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Abstract

Itaconate, produced as an offshoot of the TCA cycle, is a multifunctional immunometabolite
possessing antibacterial, antiviral, immune regulation, and tumor progression activities. The
production of itaconate in biological systems is catalyzed by cis-aconitate decarboxylase
(CAD, also known as immune responsive gene 1 (IRG1) in mammals). In this study, we
solved the structure of IRG1 from Mus musculus (mouse IRG1). Structural comparison anal-
ysis revealed that IRG1 can exist in either an open or closed conformation and that this is
controlled by the A1 loop located proximal to the active site. Our closed form structure was
maintained by an unidentified molecule in the active site, which might mimic its substrate.

Protein Data Bank accession codes

Coordinate and structural factors were deposited with the Protein Data Bank under PDB ID:
7BR9.

Introduction

Itaconate, the decarboxylated product of cis-aconitate (an intermediate metabolite in the TCA
cycle), is a small immunometabolite that can control innate immunity and possesses antibacte-
rial and antiviral activity [1-3]. This small metabolic intermediate has become an increasingly
prominent polymer in the industry and is used for generating various resins and bioactive
compounds [4, 5]. Recent studies have highlighted the various biological functions of itaco-
nate, focusing on immune cells [2, 6, 7]. Itaconate produced by macrophages during Salmo-
nella enterica and Mycobacterium tuberculosis infection kills these bacteria by directly
interacting with bacterial isocitrate lyase (ICL), which is a key enzyme of the glyoxylate shunt
[1, 8-10]. Zika virus-infected neurons produce itaconate, which can inhibit succinate dehydro-
genase (SDH) activity and viral replication, indicating that itaconate has antiviral activity [2].

PLOS ONE | https://doi.org/10.1371/journal.pone.0242383 December 1, 2020

1/11


https://orcid.org/0000-0001-9928-0847
https://doi.org/10.1371/journal.pone.0242383
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0242383&domain=pdf&date_stamp=2020-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0242383&domain=pdf&date_stamp=2020-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0242383&domain=pdf&date_stamp=2020-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0242383&domain=pdf&date_stamp=2020-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0242383&domain=pdf&date_stamp=2020-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0242383&domain=pdf&date_stamp=2020-12-01
https://doi.org/10.1371/journal.pone.0242383
https://doi.org/10.1371/journal.pone.0242383
http://creativecommons.org/licenses/by/4.0/

PLOS ONE Crystal structure of mouse IRG1

SDH inhibition by itaconate also regulates the innate immunity by metabolic remodeling of
immune cells [11].

Initial studies examining itaconate production and function in the fungus Aspergillus ter-
reus, the organism with the highest itaconate production level, have indicated that decarboxyl-
ation of cis-aconitate followed by itaconate generation is catalyzed by a ~55 kDa protein
named cis-aconitate decarboxylase (CAD) [12, 13]. In mammalian systems, itaconate is most
highly produced in macrophages in responce to pathogen-associated molecular patterns
(PAMPs) such as lipopolysaccharide (LPS) [1, 14-16]. In mammalian systems, itaconate pro-
duction is catalyzed by immune responsive gene 1 (IRG1; Fig 1A), which is known as an LPS-
inducible protein highly expressed during the inflammation phase of pathogen infection [1].
IRGL is produced by mouse Acodl gene. As excessive, IRG1 overproduction-mediated itaco-
nate production is linked to many diseases, including gout, chronic arthritis, and cancer, in
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Fig 1. Mouse IRG1 purification and activity analysis. (A) Itaconate production catalyzed by IRG1 using cis-aconitate as the substrate. (B) Size-exclusion
chromatography profile. The calibrated positions of the size markers are indicated above the profile. (C) MALS profile; the red line indicates the experimental mass size.
(D) HPLC profiles. The eluted positions of cis-aconitate (upper panel) and itaconate (lower panel) are indicated by black arrows. (E) HPLC profiles showing IRG1
activity. The peak produced by the enzymatic reaction is indicated by a black arrow.

https://doi.org/10.1371/journal.pone.0242383.9001
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mouse models, IRG1 has been suggested as an optimal target for therapeutic intervention [17-
19].

