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cis-Aconitate decarboxylase (CAD, also known as ACOD1 or Irg1)
converts cis-aconitate to itaconate and plays central roles in link-
ing innate immunity with metabolism and in the biotechnological
production of itaconic acid by Aspergillus terreus. We have eluci-
dated the crystal structures of human and murine CADs and com-
pared their enzymological properties to CAD from A. terreus.
Recombinant CAD is fully active in vitro without a cofactor. Murine
CAD has the highest catalytic activity, whereas Aspergillus CAD is
best adapted to a more acidic pH. CAD is not homologous to any
known decarboxylase and appears to have evolved from prokary-
otic enzymes that bind negatively charged substrates. CADs are
homodimers, the active center is located in the interface between
2 distinct subdomains, and structural modeling revealed conserva-
tion in zebrafish and Aspergillus. We identified 8 active-site resi-
dues critical for CAD function and rare naturally occurring human
mutations in the active site that abolished CAD activity, as well as
a variant (Asn152Ser) that increased CAD activity and is common
(allele frequency 20%) in African ethnicity. These results open the
way for 1) assessing the potential impact of human CAD variants
on disease risk at the population level, 2) developing therapeutic
interventions to modify CAD activity, and 3) improving CAD effi-
ciency for biotechnological production of itaconic acid.
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taconic acid was first described in 1836 as an unknown by-

product of heating citric acid (1) and subsequently given its
name by Crasso (2), but its relevance to the human condition
remained elusive until it was found that it can serve as a highly
reactive building block for polymer synthesis (3) and can be
produced by fermentation in amounts large enough for industrial
utilization (4, 5). Recently, itaconic acid moved into the limelight
of biomedical research when it was detected during activation of
murine macrophages (6, 7) and, subsequently, cis-aconitate
decarboxylase (CAD; encoded by the ACODI gene) was iden-
tified as the enzyme responsible for its formation from the tri-
carboxylic acid cycle intermediate cis-aconitate (8) (Fig. 1). Since
then, an astoundingly broad spectrum of itaconic acid functions
in immune responses and host—pathogen interactions have been
described. These include linking cell metabolism and innate
immunity (9-11) (reviewed in ref. 12), limiting inflammatory
responses particularly by dampening IFN signaling (13-15), re-
ducing host susceptibility to bacterial (16, 17) and viral (18) in-
fections at the cellular and organismal level, and directly inhibiting
growth of bacteria that use the glyoxylate shunt as energy source
(8). In addition, itaconic acid appears to exert cytoprotective ef-
fects, for example, by limiting synthesis of reactive oxygen species
under certain conditions (19, 20). Furthermore, it has been repor-
ted to be a growth factor for peritoneal tumors (21), suggesting that
CAD inhibitors could potentially be used as antineoplastic agents.
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The need for itaconic acid for the synthesis of polymers (e.g.,
lubricants, thickeners, rubber, resins, and coatings) continues to
increase. It is included in the US Department of Energy list of
the top 12 biobased (i.e., renewable) chemicals (22), and industry
depends on itaconic acid production by fermentation by the
fungus Aspergillus terreus, which naturally expresses a CAD en-
zyme with homology to the CAD found in higher organisms
(reviewed in refs. 23 and 24). Considering this high importance
of itaconic acid to medicine, biology, and biotechnology alike, it
is critical to understand the mechanism of its enzymatic synthesis
and the functionally important residues in CADs in order to 1)
modulate itaconic acid synthesis for therapeutic purposes, 2)
assess the possible impact of sequence variants in the ACODI
gene upon human disease risk, and 3) genetically engineer im-
proved CADs for use in biotechnology. In addition, considering

Significance

Itaconic acid was first described in the 19th century and was
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Fig. 1. The formation of itaconate catalyzed by CAD. Bentley and Thiessen
(43) showed that CAD removes the C5 carboxyl group and that a proton
from the solvent is added to position C2.

its broad conservation from fungi to humans, understanding
changes in CAD structure across evolution might improve our
understanding of how the structure of such a critical enzyme
evolves in order to ensure adaptation to the changing metabolic
environment during the evolution from fungi to humans. How-
ever, until now the structural basis of itaconic acid synthesis from
cis-aconitate (Fig. 1) has remained elusive. We have, therefore,
determined the crystal structures of human and mouse CAD,
identified amino acid residues required for function of the active
center, and have begun to assess distribution and impact of nat-
urally occurring variants of the human ACODI gene on itaconic
acid synthesis.

Results

Recombinant CADs Form Homodimers. We designed plasmids for
recombinant production of CAD from humans (hCAD), mouse
(mCAD), and A. terreus (aCAD) in Escherichia coli and High
Five insect cells (BTI-Tn-5B1-4) (25). To this end, structurally
disordered protein regions were predicted with the DISOPRED
server (26) and then truncated in the constructs for expression in
E. coli. aCAD was truncated to residues 12 to 490, hCAD to
residues 4 to 461, and mCAD to residues 4 to 462. Truncated
mCAD expressed in E. coli was purified by affinity chromatog-
raphy but could not be used for crystallization due to formation
of aggregates. We found that adding 10% (vol/vol) glycerol to
the buffers prevented aggregation. All 3 CADs were thus
expressed in E. coli and purified by affinity chromatography and
gel filtration in the presence of 10% glycerol (SI Appendix, Fig.
S1 A and B). Molar masses of the purified proteins were mea-
sured by multiangle light scattering (MALS), and it was found
that all 3 proteins are homodimers in solution (SI Appendix,
Fig. S1C).

Differences in Enzymatic Activity between Murine, Human, and
Aspergillus CAD. Previous reports demonstrated that itaconic
acid synthesis is substantially higher in murine than in human
macrophages upon activation (8). To test whether this is due to
higher enzymatic activity of mCAD, Michaelis constants (Ky;)
and catalytic rate constants (k.,) of the 3 enzymes were de-
termined at pH 6.5 and 37 °C (Fig. 24), and the effect of pH on
enzyme activity was tested (Fig. 2B). Murine and hCAD had
similar Ky values and a similar pH optimum around 7.0. How-
ever, the catalytic rate of mCAD was more than 3 times higher,
suggesting that higher itaconic acid synthesis in murine macro-
phages is due to higher turnover of cis-aconitate by mCAD. In
comparison, aCAD had much higher Ky and k., values and a
markedly lower pH optimum. Taken together, these results
suggest 1) that human and mouse CAD are best adapted to
physiological pH values found in mammals, whereas the activity
of aCAD would increase upon intracellular acidification of the
fungus, and 2) that the mouse enzyme (even though its &, is much
lower than that of aCAD) is best adapted to low substrate
concentrations.
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Crystal Structure of hCAD. The crystal structure of hCAD (com-
prising residues 4 to 461) was determined by molecular re-
placement with the structure of iminodisuccinate epimerase (PDB
ID code 2HP3, 25% sequence identity) (27) and refined at a
resolution of 1.7 A (Fig. 34 and Table 1). Consistent with the
results of MALS (SI Appendix, Fig. S1C), the protein forms a
homodimer of ~70 A x 70 A x 100 A. Each hCAD monomer
folds into 2 distinct domains. The larger one consists of residues
1 to 267 and 413 to 462 and is purely a-helical. A smaller domain
comprising residues 273 to 410 is inserted into this domain and
folds into an antiparallel B-sheet consisting of 4 strands and 3
helical elements. The dimer interface of ~2,000 A2, as calculated
by PDBe PISA (28), is located exclusively on the larger domain,
opposite to the smaller domain. The putative location of the active
site was mapped onto the protein by comparison with the crystal
structure of Agrobacterium tumefaciens iminodisuccinate (IDS)
epimerase, the closest homolog in the Protein Data Bank (PDB
ID code 2HP3) (27) with a sequence identity of 25% (Fig. 4). The
residues supposed to be important for catalysis are located in the
interface between the 2 domains.

