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DNA methylation and demethylation regulate many crucial biological processes in mammals and are linked to 
many diseases. Active DNA demethylation is believed to be catalyzed by TET proteins and a putative DNA decarbox-
ylase that may share some similarities in sequence, structure and catalytic mechanism with isoorotate decarboxylase 
(IDCase) that catalyzes decarboxylation of 5caU to U in fungi. We report here the structures of wild-type and mutant 
IDCases from Cordyceps militaris and Metarhizium anisopliae in apo form or in complexes with 5caU, U, and an 
inhibitor 5-nitro-uracil. IDCases adopt a typical (β/α)8 barrel fold of the amidohydrolase superfamily and function 
as dimers. A Zn2+ is bound at the active site and coordinated by four strictly conserved residues, one Asp and three 
His. The substrate is recognized by several strictly conserved residues. The functional roles of the key residues at 
the active site are validated by mutagenesis and biochemical studies. Based on the structural and biochemical data, 
we present for the first time a novel catalytic mechanism of decarboxylation for IDCases, which might also apply to 
other members of the amidohydrolase superfamily. In addition, our biochemical data show that IDCases can catalyze 
decarboxylation of 5caC to C albeit with weak activity, which is the first in vitro evidence for direct decarboxylation 
of 5caC to C by an enzyme. These findings are valuable in the identification of potential DNA decarboxylase in mam-
mals.
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metabolism; thymidine salvage pathway
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Introduction Methylation at the C5 position of cytosine (5-methyl-
cytosine, 5mC) in DNA is an important form of epigen-
etic modifications. It plays critical roles in many key 
cellular processes, including embryonic development, 
transcription, chromatin remodeling, X-chromosome in-
activation, genomic imprinting, and chromosome stabil-
ity [1-4]. Aberrant DNA methylation patterns have been 
associated with many human diseases such as imprinting 
disorders and cancers [5, 6]. It is well established that 
DNA methylation is catalyzed by DNA methyltransfer-
ases. In contrast, whether and how active DNA demeth-
ylation occurs has been controversial for a long time 
[7, 8]. Several mechanisms have been proposed for the 
active DNA demethylation, including direct breakage 



www.cell-research.com | Cell Research

Shutong Xu et al.
1297

npg

of the carbon-carbon bond of 5mC, DNA base-excision 
repair (BER) and nucleotide excision repair (NER) 
pathways, deamination of 5mC to thymine followed by 
replacement of the T:G mismatch via BER, and oxida-
tive demethylation [7, 8]. Recently, it was discovered 
that TET proteins can catalyze the conversion of 5mC 
to 5-hydroxymethyl-cytosine (5hmC) using Fe2+ and 
α-ketoglutarate (α-KG) as cofactors [9, 10], and further 
to 5-formyl-cytosine (5fC) and 5-carboxyl-cytosine 
(5caC) in vitro and in cultured cells [11-13]. Currently, it 
is believed that the TET proteins play an important role 
in the active DNA demethylation through this series of 
oxidation reactions followed by the conversion of 5caC 
to cytosine through two possible mechanisms. One pos-
sibility is that 5fC and 5caC in DNA can be excised by a 
DNA glycosylase and subsequently repaired via BER; it 
has been shown that thymine-DNA glycosylase (TDG) 
possesses an excision activity towards 5fC- and 5caC-
containing DNA [11, 14]. Another possibility is that 
5caC can be directly decarboxylated by a putative DNA 
decarboxylase; it has been shown that mouse embryonic 
stem cell nuclear extract can convert 5caC to C in DNA, 
suggesting the existence of a DNA decarboxylase [15].

Intriguingly, the chemistry for the conversion of 5mC 
to 5caC and possibly to C in the active DNA demethyla-
tion in mammals is very similar to that for the conversion 
of T (or 5mU) to 5-carboxyl-uracil (5caU) and further to 
uracil in the nucleotide anabolism in some fungi (Supple-
mentary information, Figure S1). It is well established 
that nucleotides can be biosynthesized through two dif-
ferent pathways in vivo, namely de novo and salvage 
pathways. In most organisms, the de novo pyrimidine 
nucleotide synthesis pathway is conserved, starting with 
de novo formation of uridine-5′-monophosphate (UMP) 
that can be converted to various nucleotides for RNA and 
DNA syntheses [16-18]. In the vast majority of organ-
isms, the conversion of UMP to thymine deoxyribonucle-
otide is considered to be unidirectional due to the lack of 
a metabolic pathway to turn the latter back to UMP [19, 
20]. However, Neurospora crassa and several other fungi 
can demethylate T to U via a unique thymidine salvage 
pathway [21]. This pathway consists of a series of cata-
lytic reactions, including the oxidation of thymidine to 
thymine ribonucleoside by pyrimidine deoxyribonucleo-
side 2′-hydroxylase, the hydrolysis of thymine ribonu-
cleoside to thymine and ribose by pyrimidine-nucleoside 
phosphorylase and hydrolase, the sequential oxidation of 
thymine to 5-hydroxymethyl-uracil (5hmU), 5-formyl-
uracil (5fU) and 5-carboxyl-uracil (5caU) by thymine-7-
hydroxylase (T7H) [22-26], and finally the non-oxidative 
decarboxylation of 5caU to U by isoorotate decarboxy-
lase (IDCase) [27, 28].