Despite the critical roles of itaconate in the polymer industry, biomedical applications, the
catalytic mechanism of IRGI in innate immunity have remained elusive owing to the limited
number of structural studies. Interestingly, at the time of preparing this manuscript, after solv-
ing and analyzing the structure of mouse IRG1, the structures of another mouse IRG1 (PDB
ID: 6R6T) and human IRG1 (PDB ID: 6R6U) were reported by Chen et al. [20]. This study
provides the structural information of full-length mouse IRG1 and compares this structure
with that of another, recently reported mouse IRG1 (6R6T) [20]. This structural comparison
revealed that the IRG1 can exist in either an open or closed conformation, which is controlled
by the Al loop located proximal to the active site. Furthermore, structural analysis revealed
that maintenance of our IRG1 closed form structure was accomplished by an unidentified
molecule in the active site, which might mimic its substrate.

Materials and methods

Protein expression and purification

The full-length Mus musculus (NCBI reference sequence ID: NP_032418.1) was synthesized
by BIONICS (Seoul, Republic of Korea) and cloned into a pET21a expression vector (Invitro-
gen, California, USA) using a Ndel and Xhol restriction sites. The plasmid encoding the full-
length mouse IRG1 was transformed into Escherichia coli BL21 (DE3) cells. A single colony
was selected and cultured in lysogeny broth (LB) medium containing 50 ug/mL kanamycin
overnight at 37°C. The cells were then transferred and cultured in 3 L of medium until reach-
ing an optical density value at 600 nm of approximately 0.75, at which point 0.5 mM isopropyl
B-D-1-thiogalactopyranoside was added to the medium and the cells were further cultured for
18 h at 20°C. The cells were then harvested by centrifugation at 20°C and the collected cells
were washed with 40 mL of lysis buffer (20 mM Tris-HCI [pH 8.0], 500 mM NaCl, and 25 mM
imidazole). After adding a serine protease inhibitor (phenylmethanesulfonyl fluoride; Sigma-
Aldrich, St. Louis, MO, USA), the cells were disrupted by sonication on ice with six bursts of
30 sec and a 90 sec interval between each burst. The lysed cell suspension was centrifuged at
10,000 g for 30 min at 4°C to remove the cell debris and the supernatant was mixed with nickel
nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Hilden, Germany) by gentle agitation for 1 h at
4°C. The resulting mixture was applied to a gravity-flow column pre-equilibrated with lysis
buffer. The column was washed with 50 mL of washing buffer (20 mM Tris-HCI [pH 8.0], 500
mM NacCl, and 60 mM imidazole). Next, a total of 2 mL of elution buffer (20 mM Tris-HCI
[pH 7.9], 500 mM NaCl, and 250 mM imidazole) was loaded onto the column to elute the
bound protein. The resulting eluate was concentrated to 20 mg/mL and sequentially subjected
to size exclusion chromatography (SEC). SEC purification was conducted using an AKTA
explorer system (GE Healthcare, Chicago, IL, USA) equipped with a Superdex 200 Increase
10/300 GL 24 mL column (GE Healthcare) pre-equilibrated with SEC buffer (20 mM Tris-HCI
[pH 8.0] and 150 mM NaCl). Protein fractions were collected, concentrated to 8.2 mg/mL,
flash-frozen in liquid N2, and stored at -80°C until use. Human IRG1, which was produced
and used for the activity study, was prepared using the same method used for mouse IRG1.

SEC-MALS analysis

The absolute molar mass of the full-length mouse IRG1 was determined by multi angle light
scattering (MALS) analysis. The target protein filtered with a 0.2 um syringe-filter was loaded
onto a Superdex 200 10/300 gel-filtration column (GE Healthcare) pre-equilibrated in a 20
mM Tris-HCI [pH 8.0] and 150 mM NaCl buffer. The mobile phase buffer flowed at a rate of
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0.4 mL/min at 25°C. A DAWN-treos MALS detector (Wyatt Technology, Santa Barbara, CA,
USA) was interconnected with the AKTA explorer system (GE Healthcare). The molecular
mass of bovine serum albumin was used as the reference value. Data for the absolute molecular
mass was assessed using the ASTRA program (Wyatt Technology).

Decarboxylation activity test and HPLC analysis

The cis-aconitate used as a substrate is converted to the product itaconate by IRG enzymes.
The cis-aconitate was prepared by dissolving in water. For the enzymatic tests, the final 100 pL
was incubated in 25 uM HEPES buffer [pH 7.1] supplied with 1.5 uM of each enzyme and 1.7
mM cis-aconitate. The reaction proceeded for 1 h at 30°C, and after the reaction it was
extracted by adding 400 uL methanol [21]. The reaction mixture was analyzed using Agilent
High-Pressure Liquid Chromatography (HPLC) equipped with an ACC-3000 autosampler,
Mightysil RP-18 GP reverse-phase C18 column (150 V, 4.6 mm, Japan) and DAD-3000 diode
array detector. The mobile phase consisted of water mixed with 0.1% trifluoroacetic acid as a
solution A and HPLC-grade acetonitrile as a solution B. Substrate and their product were
detected by UV detector at 210 nm, and temperature was kept at 30°C [22]. The flow rate for
separating the sample was set to 0.9 mL/min, and the solution A was maintained at 95% for 40
min for analysis.