As cis-aconitate contains 3 carboxyl groups, residues with
polar/charged groups in this region were considered to be likely
involved in substrate binding or catalysis. Eight potentially im-
portant residues were identified, 5 in the large domain (Asp93,
Thr97, His103, His159, Lys207) and 3 in the small domain
(Lys272, His277, Tyr318). A residual electron density in the
cavity (marked green in Fig. 34) between these residues supports
this notion. Although it could not be modeled, this electron
density can probably be attributed to the use of citrate as pre-
cipitant in crystallization, which is structurally similar to cis-
aconitate as it also contains 3 carboxylate moieties. So far, it has
not been possible to obtain the crystal structure of cis-aconitate—
or itaconate-bound hCAD, neither by ligand-soaking nor by
cocrystallization. As the entrance to the putative active site is
closed in the crystal structure, it can be assumed that opening of
the active site by movement of the small domain would be required
for substrate binding. This is corroborated by crystal structures of
3 distantly related bacterial 2-methylcitrate dehydratases (19 to
21% sequence identity with hCAD, but same fold), which have
been crystallized in a closed (PDB ID codes SMUX and SMVI) but
also in an open conformation (PDB ID code 1SZQ). Structural
superposition of hCAD with the open form of this enzyme shows
that the small domain is tilted away by approximately 27° from the
larger domain, thereby opening the active site cavity (SI Appendix,
Fig. S2). As the B-factors in the regions connecting both domains
are not significantly higher than those in rigid elements of the
protein (SI Appendix, Fig. S3), it can be assumed that movement of
the 2 domains relative to each other is hindered by crystal packing
in the hCAD structure described here.

mCAD Crystal Structure. Using full-length recombinant mCAD
expressed in High Five cells, we were able to also obtain a crystal
structure of murine CAD, albeit at a somewhat lower resolution
compared to hCAD (2.5 A vs. 1.7 A) (Table 1). Both proteins
share a sequence identity of 85% and their crystal structures
superimpose perfectly (rmsd: 0.85 A) (Fig. 54). The putative
active-site residues are conserved between both proteins, but a
difference in the conformation of Tyr318 might indicate a poten-
tial role of this residue in gating the active site.

Comparison with A. terreus and Zebrafish CAD and Ustilago maydis
trans-Aconitate Decarboxylase. hCAD and mCAD share only a
sequence identity of 25% and 23%, respectively, with aCAD
(Fig. 4). A homology model of aCAD was obtained from the
Phyre2 server (29): It possesses the same fold as the mamma-
lian proteins, but carries several substitutions in the active site
and only a few conserved residues (Fig. 3B). This low degree of
conservation likely explains different kinetic properties of
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Fig. 2.

Enzyme kinetics of wild-type and mutant CADs. (A) Michaelis—-Menten plots showing the differences between CAD from human, mouse, and As-

pergillus. (B) Effect of pH on enzyme activity. Enzymes were incubated with 8 mM cis-aconitate for 10 min at 37 °C and formation of itaconic acid was
measured by HPLC. Error bars indicate the SD of triplicate assays. (C) Michaelis-Menten and Lineweaver-Burk plots showing the effect of the Asn152Ser and
Arg273His mutations on hCAD. The diagram on the right is a zoom-in of the complete diagram shown in the Inset. Error bars in A and C indicate SE of
triplicate assays at pH 6.5. Data were fitted to the Michaelis-Menten equation using SigmaPlot, resulting in turnover number (k.,t), Michaelis constant (Ky),
keat/Knm and R?, indicating the goodness of fit (D); 95% Cl, 95% confidence intervals.

aCAD and may reflect adaption of the Aspergillus enzyme to
different physiological conditions.

The zebrafish Acodl gene is highly induced during infection
with Salmonella or injection of monosodium urate crystals (11,
20). It encodes a protein that is homologous to mammalian CADs,
with nearly complete conservation in the active site (Fig. 4).

Another fungus, the corn pathogen U. maydis, also produces
itaconic acid. However, it uses as substrate trans-aconitate, which
in turn is produced from cis-aconitate by an epimerase. It has
thus been proposed that the ability to synthesize itaconate has
evolved independently in these 2 fungal species (30). A structural
homology model of U. maydis trans-aconitate decarboxylase
(TAD, UniProt TAD1_USTMD) generated by Phyre2 revealed
a completely different fold than hCAD (SI Appendix, Fig. S4): It
resembles bacterial fumarate lyase and related enzymes, with
which it shares up to 46% sequence identity (PDB ID code
3C8T). Thus, the ability of these 2 fungi to synthesize itaconic
acid clearly results from convergent evolution.

Validation of Active-Site Residues by Site-Directed Mutagenesis. We
then used site-directed mutagenesis to verify the putative active

20646 | www.pnas.org/cgi/doi/10.1073/pnas.1908770116

site of hCAD suggested by the crystal structures. Eight residues
lining the pocket of the putative active site (Fig. 34), all of which
are conserved between murine and human CAD (Fig. 4), were
changed to alanine in hCAD expression plasmids. The activities
of purified mutated and wild-type enzymes were assessed in cell-
free enzyme assays (Fig. 64). The effect of the mutations on
itaconate synthesis in human cells was also determined. Re-
spiratory epithelial A549 cells produce virtually no itaconic acid
and were therefore used for transient transfection with plasmids
expressing wild-type or mutant hCAD, followed by measuring
intracellular itaconic acid concentrations by LC-MS/MS (Fig.
6B). There was remarkable agreement between both approaches
in that all 8 amino acid changes led to substantial or complete
loss of CAD activity in both the cell-free assay and transient
transfection, confirming the location of the active site. In par-
ticular, no itaconate production at all was detected upon mutating
His103 and Lys207. These 2 residues (as well as His159 and
Lys272) are conserved between the mammalian CADs, aCAD and
the related enzyme IDS epimerase (27), supporting their impor-
tance for catalysis (Fig. 4). The other 4 of the 8 mutated residues
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Fig. 3. Crystal structure of CAD. (A) Surface and cartoon representation of a
dimer of hCAD (Left) with 1 polypeptide chain colored to highlight the
2 domains (blue/red) and 1 chain colored from the N terminus (blue) to the C
terminus (red). (Right) The active site with residues potentially involved in
substrate binding or catalysis shown as orange sticks. Positive difference
electron density indicating the presence of an unidentified ligand is shown
in green (contoured at +3 o). (B) Superposition of hCAD (light gray/orange)
with a homology model of A. terreus CAD generated by Phyre2 (dark gray/
green). The 2 proteins share 25% sequence identity. The residues of the
active site and at the positions of frequent polymorphisms are shown as
sticks. Conservative substitutions are highlighted in bold and italics, non-
conservative substitutions are bold and underlined. Of 11 residues, 4 are
conserved between the enzymes, 3 are conservative, and 4 nonconservative
substitutions. (C) hCAD active site residues and residues at positions of fre-
quent polymorphisms shown as sticks. The effect of single-point mutations
relative to activity of the wild-type enzyme is shown by colored labels
ranging from red (no activity) via orange (0.3 to 0.6%) and yellow (0.6 to
6%) to green (6 to 25%). Mutations leading to unchanged/increased enzy-
matic activity are highlighted in blue.