The decarboxylation activity of N. crassa IDCase was 
demonstrated using two different biochemical assays [27, 
28]. The IDCase gene is adjacent to the T7H gene in the N. 
crassa genome with its protein sequence sharing a low 
similarity to 2-amino-3-carboxymuconate-6-semialdhyde 
decarboxylase (ACMSD) [29]. Despite its important bio-
logical function in the regulation of the cellular pyrimi-
dine pool, the molecular bases of the substrate recogni-
tion and binding and the catalytic mechanism of IDCase 
remain unknown. 

The similarity in the chemistry between the 5mC-to-C 
conversion and the 5mU-to-U conversion and the lack of 
biochemical and mechanistic knowledge of IDCases in-
spired us to carry out this work. Here we report the crys-
tal structures of the wild-type and mutant Cordyceps mil-
itaris IDCase (CmIDCase) in apo form and in complexes 
with the substrate 5caU, a substrate analog 5-nitro-uracil 
(5niU), and the product U, and the wild-type Metarhi-
zium anisopliae IDCase (MaIDCase) in apo form. Our 
structural and biochemical data together reveal the mo-
lecular bases of the substrate recognition and binding and 
the catalytic mechanism for IDCases and shed light on 
the search for potential DNA decarboxylase in mammals. 

Results and Discussion

Overall structures of CmIDCase and MaIDCase
The apo CmIDCase structure was solved at 1.9 Å 

resolution (Table 1). CmIDCase assumes a closed bar-
rel structure: a distorted (β/α)8 barrel domain (residues 
1-17 and 77-355) constitutes the main body; an insertion 
domain between strand β1 and helix α1 (residues 18-
76) forms the cap; and the C-terminal region composing 
the last three helices (α9-α11) with an “L” shape forms 
the bottom (Figure 1A and Supplementary information, 
Figure S2). The insertion domain has a mixed structure 
consisting of α-helices (α1′ and α2′), β-strands (β1′-β3′), 
and a 310 helix (η1′). The active site is located near the 
C-terminus of the eight β-strands of the barrel domain 
and is partially covered by the insertion domain. There 
is a metal ion bound at the active site with well-defined 
electron density (Figure 1B). The apo MaIDCase struc-
ture was solved at 2.6 Å resolution (Table 1). CmIDCase 
and MaIDCase share a high sequence similarity (72% 
identity) (Supplementary information, Figure S3A) and 
a very similar overall structure (a RMSD of 0.54 Å for 
all Cα atoms) (Supplementary information, Figure S3B). 
Similarly, a metal ion is identified at the active site of the 
apo MaIDCase.

The structures of the wild-type CmIDCase in complex-
es with U and 5niU were determined at 2.2 Å and 2.3 Å 
resolution, respectively; the H195A and D323N mutants 
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in apo form at 1.75 Å and 2.4 Å resolution, respectively; 
and the D323N and D323A mutants in complexes with 
5caU both at 2.1 Å resolution (Table 1). The overall 
structure of CmIDCase in these structures is very similar 
to that in the apo form (RMSDs of 0.25-0.59 Å for all Cα 
atoms), except that the apo H195A mutant exhibits some 
conformational differences in the insertion domain (a 
RMSD of 1.2 Å for all Cα atoms). In all these structures, 
a metal ion is also bound at the active site with well-
defined electron density (Figure 1B). In the ligand-bound 
structures, the ligands are defined unambiguously with 
evident electron density (Figure 1B). 

Size-exclusion chromatography analyses showed that 
both CmIDCase and MaIDCase exist predominantly as 
dimers in solution (Supplementary information, Figure 
S4A). In the apo CmIDCase structure, there are four 
CmIDCase molecules in an asymmetric unit, forming 
two dimers. No significant conformational difference 
exists among the four molecules and between the two 
dimers. The dimer interface buries about 2 938 Å2 or 
18.1% of the solvent-accessible surface area of each sub-
unit, and is mediated mainly via two 310 helices (η2′ and 
η3′) and three α-helices (α5, α6 and α4′) (Supplemen-
tary information, Figure S4B). In the other CmIDCase 
structures and the apo MaIDCase structure, the enzyme 
adopts a similar dimeric architecture. These results 
indicate that CmIDCase and MaIDCase form dimers in 
both solution and crystal structure, suggesting that di-
merization of IDCases is a conserved property and is re-
quired for the enzymatic activity, in agreement with our 
structural and biochemical data (see results later). 

Metal-binding site
In all the structures, there is a metal ion bound at the 

active site. There was 0.2 M MgCl2 in the crystallization 
solutions of all the crystals except for the H195A mutant 
and the apo MaIDCase. To identify the type of the metal 
ion, we performed fluorescence scans of the apo CmID-
Case and MaIDCase crystals and the results showed 
evident signal at the K-edge of zinc (1.28 Å) but not 
other metals. We collected the zinc anomalous dispersion 
data for both CmIDCase and MaIDCase crystals, and 
the anomalous difference Fourier maps showed strong 
electron density only at the active site (Supplementary 
information, Figure S5). These results together indicate 
that the bound metal ion is Zn2+. 