Crystallization and data collection

For initial crystallization, 1 uL of protein solution was mixed with an equal volume of reservoir
solution and the droplet was allowed to equilibrate against 300 uL of the mother liquor using
the hanging drop vapor diffusion method at 20°C. The initial crystal was observed in a 20%
PEG 4000, 0.1 M Tris-HCI [pH 8.5], and 0.2 M lithium sulfate monohydrate buffer. Crystalli-
zation conditions were further optimized and finally adjusted to a buffer composition of 26.5%
PEG 4000, 0.085 M Tris-HCI [pH 8.2], 0.17 M lithium sulfate monohydrate, and 20% (v/v)
glycerol. Qualified needle shaped crystals appeared after 9 days and grew to a maximum size of
0.5 x 0.05 x 0.05 mm”. For data collection, the crystals were soaked in the mother liquor sup-
plemented with 30% (v/v) glycerol as a cryoprotectant solution and flash-cooled in a N2
stream at -178°C. X-ray diffraction data were collected at the Pohang Accelerator Laboratory
with the 5C beamline (Pohang, Republic of Korea). The diffraction data were indexed, inte-
grated, and scaled using the HKL-2000 program [23].

Structure determination and refinement

The structure was determined using the molecular replacement (MR) phasing method with
PHASER [24]. The previously solved structural homologue iminodisuccinate (IDS) epimerase
(PDB ID: 2HPO0), which shares 25% sequence identity with mouse IRG1, was used as a search
model [25]. The initial model was built automatically with AutoBuild in PHENIX [26] and
completed with Coot [27]. Model refinement was iteratively performed using phenix.refine in
PHENIX [26]. Model quality was validated using MolProbity [28]. All the structural figures in
this paper were generated using the PyMOL program [29].

Protein Data Bank accession codes

Coordinate and structural factors were deposited with the Protein Data Bank under PDB ID:
7BRO.
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Results
Overall structure of mouse IRG1

To elucidate the cis-aconitate to itaconate catalyzing mechanism of IRGI, the full-length
DNA coding sequence of mouse IRG1 (NCBI reference sequence ID: NP_032418.1) was syn-
thesized and cloned into a pET21 vector for expression in bacteria. The target protein was
purified by two rapid chromatography steps using affinity chromatography followed by size-
exclusion chromatography (SEC). This process produced soluble dimeric mouse IRG1,
eluted at approximately 14-15 mL of the SEC profile (Fig 1B). Owing to the lack of data
regarding the working stoichiometry of the IRG family, the absolute molecular mass of
mouse IRGI in solution was analyzed by MALS. The experimental molecular mass of mouse
IRGI measured by MALS was 130.2 kDa (0.42% fitting error). As the theoretically calculated
molecular weight of monomeric full-length mouse IRG1 (from residues 1 to 488) including
the C-terminal His-tag was 59.2 kDa, mouse IRG1 appeared to exist as a dimer in solution
(Fig 1C).

Prior to crystallization for the structural study of mouse IRG1, the activity of both mouse
IRG1 and human IRGI was tested using high-pressure liquid chromatography (HPLC) to
determine whether mammalian IRG1s expressed in bacteria exhibit proper activity. After
determining the eluted positions of cis-aconitate and itaconate by HPLC (Fig 1D), the reaction
mixture, including cis-aconitate plus mouse IRG1 or human IRG1, was injected into the
HPLC apparatus and itaconate production was monitored by analyzing the eluted position of
the newly produced compound. The HPLC profile showed that similar amounts of itaconate
were produced by both mouse IRG1 and human IRGI, indicating that both mammalian
IRG1s have cis-aconitate decarboxylase activity (Fig 1E).

Following crystallization and X-ray diffraction data analysis, we solved the structure of
mouse IRGI using the MR method. We used the structure of IDS epimerase (PDB ID: 2HPO0),
a previously reported structural homolog sharing 25% sequence identity with mouse IRG1
[25], for the MR search model, as it was the only structure with high structural similarity. The
structure was refined to Ryoi = 21.68% and Rgee = 25.68%. The crystallographic and refine-
ment statistics are summarized in Table 1.