are different in aCAD, which could be the reason for the differ-
ences in enzyme kinetics between mammalian CADs and aCAD.

Naturally Occurring Polymorphisms of the Human ACOD1 Gene.
Having identified residues critical for hCAD function, we then
interrogated the gnomAD database (31) for sequence variants in
the human ACODI gene that could impact on the activity of the
enzyme. This analysis identified 8 missense polymorphisms close
to the active center (Table 2). Of the 8 polymorphisms, 6 are very
rare (gnomAD allele count 1 to 4 in >140,000 genomes) and
directly affect active site residues (Fig. 3C). To test the effects of
8 polymorphisms on hCAD function, the corresponding mutant
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proteins were produced in E. coli, enzyme activities were de-
termined, and denaturation temperatures were measured by
ThermoFluor thermal shift assay. All 6 rare variants (Thr97Met,
His159Arg, His159GlIn, Lys272Gln, His277Tyr, and Arg331His
in Fig. 6) abolished or markedly reduced enzyme activity in
the cell-free assay and in transfected A549 cells. As shown in the
immunoblot analysis in Fig. 6B, intracellular levels of 5 of the 6 rare
hCAD mutants were low after transfection. Denaturation tem-
peratures of the corresponding purified mutant proteins were dis-
tinctly lower than of wild-type hCAD, suggesting that the reduced
levels after transfection were due to decreased stability (Fig. 6C). In
contrast, mutating active-site residues to alanine had only negligible
effects on protein stability, demonstrating that the affected residues
are indeed critical for catalytic activity of CAD. The natural mu-
tations thus abolished CAD activity by both disrupting the active
center and reducing intracellular stability.

We also analyzed 2 relatively frequent polymorphisms that
affect residues close to the active site (i.e., at the interface of the
2 CAD domains) (Table 3). The polymorphism with dbSNP ID
rs61741168 (gnomAD 13:77531492) affects position 273, fol-
lowing active-site residue Lys272, and changes arginine to histi-
dine (Fig. 3C). This amino acid change affected enzyme activity
only to a minor extent in that k., of the corresponding mutated
protein was somewhat higher and Ky, somewhat lower compared

Table 1. Data collection and refinement statistics
Structure hCAD mCAD
PDB ID code 6R6U 6R6T
Data collection

Beamline SLS X06DA (PXIII) BESSY BL 14.2

Wavelength (A) 1.00 0.92
Space group P2:2,2 P432,2
Cell dimensions

a, b, c(A) 102.0, 110.0, 75.0 174.1, 1741, 71.5
a, By (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution (A)* 102.01-1.71 (1.74-1.71) 123.09-2.54 (2.58-2.54)
Rmerge (%)* 8.4 (123.1) 12.2 (158.3)
Reim (%)* 2.4 (35.1) 3.3 (41.7)
Wol* 22.6 (2.2) 18.0 (2.0)
Completeness 100 (100) 97.3 (100)
(%)*
Redundancy* 13.3 (13.2) 14.6 (15.3)
CCyr2 (64) (%)* 100.0 (81.0) 99.9 (63.1)
Refinement
Resolution (A) 1.71 2.54
No. reflections 92,397 36,050
Rworks Riree (%) 14.5/16.2 21.1/24.7
No. atoms (non-H) 8,579 7,730
Protein 7,939 7,683
Ligand/ion 30 0
Water 610 47
B-factors (A?) 27 63
Protein 26 63
Ligand/ion 41 0
Water 36 50
Rmsd
Bond lengths (A) 0.004 0.002
Bond angles (°) 0.80 0.51
Clashscore 1.6 1.5
Ramachandran
statistics (%)
Favored 98.1 96.5
Allowed 1.9 3.5

*Values for the highest resolution shell are shown in parentheses.

PNAS | October 8,2019 | vol. 116 | no.41 | 20647

IMMUNOLOGY AND
INFLAMMATION



ol nl o2 o3 B1 B2
hcap 00000000000 000 000.000000000000000000Q 0000000000 =T T—

hCAD 1 MMLKSI[TESFATA[IHGLKVGHLTDR[V].[I]QRSKRMILMTLGAGF[LGTTTEVFHIRSQYSKI.YSSNIS[S|T[VwfgopD
mCAD 1 MMLKSV|TESFAGMIHGLKVNHLTDG|I|.I]RRSKRMILPSLIGVGFLGTGTEVFHK[VITQYSKI.YSSNT S|S|T|V[W[¢RP D
zCAD 1 MIRKSV|TDSFGAAV|SCLISTSHLTDE[V|.I]RRSKRMILPTLGVGLIGTRTPVENTVILOCSQR.QQALEN|SK|[V[W[ERP G
aCAD 9 NAKSGV[T|SEICHWA[SN|LATDD|IP|SD|V|.|LERAKYLILPGIACAWVGARVPWSEK|[Y[VQATMS . FEPPGACR[V|I[gY . G
IDS-Epimerase 1 ....MFITKLAEKV|VSAWKAK|IS|QP|A.|LKAAQDGVIPTVAAALGGVIEHSVQVALKYVAA.TGGSGD|SKLWEV.N
MmgE_Bacillus 1 . .MPKTDRVIEEITDYVILEKE[IT|SAEAYTTAGHVLLPTIGCGILALRYPECTK|LLGPIVPGTTVPNG|SKVP[ET . S
o4 n2 ol ab
hCAD —> 0000000000000 000 QQQ00000QQQ Q0. ..., 00000000000
hCAD 74 IR[LPP|TYESENF[VINGVATIHSMDFDRTWHP[R]. . TEP S|GAVLP VITIL|AEAL[PRSPK.FS[EL. . . ... D L L|L[AF N[V T
mCAD 74 FRLPPTYESNFVINGVAVHSMDF DT WHP|A|. . TP SIGAVLP VL TE\LISEALPQIPK.FS[EL . . . ... D L LIL|A[F N[V G T
zCAD 74 SS|LPP|QYEYNFIVNGVAVHSMDEDMTWHPA[. . Tlz{P S|GAVLPALLEALAET|LPVK. . .PS[L. ... .. E L L|L|A[F N|V G|T
aCAD 81 OQK|L|GP|VALYAMTNSAF IQATELDYHSEAP . LE(SASIVLPAVIFE\ASEV|ILAEQGKTIS[EI . . . ... DV I|LIAAI|VGIF
IDS-Epimerase 69 QR|SNMFDEVNF|VNGMAAHATIDEDBSFP VMR . GiP S|SS[LVPAIFIVIGEHVGAN. . . .. [, ... .. N CL|K|S|Y V|LG|T
MmgE_Bacillus 73 YV|LDPVRESNFINIGCMIRWLD YNBTWLARAEWGEP SIDN|. LGG IJLEVAAD|Y[V]SRVRL . SE[KEPLTVRDVIEMMIKAH
v \4 v

