020; 10(1):18925. https://doi.org/10.1038/

s41598-020-75799-8 PMID: 33144641.

23. Otwinowski Z. DENZO data processing package. C.T.: Yale University; 1990.

24. McCoy AJ. Solving structures of protein complexes by molecular replacement with Phaser. Acta Crys-

tallogr D Biol Crystallogr. 2007; 63(Pt 1):32–41. https://doi.org/10.1107/S0907444906045975 PMID:

17164524; PubMed Central PMCID: PMC2483468.

25. Emsley P, Cowtan K. Coot: model-building tools for molecular graphics. Acta Crystallogr D Biol Crystal-

logr. 2004; 60(Pt 12 Pt 1):2126–32. https://doi.org/10.1107/S0907444904019158 PMID: 15572765.

26. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, et al. PHENIX: a comprehensive

Python-based system for macromolecular structure solution. Acta Crystallogr D Biol Crystallogr. 2010;

66(Pt 2):213–21. https://doi.org/10.1107/S0907444909052925 PMID: 20124702; PubMed Central

PMCID: PMC2815670.

27. Chen VB, Arendall WB 3rd, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, et al. MolProbity: all-

atom structure validation for macromolecular crystallography. Acta Crystallogr D Biol Crystallogr. 2010;

66(Pt 1):12–21. Epub 2010/01/09. https://doi.org/10.1107/S0907444909042073 PMID: 20057044;

PubMed Central PMCID: PMC2803126.

28. DeLano WL, Lam JW. PyMOL: A communications tool for computational models. Abstr Pap Am Chem

S. 2005; 230:U1371–U2. WOS:000236797302763.

29. Wallace AC, Laskowski RA, Thornton JM. LIGPLOT: a program to generate schematic diagrams of pro-

tein-ligand interactions. Protein Eng. 1995; 8(2):127–34. Epub 1995/02/01. https://doi.org/10.1093/

protein/8.2.127 PMID: 7630882.

30. Oroz J, Barrera-Vilarmau S, Alfonso C, Rivas G, de Alba E. ASC Pyrin Domain Self-associates and

Binds NLRP3 Protein Using Equivalent Binding Interfaces. Journal of Biological Chemistry. 2016; 291

(37):19487–501. https://doi.org/10.1074/jbc.M116.741082 WOS:000383242800026. PMID: 27432880

31. Choi JY, Qiao Q, Hong SH, Kim CM, Jeong JH, Kim YG, et al. CIDE domains form functionally impor-

tant higher-order assemblies for DNA fragmentation. Proc Natl Acad Sci U S A. 2017; 114(28):7361–6.

Epub 2017/06/28. https://doi.org/10.1073/pnas.1705949114 PMID: 28652364; PubMed Central

PMCID: PMC5514754.

32. Kwai BXC, Collins AJ, Middleditch MJ, Sperry J, Bashiri G, Leung IKH. Itaconate is a covalent inhibitor

of the Mycobacterium tuberculosis isocitrate lyase. RSC Med Chem. 2021; 12:57–61. https://doi.org/

10.1039/d0md00301h

PLOS ONE Crystal structure of ICL/itaconate

PLOS ONE | https://doi.org/10.1371/journal.pone.0251067 May 5, 2021 12 / 12

https://doi.org/10.1038/s41577-019-0128-5
https://doi.org/10.1038/s41577-019-0128-5
http://www.ncbi.nlm.nih.gov/pubmed/30705422
https://doi.org/10.1128/JB.131.1.136-144.1977
http://www.ncbi.nlm.nih.gov/pubmed/17593
https://doi.org/10.1016/j.immuni.2018.11.017
http://www.ncbi.nlm.nih.gov/pubmed/30635240
https://doi.org/10.1084/jem.20180118
http://www.ncbi.nlm.nih.gov/pubmed/29511063
https://doi.org/10.1038/s41467-019-12614-7
https://doi.org/10.1038/s41467-019-12614-7
http://www.ncbi.nlm.nih.gov/pubmed/31604954
https://doi.org/10.1038/77964
https://doi.org/10.1038/77964
http://www.ncbi.nlm.nih.gov/pubmed/10932251
https://doi.org/10.1038/s41598-020-75799-8
https://doi.org/10.1038/s41598-020-75799-8
http://www.ncbi.nlm.nih.gov/pubmed/33144641
https://doi.org/10.1107/S0907444906045975
http://www.ncbi.nlm.nih.gov/pubmed/17164524
https://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765
https://doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
https://doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
https://doi.org/10.1093/protein/8.2.127
https://doi.org/10.1093/protein/8.2.127
http://www.ncbi.nlm.nih.gov/pubmed/7630882
https://doi.org/10.1074/jbc.M116.741082
http://www.ncbi.nlm.nih.gov/pubmed/27432880
https://doi.org/10.1073/pnas.1705949114
http://www.ncbi.nlm.nih.gov/pubmed/28652364
https://doi.org/10.1039/d0md00301h
https://doi.org/10.1039/d0md00301h
https://doi.org/10.1371/journal.pone.0251067