The detected asymmetric unit contained two molecules (A and B), which comprise the
functional unit of IRG1. Following the refinement and model building process, the model of
molecule A was constructed from residues 5 to 463 and the model of molecule B was con-
structed from residues 4 to 460 (Fig 2A). Although we produced the full-length mouse IRG1
containing all 488 amino acids, ~4 N-terminal and ~20 C-terminal residues were not traceable
owing to poor electron density. The mouse IRGI structure revealed that it is composed of two
distinct domains, a helical domain and lid domain (Fig 2B and 2C). The helical domain is
formed by 270 N-terminal and 80 C-terminal residues, while the lid domain is formed by 140
residues in the middle of mouse IRG1 (Fig 2B).

Structural comparison with a recently reported mouse IRG1 (PDB ID:
6R6T) structure

As the reported mouse IRG1 (6R6T) contains a different tag and was expressed using a differ-
ent protein expression system, we compared the structure of our IRG1 with that of the recently
reported mouse IRG1 (6R6T). Although the overall dimeric structures of our IRG1 and that of
the 6R6T model were nearly identical, possessing an root-mean-square deviation (RMSD) of
1.9 A (Fig 3A), the lid domain of our mouse IRG1 was tilted approximately 9° (Fig 3B), indi-
cating that the two mouse IRG1 structures are not identical.
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Molecule B

Table 1. Data collection and refinement statistics.

Data collection

Space group Cl21
Unit cell parameter a, b, ¢ (A)
a,b,c (A) a=191.49, b =55.61, c=90.95
a B,y () a =90, =107.67,y =90
Resolution range (A)* 29.44-3.29 (3.4-3.29)
Total reflections 82,495
Unique reflections 13,878 (678)
Multiplicity 5.9(5.3)
Completeness (%)* 98.9 (95.1)
Mean I/o(I)* 5.72 (2.15)
Rierge (%)™ ° 23.2 (54.3)
Refinement
Resolution range (A) 29.45-3.29
Ryork (%) 21.68
Reree (%) 25.68
No. of molecules in the asymmetric unit 2
No. of non-hydrogen atoms 7,037
Macromolecules 7,037
Solvent 0
Average B-factor values (A% 56.22
Ramachandran plot: favored / allowed/ outliers (%) 98.65/1.35/0
Rotamer outliers (%) 0
Clashscore 3.25
RMSD bonds (A) / angles (*) 0.004 / 0.807

*Values for the outermost resolution shell are indicated in parentheses
mee,ge =Xy, X [I(h); — <I(h)>|/ Z), Z; I(h);, 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.0242383.t001
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Fig 2. Crystal structure of mouse IRG1. (A) Cartoon representation of dimeric mouse IRG1. (B) Domain boundary of mouse IRG1. The positions of the helical
domain and the lid domain are indicated using a bar diagram. A rainbow-colored cartoon representation of monomeric mouse IRG1 is shown in the lower panel. The
chain from the N- to C-terminus is colored blue to red. (C) Cartoon representation showing the two distinct domains of mouse IRG1.

https://doi.org/10.1371/journal.pone.0242383.9002
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Fig 3. Structural comparison of mouse IRG1 with the recently reported mouse IRG1 (PDB ID: 6R6T). (A) Comparison of the dimeric structure of our mouse IRG1
with the 6R6T model by superposition analysis. (B) Superposition of the monomeric structure of our mouse IRG1 and the 6R6T model. The tilt angle of the lid domain
of our mouse IRG1 is indicated above the cartoon. (C) Details of the active site of our mouse IRG1 compared with that of the 6R6T model. The two loops around the
active site are labeled as A1 loop and A2 loop. (D) The 2Fo-Fc electron density map contoured at the 1.0 o level around A1 loop. (E) Close-up view of the active site. The
unknown Fo-Fc electron density contoured at the 30 level is indicated with a blue mesh, the residues that form the active site are labeled, and the positions of the A1 and
A2 loops are indicated by black arrows. (F) The interactions between A1 loop and A2 loop. Red-dash lines indicate hydrogen bonds. (G) Electrostatic surface
representation of our mouse IRG1 and mouse IRG1 (6R6T). Dotted black circles indicate the active sites.