n3 a7 ol n4
hcap 2000090 Q094 000000000000000000 000000000000 29....0 Q09
hCAD 140 V|Q[GRLJL[HFAKEANDMPKRFHPP SVV[GTLGSARAASKEFMGL|S S TKCRERNATEWV[S|HAGAPMA . . . .NAATQTAPLH
mCAD 140 V|QGR|LMHF SKEAKD|I[PKR|FHPPS[V|VIGTLGSAAAASKFMGLSLTKCRERLAIIINVISHAGAP|IA . . . . NAATQTJMP|LH
zCAD 138 TI|Q[GRL|LRFSKEAHN|IPKR[FHPPAVV|GVMGSARAATAKLMRLPAAQSIARNLATINC|S|SAGAPMA . . . . NAATQTJAP[L/H
aCAD 149 S|GPP|R|I|GIK|AI YGSDL|LNNG[WHCGAV|Y[GAPAGALATGKLMGLTPDSMEDILGIEIC|TIQACGLMS . . . .|QY GGMVIARV|Q
IDS-Epimerase 132 V|VATLIGRAVGKGHY|L|A . GWHP TS|T|L|GVEGATITAAALLMGADEEQLRNEVWG|IINASINSCGI|IK. . . .|N|FGTMTR4PMH
MmgE_Bacillus 146 I|Q(GVLALE..NSLNLJRVGLDH. VLFVKVATTAVAAKLMGGGREE IKNELISNEWIDNAALRTYRHSPNTGSREISWA
\ v
A
o9 ns né
hCAD 0000000000000000 02000 TT Q00
hCAD 211 I[ENEYAKHEIEAAFLAMLGLQGNKQVLD|LEA . [JF|GAF[Y]ANY . SPKV. .. .LPS[I|...ASYSWL[LDQQDVAF[I. RF P
mCAD 211  I[eNINAK/H[EMEATF|LAML|GILQ[GNKQ|I LDILGS . [(JF|GAF|Y|]ANY . SPED .LPSL|...DSHIWL|LDQQDVAF)Y. S[FP
zCAD 209 M[ENINARIGIELEASQLALF|GLV|GNTHILDLPS .[(FIGSF[Y|PDY . VPHP ... .LAEV|TPNSHYRWV|LEEQD|I|AQ). RFP
aCAD 220 H[FP\ARN[ELIL GG L|LIAHG|GY EAMKGVLERS YG[F|LKMFTKGNGREPPYKEEEV|VA . GLGSF|W.|.HTF T|IRIJd. LY A
IDS-Epimerase 202 T[¢/SINARN[EVIL SAW[L|SMQ|S|FT|GCQT|VEDDAE . [ILAMY|GAQPGPEL. ... .FNAMQ.KFGTPWA|I|IAPGIL|YK). S[iP
MmgE_Bacillus 217 A[DENT SR[EVHLALMS|LKGEMGYP TALSAPGWEF|/QOD .[.JVLF . NKKE. . . . IKLA|. . . RPLDAJY[VM . EN[VJLFE{VS[Y P
\4
A
al0 n7 B3 n8 all al2
hcap 000000000000000000..0 0Qo=———> 200 00,000 000000000
hCAD 276 AHLSTHWVADARASVRKALVA. .ERA.LLPTDY[IKRIVLRI..PN. .VQYVINRPFEV[S|EH.EARH[S|FQY|[VACRMH
mCAD 276 AHLATHWVADAAAAVRKHLVT.PERA.LFPADH|IERIV[LRI..PD..VQVYVNRPF|AD|SEH.EARH|S|FQ[Y|VAC|ASA
zCAD 277 AHLGMHWVADARAIERARAKFLD..KHP .NAD|LSQI[KKITLRV..PS..SRYVDCPLJ4QV|TEH.QARH|S|FQ[F|NC C|T|AM
aCAD 291 CCGLV[HGP|VEAIENLQGRYPELLNRANLSN|IRHVHVQLSTASNSH. . CGWIPEERJAIS|SI . AGQMSVAIY|I LAV
IDS-Epimerase 270 SCYAN[HKP|LAGLFAIMKEHGL..... TGQD|I|SHVDVGF|LPGVEKP . . LLYMD . . .J4RIT|TE . EAKF|S|IE[AN I GA[A#
MmgE_Bacillus 281 AEFHA[QTARESAVILHPQVK........ NR[IDE|IDRVV|IRT . .HESAIRIIDKKGJHALHNPADRDH|CLOQY|ITA[L|GHA
\ v
n9 al3 ol4 B4 Bs B6
hCAD Q0 2000 Q..000 0QQ0QQQQQ === =b TT TT NLd TT
hCAD 343 LDGGITV|P[SF|HE. . C[QINRP|QVIRELL|SIIVIE . LEYPP[DNL. .. . . PSFENI[L]. YCE[I|SVITLKD[JATFTDR. SD|TF Y[g
mCAD 344 LDGS[ITV|P|SFHS. .QQVNRP|QV[RELLK|{VIK . LEHPPDNP . ... . PSFDT|L|. YCE|I|S|I|TLKD[(TTFTER . SD|TF Y(¢]
zCAD 344 LDGEVNV|QSFSR. .AQMNRSV|ILKELLLIAVIE . LENPQDNH. . . . . SSFQKM. YCE|I|T|VILS T|Q[JEMF TAR . CD|TF Y[¢]
aCAD 363 VDOQQCLL|{S|QF|[SEFDDNLERPENVWD|LARIAV|ITS . SQSEEFD. . . .. ODGNC|L[SAGRVRIIEFND[ESSITES . VEKP L[¢]
IDS-Epimerase 334 LDGEVSLASFEI..EHLDRPAMRAAMKVTREDMPSEITT. .. . . FSGTT|G|. YTD|I|V[VHTAD[§KI . ERR. I|E[ATP[¢]
MmgE_Bacillus 346 LEFGPD[ITAQHYEA. .ETANDPR|IDKLRDEME . VTENKIJYTEDYLKPDKRS|I. SNA[V|QVIHF KD[ETSTEMVE CE|F P L{¢]

als al6 n1o al7
hCAD TT 000000000000 000000000000 000 200QQQQ
hCAD 408 HWRK.[PIL|SQED[L|EEAFRANASKMLSWDTVES[LIKIVIKNLEDLEDCSV[L|TTLLKGP S
mCAD 409 HWRK.[PIL{SQEDLRNISFRANASKMLCRDTVES|LITVVEKLEDLEDCSV|LTRLLKGP S
zCAD 409 HWRK.[PL|SQED[LILKEF RLNASSVILPNEVLEE|I|IYAVDHLDTNQDCSK|LWS YMHFNK
aCAD 431 V.KE.PMPNER[I|LHYRTLAGSVIDESRVKE|IEDLV|LGLDRLTDISP|LLEL|LNCPV