In the apo CmIDCase, the Zn2+ is coordinated by six 
ligands in an octahedral geometry: the side-chain Nε2 
of His12, His14 and His195, the side-chain carboxyl of 
Asp323, and two water molecules (Figure 2A). In the 
apo MaIDCase, the Zn2+ is also coordinated by the same 
six ligands in an octahedral geometry (Supplementary in-
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Figure 1 Overall structures of CmIDCase. (A) Overall structure of CmIDCase in ribbon diagram. The (β/α)8 barrel domain is 
shown with α-helices in green and β-strands in magenta. The insertion domain is colored in orange, and the C-terminal three 
α-helices in blue. The location of the active site is indicated with a Zn2+ shown as a gray sphere and the product U shown as a 
yellow ball-and-stick model. (B) Simulated annealing composite omit 2Fo-Fc maps (contoured at 1.0 σ level) for the Zn2+ and/
or the ligand at the active site in the structures of the apo CmIDCase, the CmIDCase-U complex, the CmIDCase-5niU com-
plex, and the D323N-5caU complex as representatives.



www.cell-research.com | Cell Research

Shutong Xu et al.
1301

npg

formation, Figure S6A). In the ligand-bound CmIDCase 
structures, the Zn2+ maintains the coordinations with the 
four residues. However, in the CmIDCase-U complex, 
one water molecule position is occupied by the O4 of U 
and the other is empty, forming a distorted square py-
ramidal geometry (Figure 2B); in the CmIDCase-5niU 
complex, both water molecule positions are occupied by 
the O4 and O52 of 5niU, retaining an octahedral geom-
etry (Figure 2C). Sequence alignment shows that the four 
residues involved in the coordinations of Zn2+ are strictly 
conserved in IDCases from different species (Supple-
mentary information, Figure S3A), suggesting that the 
Zn2+ binding is conserved and required for the activity.

Substrate-binding site
In the structures of CmIDCase in complexes with U 

and 5niU, the ligands are bound in a small pocket ad-
jacent to the metal-binding site (Figure 1A). Structural 
comparisons show that the active site structure in these 
complexes is very similar to that in the apo form; 
the residues forming both the metal-binding site and 
the substrate-binding site assume almost identical 
conformations (Figure 2 and Supplementary informa-
tion, Figure S6), indicating that the ligand binding does 
not induce notable conformational changes in the overall 
structure and at the active site. 

In the CmIDCase-U complex, the pyrimidine ring of 
U is sandwiched between the side chains of Phe222 and 
Phe326 (Figure 2B). Phe222 makes an edge-to-face type 
aromatic interaction with the pyrimidine ring and Phe326 
makes a parallel ring stacking π-π interaction. The N1 
and O2 of the pyrimidine ring form two hydrogen bonds 
with the side chain of Arg68; the O2 and N3 form two 
hydrogen bonds with the side chain of Asn98; the O4 
is coordinated to Zn2+ and forms three hydrogen bonds 
with the side chains of His14, His195 and Asp323. In 
the CmIDCase-5niU complex, the uracil moiety of 5niU 
forms almost identical interactions with the surround-
ing residues and the Zn2+ (Figure 2C). Additionally, the 
O52 of the 5-nitro group forms one coordination bond 
with the Zn2+ and a hydrogen bond with the side chain 
of His251, and the O53 forms a hydrogen bond with the 
side chain of Arg262 from the other subunit (designated 
as Arg262′) and interacts with the side chain of Tyr301 

via a water molecule. These extra interactions between 
the 5-nitro group of 5niU and the protein indicate a 
tighter binding of 5niU (or 5caU, see below) than U, 
which is advantageous for the release of U and the 
reloading of 5caU. 

To investigate the binding mode of 5caU at the active 
site and the functional roles of Asp323 and His195 in 
the catalysis, we determined the structures of several 
CmIDCase mutants. The H195A mutant could only 
be crystallized in apo form despite of the presence of 
5caU in the crystallization. Interestingly, in this mutant 
structure, the Zn2+ could only be refined with a low 
occupancy of 0.3 to yield a reasonable B factor; however, 
addition of 0.2 M ZnCl2 in the crystallization could 
elevate the occupancy of Zn2+ to 1.0 with a reasonable 
B factor (Table 1), indicating that the H195A mutation 
significantly impairs the Zn2+ binding. In the apo H195A 
mutant cocrystallized with Zn, the active site structure is 
similar to that in the apo CmIDCase; however, due to the 
H195A mutation, the Zn2+ makes only four coordinations 
with His12, His14, Asp323, and one water molecule in a 
distorted tetrahedral geometry (Supplementary informa-
tion, Figure S6B). On the other hand, the D323N and 
D323A mutants could be crystallized in either apo form 
or in complex with 5caU. In the apo D323N mutant, 
the active site structure is very similar to that in the apo 
CmIDCase, and the Zn2+ maintains six coordinations with 
the four residues and two water molecules in an octahe-
dral geometry (Supplementary information, Figure S6C). 
In the D323N-5caU complex, the active site structure 
is very similar to that in the CmIDCase-5niU complex, 
and the Zn2+ and 5caU make almost identical interactions 
between them and with the surrounding residues (Fig-
ure 2D). In the D323A-5caU complex, the active site 
structure is also similar to that in the CmIDCase-5niU 
complex; however, due to the D323A mutation, the Zn2+ 
maintains five coordinations with His12, His14, His195, 
and the O4 and O52 of 5caU in a distorted square py-
ramidal geometry (Supplementary information, Figure 
S6D). These results together demonstrate that 5caU 
binds to the active site with almost identical interac-
tions with the Zn2+ and the surrounding residues to 5niU. 
The H195A mutation abolishes the substrate binding 
and impairs the metal binding, whereas the D323N and 