https://doi.org/10.1371/journal.pone.0242383.9003

Structural analysis comparison indicated that the Al loop, which is located near the active
site, was not constructed in the 6R6T model because of poor electron density; in contrast, the
Al loop of our model was clearly constructed with distinct density (Fig 3C and 3D). The miss-
ing A1 loop region residues in the 6R6T model include the EAKDIP sequence from residues
147 to 155. The A2 loop structures of both models, which are composed of residues E373 to
C387, were similar, although the location of the loop was slightly mismatched owing to the tilt-
ing of the lid domain (Fig 3C). Interestingly, an unknown electron density was observed in the
active site of our IRG1 structure. The Fo-Fc density map contoured at a 3¢ level clearly showed
that this density was not due to water (Fig 3E). All the side chains of the amino acid residues
forming the active site were orientated towards the unidentified density (Fig 3E). By compar-
ing with the structure of human IRG1, we realized that hIRG1 also contains intact A1 loop
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similar with our mouse IRG1 [20]. Interestingly, hIRG1 containing intact Al loop also con-
tains unknown density around the active site [20], which is similar with the unknown density
found in the active site of our mouse IRG1. Based on this observation, we hypothesized that
unknown density (might be from substrate: this also suggested by Chen et al [20]) fixed the
close conformation of IRG1 by holding the A1 loop. The fixed closed conformation of IRG1
was further stabilized by direct interaction of A1 and A2 loops. Structural analysis in this area
showed that K152 and D153 from A1 loop formed hydrogen bonds with S381 from A2 loop
(Fig 3F). Besides hydrogen bonds, hydrophobic interactions in between 1154 from A1l loop,
and P380 and F382 from A2 loop were also observed, indicating that A1 loop and A2 loop
directly interact during the formation of closed conformation of IRG1 (Fig 3F).

The features of the surface surrounding the active site in our structure were also compared
with that of the 6R6T structure by electrostatic surface calculation. As indicated at Fig 3G,
mouse IRG1 (6R6T), which does not contain the A1 loop, showed a positively charged deep
cavity forming active site, while our structure, which contains the A1 loop covering the active
site, exhibited a hydrophobic, smooth surface in the active site region. These results indicate
that the A1 loop causes the mouse IRG1 closed conformation by covering the active site and
preventing substrate access.

Discussion

The IRG1 protein, also known as CAD, is over-expressed during immune responses and cata-
lyzes the production of itaconate, which functions as an immunometabolite possessing anti-
bacterial, antiviral, and immunoregulatory activities [5-7, 11, 30].

To better understand the catalytic mechanism of IRG1, we performed a structural study of
mouse IRG1. Our findings indicate that IRG1 exist as a dimer in solution. A decarboxylation
activity test showed that mouse IRG1 and human IRG1 exhibit activity in vitro.

During the preparation of our structure analysis manuscript, the structures of another
mouse IRG1 (PDB ID: 6R6T) and human IRG1 (PDB ID: 6R6U) were reported [20]. Struc-
tural comparison of our mouse IRG1 with the structure of the recently reported mouse IRG1
(6R6T) showed that in contrast with our model, the 6R6T model did not include the A1 loop
around the active site because of poor electron density. This indicates that the Al loop might
be flexible and control substrate accessibility by functioning as a gate. This hypothesis led us to
conclude that our mouse IRG1 is in the closed form. Indeed, recently, we solved the structure
of another IRG1 from yeast; this structure was in an open form with the A1 loop located far
from the active site [31]. In this study, we also showed that the lid domain, which can be tilted,
might be flexible and adjust the active site, which is localized between the lid domain and the
helical domain. By tilting the lid domain, A2 loop from lid domain directly interact to A1 loop
of helical domain, stabilize the closed conformation of IRG1. Furthermore, an unknown den-
sity, coordinated by the surrounding residues in the active site, was detected in the center of
active site; this might maintain the closed form of IRG1 containing the intact Al loop. Previ-
ous structure of human IRGI also contains undefined density around the active site, maintain-
ing the intact A1 loop [20]. If the unknown density effect is the same as the substrate binding
effect, it is possible that IRG1 changes to the closed conformation following substrate binding.
The structure of the substrate/IRG1 complex will need to be elucidated in order to gain a better
understanding of the open-closed alteration-based activity control of IRG1. Our study surely
makes a significant contribution to the literature because the elucidation of activity controlling
mechanism by structural changes will help in biotechnological advances to synthesize IRG1
for large scale itaconate production, which will be very useful for various industrial and bio-
medical applications.
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