IDS-Epimerase 399 SLED.[PMDDAH|LERKFKDCTAWMP .FGESGL[LIFDRLRSLTADQGIKTVQ. .|.|. ...
MmgE_Bacillus 417 HRFRREEAVPK|LLERF SDNLKTHFPDKQHKH|[I[YERIC/ITS[YE[TLQTMRV|.NEF[VDMFC

Fig. 4. Sequence alignment of CAD and related enzyme sequences. The Swiss-Prot/UniProt sequences used are: hCAD (IRG1_HUMAN), mCAD (IRG1_MOUSE),
aCAD (CAD_ASPTE), IDS epimerase (A. tumefaciens, Q1L4E3_RHIRD), MmgE_Bacillus (Bacillus subtilis 2-methylcitrate dehydratase, MMGE_BACSU), and zCAD
(zebrafish CAD, BOUYM1_DANRE). Active-site residues that were mutated to alanine in hCAD are labeled with blue triangles. Orange triangles indicate hCAD
polymorphisms that reduced enzyme activity, while pink upward triangles indicate those with neutral/increasing effect. Secondary structure elements are
presented on top: helices with squiggles, f-strands with arrows, turns with TT letters. Blue and brown indicate the large and the small domains, respectively.
The alignment was prepared with T-Coffee (69) and ESPript (70). Red boxes and red text highlight identical and similar residues, respectively.
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Fig. 5. Active sites of hCAD and related enzymes. (A) Superposition of
hCAD (1.7 A) with mCAD (2.5 A). The proteins have 84% sequence identity.
The rmsd of the C, positions was 0.85 A. Active-site residues and positions of
frequent polymorphisms are shown as sticks. hCAD was rendered in dark
red, dark blue, and orange, whereas light red, blue, and lime were used for
mCAD. Differences between both proteins are underlined. The mCAD residue
Lys152 was not modeled. (B) Conserved residues in the active site of hCAD, IDS
epimerase from A. tumefaciens (PDB ID code 2HP3) and 2-methylcitrate
dehydratase (MCDH) from B. subtilis (PDB ID code 5MUX). Asp93, His103,
Lys207, and Lys272 are strictly conserved among all 3 enzymes. His163 of
MCDH is shifted by 1 residue compared to His159 of hCAD or His150 of IDS
epimerase, but the flexibility of the side-chain could compensate for this.
Tyr145 of IDS epimerase is a potentially important residue in the enzyme’s
reaction mechanism (27). The hydroxyl groups of this residue and Tyr318 of
hCAD are positioned very closely in the superposition of the crystal structures.

to the wild-type (Fig. 2C). No change was measured after trans-
fection of A549 cells (Fig. 6B).

The most frequent missense polymorphism of hCAD changes
Asnl52, a residue in vicinity to the active site (Fig. 3C), to serine
(gnomAD 13:77529644, dbSNP ID rs640192). k., of the corre-
sponding mutant protein was ~50% higher while Ky; was un-
changed (Fig. 2C), and itaconic acid synthesis in A549 cells was
more than twice as high as that of the wild type (Fig. 6B).
According to data of the 1000 Genomes Project (32), this poly-
morphism has an allele frequency of 19.7% in genomes of Af-
rican and African American ancestry and is essentially absent in
other populations (Table 3). Interestingly, mCAD and aCAD
(both of which have higher activity than hCAD) differ from wild-
type hCAD at the corresponding position (Fig. 4). mCAD has a
lysine residue there, but its side-chain could not be modeled in
the structure due to insufficient electron density at this position.
It is possible that the asparagine found in wild-type hCAD
contributes to the somewhat lower enzyme activity of hCAD
compared to mCAD.

Taking these data together, this genotype/enzyme activity anal-
ysis showed that hCAD loss-of-function mutations are very rare,
suggesting that they are selected against, whereas a mutation
leading to increased activity may have conferred a selective ad-
vantage in the African gene pool.

Chen et al.

Discussion

We have determined the crystal structures of hCAD and mCAD,
identified residues critical for their function, assessed their en-
zymatic properties in functional assays, and compared the results
to CAD from the evolutionarily distant fungus A. ferreus.

Potential Origin of CAD in Evolution. Unlike many other decar-
boxylases (33), human and mouse CAD did not require a cofactor
for catalytic activity, which is consistent with the results by Dwiarti
et al. (34), who first described enzyme properties of purified
aCAD. The CADs therefore establish a new class of the diverse
but otherwise relatively rare cofactor-free decarboxylases (33, 35—
41). In addition to IDS epimerase, prokaryotic 2-methylcitrate
dehydratase also shares structural similarity with CAD. Al-
though the mechanisms of IDS epimerase and the dehydratase
remain to be characterized, they share some intriguing common
properties with CAD. The 2-methylcitrate dehydratase from E.
coli catalyzes, as the back reaction, hydratation of 2-methyl-cis-
aconitate, and it also hydrates, more slowly, cis-aconitate (42). The
substrate of IDS epimerase is also rich in carboxylate groups. This
suggests that CADs (which appear to occur naturally only in eu-
karyotes) have evolved from a prokaryotic enzyme that recognizes
cis-aconitate and in addition acquired a functional feature that
enables the decarboxylation reaction.

Implications for a Putative Mechanism of CAD Catalysis. It can be
assumed that during their catalytic cycle, CAD, IDS epimerase,
and 2-methylcitrate dehydratase require the protonation/depro-
tonation of a carbon atom. Comparison of the sequences and
crystal structures of the 3 enzymes revealed that despite the low
sequence identity, several histidine and lysine residues, potential
proton donors, are conserved among these enzymes (Figs. 4 and
5B). Although the residual electron density in the active site
could neither be assigned to a substance from the crystallization
buffer nor to the substrate or reaction product of CAD, 2 areas
of high electron density located next to positively charged or
polar residues can probably be attributed to 2 carboxylate groups
in a molecule containing a linear C4-moiety. We have used this
to model 2 possible binding modes of the substrate cis-aconitate,
one locating the C1- and C6-carboxylates in the electron density,
the other placing C5 and C6 in the respective positions. The
better fit resulted from the first of these 2 possibilities (Fig. 74).
In this, the C1- and C6-carboxylates would be tightly coordinated
by several hydrogen bonds, but the leaving C5-carboxylate would
not be involved in any polar interactions and instead be exposed
toward a hydrophobic pocket (Fig. 7 B and C). The location of
the negatively charged group within this nonpolar environment
would make the formation of an uncharged carbon dioxide and
the C3-C4 ethylene moiety favorable, while hydrogen bonds of
the C1- and Co6-carboxylates to several positively charged or
polar residues would provide additional polarization and thus
destabilization of the substrate. Together, these contributions
would provide a driving force for the decarboxylation reaction. It
has been shown that during the reaction a proton from the sol-
vent is transferred to C2 (43). This could be facilitated by His103,
which would in this model be located in an appropriate position
for the respective proton transfer and was identified to be crucial
for enzyme activity in our mutagenesis experiments.