Figure 2 Structure of the active site. Structure of the active site (left panel) and a schematic diagram showing the interac-
tions of the Zn2+ and/or the ligand with the surrounding residues (right panel) in (A) the apo CmIDCase, (B) the CmIDCase-U 
complex, (C) the CmIDCase-5niU complex, and (D) the D323N-5caU complex. The ligands and the key residues involved 
in interactions with the Zn2+ and the ligand are shown with ball-and-stick models, the Zn2+ with a gray sphere, and the water 
molecules with red spheres. Arg262 is contributed from an adjacent subunit. The coordination bonds of the Zn2+ are indicated 
with red dotted lines, the hydrogen bonds with black dotted lines, and the key hydrophobic interactions with black dashed 
lines. All bond lengths (Å) are indicated.
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D323A mutations do not significantly affect the binding 
of either the metal ion or the substrate. As the residues 
involved in the recognition and binding of the substrate 
are strictly conserved (Supplementary information, Fig-
ure S3A), this substrate-binding mode should be con-
served in all IDCases.

Biochemical and mutagenesis analyses
The decarboxylation activities of CmIDCase and 

MaIDCase were first characterized using a sensitive 
high-pressure liquid chromatography (HPLC) assay. 
When 5caU was incubated with the enzyme for 15 min, 
a new HPLC peak was detected with a retention time 
(~15 min), the same as the U standard, indicating that 
both enzymes can catalyze the decarboxylation of 5caU 
to U (Figure 3A). The kinetic parameters of the enzymes 
were then measured using a spectrophotometry assay 
(Supplementary information, Figure S7). The Km values 
of CmIDCase and MaIDCase are determined to be 22.4 
± 1.3 µM and 18.6 ± 1.9 µM, respectively, which are 
comparable to that of NcIDCase [28, 29]. The kcat val-
ues of CmIDCase and MaIDCase are determined to be 
4.17 ± 0.09 min−1 and 2.02 ± 0.08 min−1, respectively. To 
test the possible decarboxylation activity for 5caC, we 
incubated 5caC with the enzyme for 36 h and analyzed 
the reaction mixture using the HPLC assay. Interestingly, 
a new HPLC peak was detected with a retention time (~4.2 
min), the same as the C standard, indicating that both 
enzymes can also catalyze the 5caC-to-C conversion 
albeit with much weaker activities (Figure 3B). These 
results suggest that the 5caC-to-C conversion appears 
to utilize a similar catalytic reaction as the 5caU-to-U 
conversion. This is the first in vitro evidence for the 
direct decarboxylation of 5caC to C by an enzyme. 

To analyze the functional roles of the key residues at 
the active site, we performed mutagenesis studies for 
CmIDCase (Figure 3C). Mutation of any of the four resi-
dues involved in the Zn2+ binding (His12, His14, His195, 
and Asp323) abolished the activity; these mutations 
might affect the binding and/or the coordination geometry 
of Zn2+ that are critical for the catalysis. Mutations of 
most of the residues that have direct interactions with the 
substrate, including Arg68, Asn98, Phe222, Arg262 and 
Phe326 in addition to His195 and Asp323, also resulted 
in undetectable activity; these mutations might affect the 
binding and/or the precise positioning of 5caU and thus 
impair the catalysis.

The H195A mutant possessed a significantly decreased 
binding ability for Zn2+, and lost the binding ability 
for 5caU and thus the activity, indicating that His195 
is critical for the binding of both the metal ion and the 
substrate. Intriguingly, the D323A and D323N mutants 

can bind both Zn2+ and 5caU but lose the catalytic 
activity, indicating that the side-chain carboxyl of 
Asp323 is essential for the catalytic reaction. The R262A 
mutant also completely lost the activity, indicating that 
Arg262 plays a critical role in catalysis as well. Although 
His251 forms a hydrogen bond with the O52 of 5caU, 
the H251A mutant retained ~20% of the activity, sug-
gesting that His251 plays a less critical role in the sub-
strate binding and the catalysis. The Y301F mutant re-
tained ~30% of the activity and the Y310A mutant ~20% 
of the activity, in agreement with our structural data 
that Tyr301 interacts with 5caU via a water molecule, 
and thus its mutation has a less severe impact on the 
substrate binding and the catalysis. As Arg68 is located 
in the insertion domain, our data indicate that the inser-
tion domain is involved in the substrate binding and the 
catalytic reaction. Furthermore, as Arg262 is contributed 
by the adjacent subunit, our data also indicate that the 
dimeric state of CmIDCase is essential for its function.

IDCases belong to the amidohydrolase superfamily
Structural comparison of CmIDCase with those in the 

Protein Data Bank using the Dali server (http://ekhidna.
biocenter.helsinki.fi/dali_server) reveals that the overall 
structure of CmIDCase resembles that of ACMSD of the 
amidohydrolase superfamily [30] (PDB code 2WM1, 
RMSD of 2.5 Å for the overall structure and 2.1 Å for 
the (β/α)8 barrel domain) (Supplementary information, 
Figure S8). The amidohydrolase superfamily proteins 
are responsible for hydrolysis of a variety of substrates 
with functional groups at carbon or phosphorus centers 
[30, 31]. Although CmIDCase shares only low sequence 
similarities (< 30% identity) with ACMSD and other 
members of the superfamily, they have a similar active 
site structure (Supplementary information, Figure S8). 
The metal-binding site of CmIDCase resembles mostly 
that of the Zn-dependent ACMSD [30, 31], the Zn-
dependent adenosine deaminase [32, 33], and the Fe-
dependent cytosine deaminase [34, 35], and the four 
residues involved in the metal binding are strictly con-
served. Based on the structural and sequence similarities, 
we conclude that IDCases belong to the amidohydrolase 
superfamily. 