Adaptation of CAD Sequence and Structure throughout Evolution.
Even though the overall structural organization of CAD was
preserved from Aspergillus to mice and humans, we found con-
siderable differences in enzyme kinetics and pH optima in
Aspergillus, and a much higher activity in mCAD than hCAD. In
a larger investigation into CAD structure and function across key
organisms along the evolutionary tree it will now be of great
interest which amino acid substitutions account for changes in
enzymatic properties during key steps in evolution. Consistent
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Fig. 6.

Enzymatic activity of human CAD mutants. (A) The activities of wild-type CAD from human (hCAD) and mouse (mCAD) and of hCAD mutants were

tested. Activities of purified enzymes (Left y axis) and itaconic acid production by transfected A549 cells (Right y axis) are shown. The activities of human CAD
mutants were determined by incubation of purified proteins with 8 mM cis-aconitate for 10 min at pH 6.5 and 37 °C, followed by itaconic acid measurement
by HPLC. Wild-type hCAD was compared to 8 alanine mutants of active site residues and to 8 mutants corresponding to natural polymorphisms of the human
ACOD1 gene. Error bars indicate the SD of triplicate assays. (B) Western blot analysis of mCAD and wild-type and mutant mCAD overexpression in transfected
A549 cells. p-Actin was used as loading control. Mock, transfection without DNA; vector, transfection with the empty pCMV6-Entry vector. (C) Melting
temperatures (T,) at which 50% of the protein is unfolded were determined by a thermal-shift assay. T,,, differences (AT,,) between mutants of hCAD and the
wild-type protein (T, = 63 °C) are shown. Error bars indicate SDs from triplicate measurements.

with a previous report that itaconate synthesis is substantially
higher in murine than in human macrophages upon activation
(8), we found that mCAD is markedly more active than hCAD.
The active sites of the 2 enzymes are well preserved and all
residues predicted to interact with the substrate are identical.
There are 5 differences near the active sites of hCAD and
mCAD, namely Asn152Lys, Met154Ile, Met1991le, Arg273Ser, and
Ser279Ala. This includes the 2 positions, Asn152 and Arg273, that
are changed by frequent hCAD polymorphisms affecting enzyme
activity. Arg273 is the first residue of the small domain. A large
backbone rotation occurs here in 2-methylcitrate-dehydratase
during the opening of the active center (SI Appendix, Fig. S2).
hCAD Met199 and the loop containing Asn152 and Met154, all
located on the large domain, contact the small domain in the
closed conformation. An open conformation of hCAD would
require separation of these contacts. These observations suggest

20650 | www.pnas.org/cgi/doi/10.1073/pnas.1908770116

that the differing activities between mCAD, hCAD, and the
frequent hCAD variants could be caused by differences in the ef-
ficiency of opening and closing of the active site. In addition, Met154
and Met199 line a hydrophobic pocket in the active center that was
hypothesized to accommodate the leaving carboxylate group of the
substrate (Fig. 7) and the presence of isoleucine instead of methio-
nine in mCAD may also influence enzyme acitivity. While it remains
to be explained why CAD activity has diverged during mammalian
evolution, it can be expected that a similar level of transcription of
CAD mRNA would lead to much higher levels of itaconic acid in
murine than in human cells. This should be considered when in-
ferring from studies in mice about CAD function in humans.

Significance of the Identification of the Active Site to Studies of
Human Disease. Recent studies have suggested that common se-
quence variants in the ACODI gene impact upon clinically relevant
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Table 2. Natural active site variants in the human ACOD1 gene

GnomAD ID SNP ID Residue change*  Allele count™  Allele number’  Frequency®
13:77529479 /T rs767323284 Thr97Met 4 174,458 0.000023
13:77529644 A/G  rs640192 Asn152Ser 2,602 174,616 0.014901
13:77531150 A/G  rs1471882722 His159Arg 1 140,584 0.000007
13:77531151 T/A rs1179279159 His159GIn 1 140,356 0.000007
13:77531488 A/C rs1018207074 Lys272GIn 4 174,384 0.000023
13:77531492 G/A  rs61741168 Arg273His 415 174,382 0.002380
13:77531503 C/T rs1289708092 His277Tyr 1 143,394 0.000007
13:77531666 G/A  rs755737247 Arg331His 4 174,458 0.000023

*GenBank NP_001245335.

TAccording to gnomAD (30), version of September 2018.

human immune responses (e.g., efficacy of hepatitis B vacci-
nation and innate immune tolerance) (44, 45). However, it was
not possible in those studies to specifically test sequence vari-
ants affecting the active site. Our results show that loss-of-
function mutations are extremely rare. The available evidence
of CAD function in infection and immunity suggests that re-
duced CAD activity would result in a phenotype characterized by
increased propensity to inflammation and susceptibility to in-
fections, including those caused by Mycobacterium tuberculosis
(16), Salmonella (11), and Legionella (17), all of which may
contribute to limiting the spread of CAD loss-of-function
mutants in a human population. The Asnl152Ser variation,
which led to increased CAD activity, was common specifically
in populations of African descent. On one hand, it may con-
stitute a neutral variant (or one of unknown significance) that
became fixed in these populations known for their greater
genetic diversity compared to non-African populations (32).
Alternatively, it may constitute an adaption that is associated with
decreased susceptibility to infectious or inflammatory diseases.
This is plausible in the case of mycobacteria, as they likely coevolved
with early humans on the African continent (46) for an estimated
time of at least 2.6 million y (47), which led to the speciation of
M. tuberculosis about 40,000 y ago (48, 49). The importance of
CAD/itaconic acid in limiting M. tuberculosis has been demon-
strated in vitro and in vivo (8, 16, 50). It is therefore tempting to
speculate that the Asn152Ser mutation became enriched in the
African gene pool because it conferred a selective advantage by
reducing susceptibility to mycobacterial infection during an ex-
tensive period of coevolution. Our results also now enable in-
vestigating the possible impact of SNPs in CAD at the population
level on chronic inflammation and inflammation-associated
common disorders, such as cardio- and cerebrovascular dis-
ease, neurodegenerative disorders, and inflammatory joint dis-
ease. Indeed, CAD expression and itaconic acid synthesis are
induced in mouse models of gout (51) and chronic arthritis (52).
Here, we hypothesize that diminished CAD function would be
associated with increased, and gain-of-function with decreased
disease risk.

In summary, elucidation of the structure of CAD will now
enable further studies geared toward detailed characterization of
the mechanism of CAD, structure/function studies across a broad
range of eukaryotic organisms expressing CAD under diverse
ecological conditions, the possible impact of sequence variants
on risk of human disease, and genetic engineering of more effi-
cient CADs for improved biotechnological production of itaconic
acid.

Materials and Methods

Molecular weights were determined by size-exclusion chromatography-
coupled MALS. Melting temperatures were determined by thermofluor, a
fluorescence-based thermal shift assay. The ACOD 1 antibody D6H2Y, a rabbit
mADb (Cell Signaling #77510), and an HRP-conjugated anti-B-actin antibody
(Abcam #ab49900) were used for immunoblotting. For more information on
molecular weight determination, thermal shift assay and immunoblotting,
see S/ Appendix, Materials and Methods.

Plasmids. A codon-optimized sequence encoding A. terreus CAD (GenBank
AB326105) was gene-synthesized (Eurofins). Sequences encoding residues
4 to 461 of hCAD (GenBank NM_001258406), 4 to 462 of mCAD (GenBank
NM_008392), and 12 to 490 of aCAD were PCR-amplified from Irg1 pCMVe6-
Entry plasmids (OriGene) and from the synthetic gene with primer pairs
CAD38/29, CAD39/28, and CAD41/24, respectively (S/ Appendix, Table S1).
PCR products were cloned between the Notl and Kpnl sites of a modified
pCOLADuet-1 vector containing an N-terminal StrepTagll with tobacco etch
virus (TEV) cleavage site (MASWSHPQFEKVDENLYFQGGG) using a QuickFusion
kit (Absource Diagnostics), generating plasmids pCAD29 (human), pCAD39
(mouse), and pCAD16 (A. terreus). For cloning into pOplE2, a PCR product
encoding mCAD was PCR-amplified with primers CAD12/21 and was cloned
into a modified pOplIE2 vector (53) with a C-terminal thrombin cleavage site
and StrepTagll (GTLVPRGSAA GKGSA WSHPQFEK GGGSGGGSGGSA WSHPQFEK),
generating plasmid CADO09. Site-directed mutagenesis of pCAD29 and
pCMV6-Entry plasmids by QuikChange mutagenesis was done with PfuUltra
Il Fusion HS (Agilent) for the “CAD50-59" primers (S/ Appendix, Table S2) or
Phusion flash mix (ThermoFisher) for the “CADpoly” primers, as described
previously (54).

Protein Production with E. coli Cells. Proteins were expressed in the E. coli
strain BL21 (DE3) CodonPlus RIL (Agilent) by autoinduction at 25 °C (55).
Twenty milliliters of preculture grown in MDAG-135 medium containing
100 pg/mL kanamycin and 34 pg/mL chloramphenicol at 37 °C was used to

Table 3. Frequencies of human ACOD1 genotypes
Arg273His (rs61741168) Asn152Ser (rs640192)

Population  Allele frequency*, % Heterozygotes*, %  Allele frequency*, % Heterozygotes*, % Homozygotes*, %
African 2.3 4.5 19.7 31.0 4.2
American 0.3 0.6 1.3 2.0 0.3

Asian 0.0 0.0 0.0 0.0 0.0
European 0.0 0.0 0.2 0.4 0.0

All 0.6 1.3 5.4 8.5 1.2

*1000 Genomes Project data (31).
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Modeling of cis-aconitate binding and implications on the potential reaction mechanism of hCAD. (A) Fitting of cis-aconitate (gray) into the positive
Feaic difference electron density in the active site of hCAD (green mesh, contoured at ¢ = +3). The atoms used for the fit are also shown as spheres. The

C1 and C6 carboxylates can be modeled well into the electron density, while the leaving C5 carboxylate cannot be attributed to the map. (B) Ligand in-
teraction diagram and (C) corresponding 3D representation of cis-aconitate fitted into the active site as in A. The C1 and C6 carboxylates of the substrate are
tightly coordinated by several hydrogen bonds to the enzyme, but the leaving C5 carboxylate is not involved in any interactions. Any possible conformation of
this carboxylate moiety would be positioned it in a hydrophobic pocket (yellow), making it likely that this carboxylate would not be charged but protonated.
This hydrophobic environment together with the polarizing hydrogen bonds at the C1 and C6 carboxylates would make the formation of an uncharged
carbon dioxide favorable. The protonation that has been shown to occur at C2 (43) could be facilitated by His103, which was shown to be crucial for the
reaction of hCAD. In this model, the side chain of this residue seems to be oriented appropriately for transferring a proton to C2 of cis-aconitate (dashed

orange arrow/line).

inoculate 1 L ZYM-5052 medium containing the same antibiotics in a 2.8-L
Fernbach flask. Cultures were shaken at 130 rpm for 24 h at 25 °C to satu-
ration at an ODggo of 13 to 14. Cells were harvested (15 min, 5,000 rpm) and
about 90 g wet cell mass was typically obtained from 4 L of culture. Cells
were frozen in liquid nitrogen and were stored at —80 °C. Cells were
resuspended in 200 mL lysis buffer (20 mM Tris-HCI, pH 8.0, 0.5 M NaCl, 10%
[vol/vol] glycerol, 1 mM DTT) and were lysed by high-pressure homogeni-
zation. Polyethylenimine (PEI) of molecular weight 50,000 to 100,000 (No.
195444, MP Biomedicals) was added to 0.5% (wt/vol) and the mixture was
centrifuged at 16,500 rpm for 45 min, followed by filtration of the super-
natant through a 0.45-pum filter. The lysate was loaded onto a 6-mL Strep-
Tactin XT column at 3 mL/min. The column was washed with lysis buffer and
bound protein was eluted with lysis buffer containing 50 mM biotin. The
protein was incubated with TEV protease overnight to remove the affinity
tag and was further purified with a Superdex 200 column using GF buffer
(10 mM Hepes, pH 7.4, 150 mM NacCl, 0.1 mM TCEP, 10% [vol/vol] glycerol).
Peak fractions were pooled, TCEP was added to 1 mM and the protein was
concentrated to 8 to 10 mg/mL with a VivaSpin 20 ultrafiltration concen-
trator, molecular weight cutoff (MWCO) 10,000 (Sartorius). A protein amount
of 5 to 20 mg was obtained from 4-L culture. Concentrated proteins were
frozen in liquid nitrogen and stored at —80 °C.

Protein Production with Insect Cells. mCAD was produced by transient gene
expression in High Five insect cells with the pCAD09 plasmid, followed by
purification by 2 steps of chromatography. One liter of High Five insect cell
culture was transfected using PEI as described previously (56), resulting in
27 g of cell pellet. The cells were resuspended in lysis buffer (50 mM Hepes,
pH 8.0, 0.5 M Nacl, 0.5% [vol/vol] IGEPAL CA-630, 1 uL Benzonase, 1 tablet
cOmplete protease inhibitor [Roche], 10% [vol/vol] glycerol, 2 mM TCEP,
1 mM EDTA) and lysed by mixing and passing through a 0.9-mm needle. Fol-
lowing centrifugation for 2 x 20 min at 16,000 rpm, the supernatant was di-
luted to 100 mL binding buffer (50 mM Hepes, pH 8.0, 0.5 mM NacCl, 10%
[volivol] glycerol, 2 mM TCEP, 1 mM EDTA). The protein was purified with
StrepTactin Superflow beads (IBA GmbH) by elution with 10 mM d-desthiobiotin
added to the binding buffer. The eluted CAD protein was further purified
with a Superdex 75 26/60 column using GF2 buffer (10 mM Hepes, pH 7.4,
150 mM NaCl, 2 mM TCEP, 10% [vol/vol] glycerol). Peak fractions were
pooled and the protein was concentrated to 3 mg/mL with a VivaSpin
20 ultrafiltration concentrator, MWCO 10,000 (Sartorius). Two milligrams
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protein was obtained from 1-L culture. Concentrated proteins were shock-
frozen using liquid nitrogen and stored at —80 °C.