Nevertheless, a detailed comparison of the CmID-
Case-5niU and D323N-5caU complexes with the HsAC-
MSD-DHAP complex [30] reveals notable differences 
at the active site. In the HsACMSD-DHAP complex, 
the substrate analog DHAP interacts indirectly with the 
Zn2+ via a water molecule that is proposed to act as the 
nucleophile in the catalysis (Supplementary informa-
tion, Figure S8C). In addition, the residues involved in 
the substrate binding exhibit substantial variations in 
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Figure 3 Decarboxylation activities of wild-type and mutant CmIDCase and MaIDCase. (A) Decarboxylation activities of wild-
type CmIDCase and MaIDCase for the conversion of 5caU to U analyzed using the HPLC method. The standard 5caU and U 
were used as references. The reaction took place at 30 °C for 15 min. (B) Decarboxylation activities of wild-type CmIDCase 
and MaIDCase for the conversion of 5caC to C analyzed using the HPLC method. The standard 5caC and C were used as 
references. The reaction took place at 30 °C for 36 h. (C) Relative activities of wild-type and mutant CmIDCase containing 
point mutations at the active site for the conversion of 5caU to U measured using the HPLC method. ND means that the ac-
tivity was undetectable.

both sequence and structure. In particular, Arg235 of 
HsACMSD (equivalent to Arg262 of CmIDCase) is not 
involved in interaction with DHAP. These differences 
might indicate their differed substrate specificities and 

catalytic mechanisms. 

Catalytic mechanism of decarboxylation for IDCases
As discussed above, CmIDCase belongs to the ami-
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dohydrolase superfamily. A key feature of the catalytic 
mechanism proposed for the amidohydrolase superfam-
ily members is the nucleophilic attack of a metal-bound 
hydroxide at a carbon atom of the substrate to form a 
tetrahedral intermediate [31, 36]. We determined a series 
of structures of CmIDCase or its mutants in apo form 
and in complexes with 5caU, 5niU, and U, representing 
different enzymatic states in the catalytic reaction. The 
structures of the apo CmIDCase and D323N mutant 
represent the initial state. In this state, the Zn2+ is coor-
dinated by six ligands including His12, His14, His195, 
Asp323, and two water molecules in an octahedral geom-
etry; the substrate-binding pocket is empty or occupied 
by a few water molecules (Figure 2A and Supplemen-
tary information, Figure S6C). The structures of the 
D323N-5caU and CmIDCase-5niU complexes represent 
the substrate-bound state. In this state, the Zn2+ is co-
ordinated by six ligands including the four conserved 
residues and the O4 and O52 of 5caU in an octahedral 
geometry; 5caU makes direct interactions with Zn2+ and 
several strictly conserved residues, including Arg68, 
Asn98, Phe222, His251, Arg262, and Phe326 (Figure 
2C and 2D). The positions of the two water molecules 
to coordinate the Zn2+ in the initial state are occupied by 
the O4 and O52 of 5caU and no water molecule is found 
within 5.0 Å of Zn2+. The structure of the CmIDCase-
U complex represents the product state. In this state, the 
Zn2+ is coordinated by five ligands including the four 
conserved residues and the O4 of U in a distorted pyra-
midal geometry; U maintains the interactions with Zn2+ 
and the surrounding residues (Figure 2B). The position 
of one water molecule in the initial state is occupied by 
the O4 of U and the other is unoccupied. 

A detailed analysis of the D323N-5caU and CmID-
Case-5niU complexes reveals that in the substrate-
bound state, there is no room for a water molecule to 
bind directly to Zn2+ and then to act as the nucleophile 
in catalysis, suggesting that CmIDCase is unlikely to 
utilize a catalytic mechanism similar to that proposed for 
other members of the amidohydrolase superfamily. On 
the other hand, the side-chain carboxyl of Asp323 is not 
only coordinated to Zn2+, but also is oriented towards the 
5-carboxyl of 5caU from the side way with a distance of 
~3.0 Å to the C51 and an angle of 103° to the C51-C5 
bond, suggesting that Asp323 is a potential candidate that 
functions as the nucleophile to attack the C51 of 5caU. 
This is in good agreement with our biochemical data that 
the side-chain carboxyl of Asp323 is essential for the 
catalytic reaction. pKa analysis of the ionizable residues 
at the active site of CmIDCase using the PROPKA 3.1 
server (http://propka.ki.ku.dk/) [37] shows that Asp323 
has a negative pKa of -2.6 that is much lower than any 

other residues nearby, supporting its possibility to func-
tion as a nucleophile. Previous biochemical studies of L-
2-haloacid dehalogenase from Pseudomonas sp. YL [38] 
and oxalate decarboxylase from Bacillus subtilis [39] 
using an 18O isotope labeling technique have shown that 
a conserved Asp can serve as a nucleophile to attack the 
substrate to cleave a carbon-halogen or carbon-carbon 
bond. The suggestion of Asp323 functioning as the 
nucleophile to attack the C51 of 5caU can also explain 
why 5niU is an inhibitor of CmIDCase: as the N51 of 
5niU is a poorer electrophile than the C51 of 5caU, 
Asp323 cannot perform a nucleophilic attack on the N51 
of 5niU to cleave the N51-C5 bond. In addition, the fact 
that 5niU is an inhibitor also implies that the nucleophilic 
attack is unlikely to occur at other position, for example 
the C6, of the pyrimidine ring, leading to the weakening 
and cleavage of the C5-C51 bond as otherwise both 5caU 
and 5niU would become the substrate.