Enzyme Assays. Enzyme activity was measured according to Dwiarti et al. (34)
Assays were performed in triplicate. In general, 125 pL 0.2 M sodium phos-
phate buffer or sodium acetate buffer was mixed on ice with 15 pL enzyme
in GF buffer and 10 pL cis-aconitate (Sigma-Aldrich #A3412), pH 6.5 (NaOH).
Incubation for 10 min at 37 °C was immediately followed by heat inactiva-
tion of the enzyme at 95 °C for 15 min. The protein precipitate was pelleted
by centrifugation. Supernatants were filtered using Spin-X 0.22-um centri-
fuge tube filters and were acidified with 100 pL 100 mM H3PO,. Itaconic acid
was measured by HPLC (Licrosphere C-8 reverse-phase column, 1 mL/min
10 mM H3PO,, detection at 210 nm).

Enzyme Kinetics. Proteins were diluted to 1 mg/mL in GF buffer and exact
concentrations were measured by spectrophotometry at 280 nm. The appro-
priate amounts of protein were mixed with 125 pL sodium phosphate buffer,
pH 6.5, and GF buffer to 140 uL. Ten microliters of cis-aconitate (pH 6.5) at 1.5,
4.5, 15, 45, 150, and 450 mM was added to obtain 0.1- to 30-mM final con-
centration. Assays were performed as described above. Enzyme amounts per
150-pL assay were 0.75 pg (with 0.1 or 0.3 mM cis-aconitate), 1.5 pg (with 1 mM
cis-aconitate), 3 pg (3 mM), or 6 pg (10, 30 mM) of hCAD or 0.5 ug (0.1 to
1 mM), 0.75 pg (3 mM), or 1 ug (10, 30 mM) of mCAD or aCAD.

Effect of pH and Mutations on Enzyme Activity. Proteins were diluted in GF
buffer to 2.5 mg/mL (hCAD), 1.5 mg/mL (mCAD), or 1 mg/mL (aCAD) and the
exact concentrations were measured photometrically. Next, 0.2 M sodium
acetate buffers at pH 4.0 and 4.5 and 0.2 M sodium phosphate buffers at pH
5.5, 6.0, 6.5, 7.0, 7.5, and 8.0 were prepared. Then 125 pL buffer was mixed
with 15 pL hCAD, 5 uL mCAD, or 1 uL aCAD and GF buffer to 140 pL, resulting
in 33 pg hCAD, 5 pg mCAD, and 1.5 pg aCAD per assay. Ten microliters of
120 mM cis-aconitate, pH 6.5 (NaOH) was added (8 mM final concentration).
Activity of hCAD mutants was measured in the same way at pH 6.5.

Cell Transfection. Human epithelial A549 adenocarcinoma cells (DSMZ no.
ACC 107) were cultivated in 1x RPMI Medium 1640 (Gibco #31870-025) with
1% GlutaMAX-I (100x) (Gibco #35050-038), supplemented with 10% FBS
(Biochrom GmbH #50115) and 0.1 mM MEM Non-Essential Amino Acids So-
lution 100x (Sigma-Aldrich #M7145). Next, 2 x 10° cells per well were
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transfected in a 6-well plate with human or mouse Irg1 pCMV6-Entry plas-
mids (OriGene). pPCMV6-Empty vector and mock transfection (no DNA) were
used as negative controls. Transfections were done using Lipofectamine LTX
and PLUS Reagent (ThermoFisher #15338100) following the manufacturer’s
handbook and then incubated for 48 h at 37 °C with 5% CO,.

Itaconic Acid Quantification. A549 cells were grown in 6-well plates and har-
vested for itaconic acid concentration measurements 48 h posttransfection. For
harvesting and simultaneous metabolite extraction, medium was removed and
cells were placed on ice. Metabolites were extracted by adding 300 pL ice-cold
organic extraction solvent per well (acetonitrile/methanol/water, 2/2/1 [volivoliv])
with internal standard (ISTD: 2 uM citric acid-2,4-'C,, Merck #492078 or *Cs-itaconic
acid: Toronto Research Chemicals #1931004), scraping the cells and then
transferring the cell suspension to a 2-mL Eppendorf reaction tube. Scraper
and well were rinsed twice using 400 pL extraction solvent without ISTD.
Metabolite extracts were frozen for at least 2 h at —20 °C to complete protein
precipitation. After centrifugation (10 min, 4 °C, 20,800 x g), the supernatant
was evaporated and the dried metabolite extract was resuspended in 75 pL
HPLC-grade water, resulting in a final ISTD concentration of 8 pM. The sample
was transferred to an MS-vial (Wicom #WIC41160) with insert (Macherey-
Nagel #702813). Itaconic acid was measured by HPLC-MS/MS on a liquid-
chromatography system (SIL HTc) coupled to a triple quadrupole mass spec-
trometer (API4000, Sciex). Data acquisition and further quantification was
performed using the Analyst software 1.5.2 (Sciex).

Protein Crystallization. Crystallization trials were set up at room temperature
with a HoneyBee 961 crystallization robot (Digilab Genomic Solutions) in
Intelli 96-3 plates (Art Robbins Instruments) with 200 nL protein solution at
different concentrations and 200 nL reservoir solution. Several commercial
sparse matrix screens were used to identify suitable crystallization conditions
and an optimization screen was designed containing a gradient of either Nas-
citrate (0.7 to 1.2 M) or itaconate (0.7 to 1.8 M) and 0.1 M of Tris-HCl, Bis-Tris-
HCl or Hepes with a pH range of 6.5 to 10. Optimized crystals of hCAD were
obtained from this screen (6.8 mg/mL protein, Tris-HCl pH 8.7, 1.2 M Nas-
citrate) and crystals of mCAD (expressed in insect cells) grew in condition 29
(1.5 mg/mL protein, 60% tacsimate pH 7.0) of the INDEX sparse matrix screen
(Hampton Research). The crystals were cryoprotected by addition of 10%
(2R, 3R)-2,3-butanediol before flash-freezing.
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Data Collection and Processing. Datasets were collected at beamline X06DA
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Structure Determination, Refinement, and Model Building. The crystal structure
of hCAD was solved by molecular replacement executing BALBES (62) from
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quence identity: 25%) (27) was found as a working search model. The crystal
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