Meanwhile, in the structure of the D323N-5caU 
complex, there is a water molecule (Wat3) at the active 
site that forms hydrogen bonds with the 5-carboxyl of 
5caU and the side chains of Asp323, Arg262, His251, 
and Tyr301. This water molecule is also conserved 
in the structures of the CmIDCase-5niU and D323A-
5caU complexes and the apo CmIDCase, in which it 
maintains similar interactions with the substrate and/
or the surrounding residues, suggesting that Wat3 
might play some functional role(s) in the catalysis. A 
detailed analysis shows that Wat3 is positioned ~5.3 Å 
away from Zn2+ and thus cannot be an equivalent of the 
metal-bound water molecule in the catalytic mechanism 
proposed for the amidohydrolase superfamily members. 
Wat3 is positioned in line with the C51-C5 bond of 
5caU with an angle of 153° and thus is not in an ideal 
geometry to perform a direct nucleophilic attack on 
the C51 of 5caU because of potential negative charge 
repulsion. Nonetheless, we cannot completely rule out 
the possibility that Wat3 functions as the nucleophile due 
to the following reasons: (1) Wat3 is directly hydrogen-
bonded to the 5-carboxyl of 5caU and is conserved in 
both the apo form and the substrate-bound CmIDCase 
structures; (2) Wat3 is directly hydrogen-bonded to 
Asp323 and Arg262, both of which are required for the 
activity; and (3) subtle conformational changes might 
occur at the active site during the catalytic reaction, 
which could place Wat3 in a better position to perform a 
direct nucleophilic attack on the C51 of 5caU.

Based on the structural and biochemical data together, 
we can propose the catalytic mechanism of CmIDCase 
decarboxylation with two possible models depending on 
whether Asp323 or Wat3 functions as the nucleophile 
(Figure 4). In both cases, the substrate 5caU binds to the 
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Figure 4 A schematic diagram showing the catalytic mechanism of decarboxylation for CmIDCase. The catalytic mechanism 
with two possible models: in model A, Asp323 functions as the nucleophile to initiate the attack on the carboxyl C51 atom of 
5caU; and in model B, Asp323 functions as the catalytic base to deprotonate Wat3 to form a hydroxide ion that acts as the 
nucleophile to initiate the attack on the carboxyl C51 atom of 5caU. In both models, Arg262 plays key roles in the stabilization 
of the intermediates and Wat3. The covalent bonds are indicated with black lines, and the hydrogen bonds and the coordina-
tion bonds with dash lines.

active site with its O4 and O52 replacing both Wat1 and 
Wat2 to interact directly with Zn2+, and the bound 5caU 
is stabilized by the hydrogen bonding and hydrophobic 
interactions with the conserved residues, including 
Arg68, Asn98, His195, His251, Phe222, Arg262, 
Tyr301, Asp323, and Phe326. In model A, the side-chain 
carboxyl of Asp323 is activated by the Zn2+ and functions 
as the nucleophile to attack the C51 of 5caU, leading to 
the formation of an unstable tetrahedral intermediate. 
Concomitantly, the C51-C5 bond of 5caU is polarized 
and then cleaved immediately through the protonation 
of C5 by a proton abstracted from solution to produce an 
unstable aspartate-carboxyl intermediate and the prod-
uct U. Further, a water molecule (possibly Wat3) carries 
out a nucleophilic attack at either the leaving carboxyl 
carbon or the carboxyl carbon of Asp323 of the aspartate-
carboxyl intermediate to release a HCO3

− ion, leading to 
the formation of the product state. In this process, Arg262 
plays key roles in the stabilization of the intermediates 

and Wat3. Finally, the product U is dissociated and the 
substrate 5caU can be reloaded to enter the next round 
of catalysis. In model B, Asp323 serves as a general 
base to deprotonate Wat3 into a hydroxide ion, which is 
stabilized by the positively charged side chain of Arg262. 
The activated Wat3 acts as the nucleophile to attack the 
C51 of 5caU to form an unstable tetrahedral intermediate. 
Concurrently, the C51-C5 bond of 5caU is polarized 
and then cleaved immediately through the protonation 
of C5 by a proton from solution to produce a HCO3

− 
ion and the product U. As both models can explain the 
structural and biochemical data well, additional data are 
required to discern the two possibilities. As all the resi-
dues at the active site are strictly conserved in IDCases 
from different species, the proposed catalytic mechanism 
for CmIDCase should apply to all IDCases. As the key 
residues involved in the metal binding including Asp323 
are strictly conserved in the other members of the ami-
dohydrolase superfamily, this catalytic mechanism might 
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also apply to these enzymes.
 

Implication for active DNA decarboxylation
DNA methylation and demethylation regulate many 

crucial biological processes in mammals and are linked 
to many diseases. The underlying molecular mechanisms 
of the active DNA demethylation are still elusive and 
research in this area has been making rapid progresses 
in the past few years. Recently, the fungal thymidine sal-
vage pathway has attracted great attention due to the sim-
ilarity in the chemistries of the T-to-U and the 5mC-to-C 
conversions [8, 12, 15] (Supplementary information, Fig-
ure S1). In fungi, the demethylation of T to U is a multi-
step process including the conversion of T to 5hmU, 5fU 
and 5caU through three consecutive oxidation reactions 
catalyzed by T7H and the non-oxidative decarboxylation 
of 5caU to U catalyzed by IDCase [22-26]. In mammals, 
the TET proteins can sequentially oxidize 5mC to 5hmC, 
5fC and 5caC [9-12]. By analogy, it is plausible that the 
active demethylation of 5mC could end up with a direct 
decarboxylation of 5caC to C catalyzed by a putative 
DNA decarboxylase. The TET proteins in mammals were 
identified based on their low sequence similarities to the 
JBP1 and JBP2 proteins in trypanosome, which have 
been proposed to oxidize the 5-methyl group of thymine 
[9]. The previous biochemical data show that mouse em-
bryonic stem cell nuclear extract can convert 5caC to C 
in DNA [15], and our biochemical data show that IDCase 
can catalyze the direct decarboxylation of 5caC to C 
albeit with weak activity, suggesting the existence of a 
putative DNA decarboxylase that may share some simi-
larities in sequence, structure and catalytic mechanism 
with IDCases. Our structural and biochemical data of 
IDCases provide useful hints for the search of potential 
DNA decarboxylase.

The potential DNA decarboxylase may belong to the 
amidohydrolase superfamily with its catalytic domain 
adopting a (β/α)8 barrel fold. The architecture of the ac-
tive site in the DNA decarboxylase should be similar to 
that in IDCase, consisting of a divalent metal ion (most 
likely Zn2+) and four conserved residues (most likely 
one Asp and three His residues) that are critical to the 
catalysis. Owing to the structure similarity of C and U, it 
is possible that the key residues important for the binding 
of 5caU in CmIDCase, such as Arg68, Asn98, Phe222, 
His251, Arg262, Tyr301, and Phe326, may also be con-
served in the DNA decarboxylase. Nevertheless, as the 
4-amine of 5caC is a weaker electron donor than the 
4-carbonyl of 5caU, it would form less tight interactions 
with the Zn2+ and/or the surrounding residues, which 
is consistent with our data that CmIDCase cannot 
cocrystallize with 5caC and has a much weaker activity 

towards 5caC. This suggests that 5caC might interact 
with the metal ion and/or the surrounding residues in a 
slightly different way. In addition, as the substrate is a 
5caC-containing DNA, the DNA decarboxylase should 
contain a DNA-binding domain, which does not exist in 
IDCase, and hence its size should be larger than that of 
IDCase. It is expected that the 5caC base in DNA needs 
to be flipped out and inserts into the active site of the 
DNA decarboxylase for the catalytic reaction.

Materials and Methods

Cloning, expression and purification of CmIDCase and 
MaIDCase

The full-length C. militaris and M. anisopliae IDCase genes 
were amplified by PCR from the genomic DNAs of C. militaris 
and M. anisopliae, respectively (kind gifts from Dr Chengshu 
Wang, Institute of Plant Physiology and Ecology, Shanghai In-
stitutes for Biological Sciences, Chinese Academy of Sciences). 
Each gene was inserted into the pET-28b vector (Novagen) that at-
taches a 6× His tag at the C-terminus and the pET-28Sumo vector 
(Novagen) that attaches a 6× His tag plus a SUMO tag at the N-
terminus. The plasmids were transformed into E. coli BL21 (DE3) 
Codon Plus strain (Novagen). The transformed bacterial cells were 
grown in LB medium supplemented with 0.05 mg/ml kanamycin 
at 37 °C until OD600 reached 0.6, and then the protein expression 
was induced with 0.2 mM IPTG at 16 °C overnight. The cells 
were collected, resuspended in a lysis buffer (50 mM Tris-HCl, pH 
8.0, 300 mM NaCl, 5 mM β-mercaptoethanol, 10% glycerol, and 
1 mM PMSF), and lysed on ice by sonication. The cell lysate was 
precipitated by centrifugation at 18 000× g and the supernatant 
was used for protein purification.

The 6× His-tagged proteins were purified by affinity chroma-
tography using a Ni-NTA Superflow column (Qiagen). The 6× 
His-Sumo-tagged proteins were first purified by affinity chroma-
tography using a Ni-NTA column, and the tag was cleaved by the 
Ulp1 protease at 4 °C for 6 h and then removed by a second step 
Ni-NTA column purification. The target proteins were further 
purified by gel filtration using a Superdex G200 16/60 column 
(GE Healthcare). The purified proteins were of high purity (above 
95%) as analyzed by SDS-PAGE, and were concentrated to about 
10 mg/ml in a storage buffer (20 mM Tris-HCl, pH 8.0, 300 mM 
NaCl, and 1 mM DTT) for structural and biochemical studies.

Constructs of the CmIDCase mutants containing point muta-
tions were generated using the QuikChange® Site-Directed Muta-
genesis kit (Strategene) and verified by DNA sequencing. Expres-
sion and purification of the mutants were the same as the wild-type 
enzyme.

Crystallization, diffraction data collection, and structure 
determination

Crystallization was performed using the sitting drop vapor 
diffusion method at 16 °C by mixing equal volumes (1 µl) of the 
protein solution and the reservoir solution and equilibrated against 
0.5 ml of the reservoir solution. For obtaining crystals of CmID-
Case and its mutants in complexes with 5caU (Alfa Aesar), 5caC 
(Alfa Aesar), 5niU (Sigma), and U (Sigma), the protein was incu-
bated with the ligand at a molar ratio of 1:8 prior to crystallization. 
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Crystals of CmIDCase in apo form and in complexes with U and 
5niU were grown in drops consisting of the 6× His-tagged protein 
solution and the reservoir solution (0.1 M Tris-HCl, pH 8.5, 0.2 M 
MgCl2, and 25% PEG3350). Co-crystallization of CmIDCase with 
5caC yielded crystals of CmIDCase in apo form. Crystals of the 
D323N mutant in apo form were grown in drops consisting of the 
tag-removed protein solution and the same reservoir solution in 
the presence of 5caC; and crystals of the D323N and D323A mu-
tants in complexes with 5caU were grown in drops consisting of 
the tag-removed protein solution and the same reservoir solution. 
Crystals of the H195A mutant in apo form were grown in drops 
consisting of the tag-removed protein solution and the reservoir 
solution (0.1 M sodium citrate, pH 5.6, 0.2 M NH4Ac, and 30% 
PEG4000) in the presence of 5caU. Crystals of MaIDCase in apo 
form were grown in drops consisting of the 6× His-tagged protein 
solution and the reservoir solution (0.1 M BIS-TRIS propane, pH 
7.0, and 60% (v/v) tacsimateTM). Diffraction data were collected at 
100 K at beamline 17U of Shanghai Synchrotron Radiation Facil-
ity, and processed using HKL2000 [40]. The statistics of the dif-
fraction data are summarized in Table 1.

The structure of the apo CmIDCase was solved by the molecu-
lar replacement (MR) method using Phenix [41] and the structure 
of human ACMSD in complex with DHAP (PDB code 2WM1) [30] 
as the search model. All of the other structures of the wild-type or 
mutant CmIDCase and MaIDCase were solved by the MR method 
using the apo CmIDCase structure as the search model. Model 
building was performed using Coot [42] and structure refinement 
was carried out using Phenix [41] and Refmac5 [43]. Stereochem-
istry of the structure models was analyzed using Procheck [44]. 
Structural analysis was carried out using programs in CCP4 [45] 
and the PISA server [46]. All graphics were generated using Pymol 
(http://www.pymol.org). Statistics of the structure refinement and 
the structure models are summarized in Table 1.

Decarboxylation activity assay using HPLC
Decarboxylation activities of the wild-type and mutant CmID-

Case and MaIDCase to convert 5caU to U or 5caC to C were ana-
lyzed using a sensitive HPLC method. Specifically, the reaction 
mixture consisted of 75 nM of the tag-removed enzyme, 0.3 mM 
5caU (or 5caC), and 50 mM Tris-HCl (pH 7.4) in a total volume 
of 50 µl. The reaction took place at 30 °C for 15 min for the 5caU 
to U conversion or 36 h for the 5caC to C conversion, and then 
was stopped by addition of 0.3 mM 5niU, a potent inhibitor of 
IDCases [28]. The reaction mixture was analyzed using an Agilent 
1200 HPLC instrument (Agilent Technologies) with an AQ-C18 
column (5-µm particle size, 25 cm × 4.6 mm). The mobile phase 
was 20 mM NH4Ac (pH 5.2) running at the rate of 0.6 ml/min, 
and the detectors were set at 260/280/300 nm. The standard 5caU, 
U, 5caC, and C were used as references.

Decarboxylation activity assay using spectrophotometry
Decarboxylation activities of the wild-type and mutant CmID-

Case and MaIDCase to convert 5caU to U were also assayed using 
a spectrophotometric method described previously [28]. Briefly, 
the reaction mixture consisted of 50 mM Tris-HCl (pH 7.4), 0.15 
µM of the tag-removed enzyme, and a varied concentration (10 
to 80 µM) of the substrate mimic 2-thioIOA (Sigma) in a total 
volume of 1 ml. The conversion of 2-thioIOA to 2-thio-uracil was 
monitored by measuring the decrease of absorption at 334 nm us-
ing a Beckman DU800 spectrophotometer (Beckman Coulter). 

The apparent kinetic parameters Km and kcat were determined by 
fitting the kinetic data to the Michaelis-Menten equation using a 
nonlinear regression analysis implemented in GraphPad Prism 5. 
All the experiments were performed at 25 °C in triplicates.

Accession codes
The crystal structures of the apo CmIDCase, the CmIDCase-

5niU complex, the CmIDCase-U complex, the apo H195A 
CmIDcase, the apo H195A CmIDcase plus Zn, the apo D323N 
CmIDcase, the D323N-5caU complex, the D323A-5caU complex, 
and the apo MaIDCase have been deposited with the Protein Data 
Bank under accession codes 4HK5, 4HK6, 4HK7, 4LAN, 4LAO, 
4LAK, 4LAM, 4LAL and 4HJW, respectively. 
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